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Abstract Our previous studies have described a rare
type of antibody that spontaneously binds to itself, or
homodimerizes. This self-binding, or autophilic anti-
body provides stronger protection against bacterial
infection than a non-self-binding antibody with iden-
tical specificity and affinity, due to an increase of poly-
meric avidity. Furthermore, we have shown that a
peptide derived from the self-binding domain of the
autophilic T15 antibody can be crosslinked to the Fc
carbohydrate of monoclonal antibodies specific for
the B-cell receptor of B-cell tumors. These peptide-
crosslinked antibodies can exert self-binding proper-
ties, leading to an increase in binding efficiency to the
target cells as well as an increase in potential to
induce apoptosis. Herein, we report a novel finding
that crosslinking of the autophilic T15 peptide rescues
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a loss-of-function chimerized (ch) anti-GM2 anti-
body. The parental antibody demonstrates in vivo
anti-tumor activity against melanoma xenografts. The
T15 peptide-conjugated antibody shows the ability to
bind to itself, as well as an increased binding to its
antigen, ganglioside GM2. Moreover, the peptide-
conjugated antibody also demonstrates an increased
ability to bind to two GM2-positive tumor cell lines
and notably important, restores its ability to induce
apoptosis in two types of tumor cells. These results
provide strong support for the clinical potential of the
autophilic technology.
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Introduction

Monoclonal antibodies (mAbs) are known to be the
first successful targeted therapy for cancer. In contrast
to the non-specific nature of most chemotherapy, anti-
bodies bind with high specificity to cell-surface anti-
gens, resulting in targeted killing of malignant cells,
relative sparing of normal tissues, and low toxicity.
Antibody therapy has undergone substantial develop-
ment since Ehrlich’s notion of a “magic bullet” in 1890.
It was not until the 1970s, however, that mAbs became
viable therapeutic tools with clinical studies showing
them to be effective. As of late 2004, 26 antibody-based
therapeutic agents have been approved in the Euro-
pean Union and the US. Some 500 such products are
currently in development, ensuring that the number of
approved antibody-based products will increase sub-
stantially over the coming years [1].
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Accumulating evidence indicates that cellular func-
tion and phenotype are highly influenced by ganglio-
sides, which are acidic glycosphingolipids that are
characterized by the presence of at least one sialic acid
linked to their unique oligosaccharide chain. They are
present on the outer leaflet of plasma cell membranes
of all types of tissues [2]. Gangliosides GD3, GD2, and
GM?2, which are the major gangliosides expressed on
most human cancers of neuroectodermal and epithelial
origin, have been focused on as effective targets for
passive immunotherapy with mAbs [3]. A hybridoma
anti-GM2 mAb, DMF10.167.4, was previously devel-
oped that specifically bound with high affinity to
the respective antigen and exhibited potent immune
effector functions [4]. While humanization of the anti-
ganglioside antibody is expected to enhance its use for
human cancer therapy, a partially humanized (chimer-
ized) anti-GM2 mAb was developed which maintains
its antigen binding ability, but weakened immune effec-
tor functions, by losing its ability to induce apoptosis of
target cancerous cells (unpublished data).

In order to “restore” the immunological function of
this chimeric antibody, we proposed to endow the self-
binding feature into it. The self-binding property of
antibodies was identified in mouse antibodies directed
against phosphorylcholine that form soluble self-com-
plexes without chemical bonds [5]. Subsequently, we
described a peptide derived from the variable domain
of the heavy chain that comprises regions of CDR2 and
FR3 of the germline encoded S107/TEPC15 (T15) anti-
body, being able to inhibit the homodimerization [6].
Furthermore, our studies have also shown that after
being crosslinked with this self-binding domain peptide
(T15), mAbs specific for the cancerous B-cell receptor
(BCR) established monomer-dimer equilibrium in
solution. The peptide-conjugated antibodies also showed
enhanced induction of apoptosis of target tumor cells
[7, 8]. In our current study, we covalently attached the
self-binding peptide to the chimeric anti-GM2 anti-
body as described previously [7, 8]. We were able to
detect the self-binding of T15 ch anti-GM2 antibody
while retaining GM2 antigen specificity, and also the
ability to induce apoptosis in GM2-positive Jurkat and
SBC-3 cells, which have high and intermediate expres-
sion levels of GM2, respectively.

Materials and methods
Cell lines and antibody

Human T-cell leukemia Jurkat and small cell lung
carcinoma SBC-3 lines were grown in RPMI 1640
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medium supplemented with 10% fetal bovine serum
and antibiotic (penicillin, streptomycin and ampho-
tericin). Human cervical carcinoma Hela cells were
grown in DMEM supplemented with 10% fetal
bovine serum and antibiotic (penicillin, streptomy-
cin, and amphotericin). Chimeric anti-GM2 antibody
(ch-a-GM2, IgG1) was obtained from Corixa Corpo-
ration (Seattle, WA, USA). After chimerization, the
resulting antibody lost its ability to induce apoptosis
in ganglioside GM?2 expressing target cells (unpub-
lished data). Herceptin (an anti-HER?2 antibody) was
purchased from Genentech (San Francisco, CA,
USA).

Peptide conjugation to ch-GM2-antibody

Both the T15 peptide (ASRNKANDYTTEYSASVK
GRFIVSR), a Vy-derived peptide from a self-binding
antibody-T15 [6], and a scrambled peptide, which was
randomly generated using the TI15 amino acid
sequence, were synthesized by Genemed Synthesis
(South San Francisco, CA, USA). The scrambled pep-
tide was used as a control. Antibodies were dialyzed
against PBS (pH 6.0), then 1/10 volume of 200 uM
NalO, was added and incubated at 4°C for 30 min in
the dark. The reaction was stopped by adding glycerol
to a final concentration of 30 uM, and the samples were
dialyzed at 4°C for 30 min against PBS (pH 6.0). Fifty
times molecular excess of T15 or scrambled peptide
was added to the antibodies and incubated at 37°C for
1 h. The T15 peptide is covalently linked to the anti-
body through any amino terminal or the epsilon amino
group of the lysine. L-Lysine was added and incubated
at 37°C for 30 min to block any remaining reactive
aldehyde group. After this blocking step, the antibody-
conjugates were dialyzed against PBS (pH 7.2) at 4°C
overnight, and stored at 4°C until use.

Direct antigen binding ELISA

The GM?2 ganglioside was dissolved in methanol,
and 0.5 pg was coated per well in a 96-well polysty-
rene plate (Costar, Cambridge, MA, USA) and
allowed to dry overnight. The wells were blocked
with 1% BSA for 2h at room temperature and
500 ng of anti-GM2 or anti-HER?2 antibody, diluted
in 1% BSA, were added in the first well and serially
diluted in 1:1 ratio. After incubation for 1h, the
wells were washed five times with washing solution
and HRP-conjugated goat anti-human IgG (Sigma,
St Louis, MO, USA) was added at a 1:1000 dilution
and incubated for 1.5 h. After washing three times, the
bound antibodies were visualized using a substrate
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o-phenylenediamine and ELISA plate was read at
OD 492 using a Microplate Reader (Fisher Scientific,
Pittsburgh, PA, USA).

Antigen binding ELISA with biotinylated antibodies

Anti-GM2 antibody was chemically biotinylated with
15M excess of NHS-biotin according to manufac-
turer’s protocol (Pierce, Rockford, IL, USA). Subse-
quent to biotinylation, anti-GM2 was conjugated to
T15 peptide, as described previously.

GM2 ganglioside was dissolved in methanol, and
0.5 pg was coated per well in a 96-well polystyrene
plate and allowed to dry overnight. Biotinylated anti-
body diluted in 1% BSA was added at 2 pg/200 pl to
the first well, and serially diluted in 1:1 ratio. After
incubation for 1h, the wells were washed five times
with washing solution. 100 microliter of avidin-HRP
(Sigma) at a 1:1000 dilution was added and incubated
for 1.5 h. After washing three times, the bound anti-
bodies were visualized using a substrate o-phenylen-
ediamine and ELISA plate was read at OD 492 using a
Microplate Reader.

Specific antigen binding ELISA

Gangliosides GM1, GM2, and GM3 were dissolved
in methanol and 0.5 pg was coated in a 96-well poly-
styrene plate, and dried overnight. The wells were
blocked with 1% BSA for 2 h at room temperature,
followed by the addition of 400 ng of T15 peptide-
conjugated anti-GM2 antibodies (anti-GM2-T15) to
the first well and then serially diluted in 1:1 ratio. After
incubation for 1 h, the wells were washed five times
with washing solution and HRP-conjugated goat anti-
human IgG was added and incubated for 1.5 h. After
washing three times, the bound antibodies were visual-
ized using a substrate o-phenylenediamine and assayed
as described previously.

Antibody self-binding ELISA

Four microgram per milliliter of anti-GM2-T15 was
used to coat a 96-well polyvinyl chloride plate (Fisher
Scientific). After blocking with 3% BSA, 2 ng of NHS-
biotinylated [7] anti-GM2 or anti-GM2-T15 was added
into first well and serially diluted in 1:1 ratio. The anti-
bodies were then incubated for 2 h at room tempera-
ture. After washing three times, avidin-HRP was
added at a 1:1,000 dilution and incubated for 1 h. The
bound antibodies were visualized by adding a substrate
o-phenylenediamine and assayed as described previ-
ously.

Cell surface binding detected by FACS

The 2 x 10° per well of Jurkat or HeLa cells were
seeded in a 6-well plate and incubated overnight. Cells
were then collected and washed twice with P/B/G/A
buffer (0.5% BSA, 5% goat serum in PBS [pH 7.4]).
The cells were then resuspended in 100 ul P/B/G/A
buffer containing 5 pg/ml anti-GM2 antibodies on ice
for 30 min. After washing with P/B/G/A buffer, FITC-
conjugated anti-Human IgG (Sigma, 1:1,000 dilution in
100 pul P/B/G/A) was added and incubated on ice for
another 30 min. After washing with P/B/G/A buffer,
cells were resuspended in 400 pl P/B/G/A buffer con-
taining 10 pg/ml propidium iodide as viability probe,
and analyzed by flow cytometry (Cellquest FACS
Instrument, BD Bioscience, Mountain View, CA,
USA). The index as defined fluorescence increase per-
centage of cells was determined by gating positive fluo-
rescence of cells with or without antibody treatment.
The increase in fluorescence was calculated according
to the formula: (% gated cells with antibody)/(% gated
cells without antibody) x 100.

Apoptosis detected by annexin V staining

The 2x10° per well of Jurkat, SBC-3 or HeLa cells were
seeded in a 6-well plate. After 6h, the cells were
incubated with 20 pg/ml of human IgG, anti-GM2 or
anti-GM2-T15 or scramble T15-conjugated anti-GM?2
(anti-GM2-sT15) antibodies for 20 h. After the incuba-
tion, a small portion (50 ul) of Jurkat cells was assayed
for cell viability. The remaining cells were harvested and
washed with cold PBS (pH 7.4). Cells were then resus-
pended in 100 pl of 1x annexin binding buffer contain-
ing annexin V (Molecular Probes, Eugene, OR, USA)
and prepared according to manufacture’s instructions.
After incubation for 15 min at room temperature, the
cells were diluted with 400 pl of 1x annexin binding, and
analyzed by flow cytometry (Cellquest FACS instru-
ment, BD Bioscience, Mountain View, CA, USA).

Cell viability assay

The small portion of the Jurkat cell samples saved from
the previous step was used for viability assay. Ten-
microliter aliquots from the cell suspension were taken
to determine viability using trypan blue exclusion assay.
Statistical analysis

Statistical analysis was performed using one-way

ANOVA followed by Newman—Keuls post-test. Data
are reported as means £ SD.
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Results

Self-binding peptide enhanced antibody binding
to its specific ganglioside

Following antibody-peptide conjugation, the binding
capacity of the T15-conjugated ch-a-GM2 antibody
(anti-GM2-T15) was determined using a direct anti-
gen binding ELISA assay. As seen in Fig. 1a, both
ch-a-GM2 antibody (anti-GM2) and anti-ch-GM2-T15
antibody (anti-GM2-T5 antibody) showed a dose-
dependent increase in binding to ganglioside GM2.
Anti-GM2-T15 showed a significantly higher binding
capacity compared with anti-GM2 at almost all the
doses tested, confirming that by attaching the self-
binding peptide, the antigen binding capacity of the
ch-a-GM2 antibody has been increased at the given
antibody concentrations. To demonstrate that the aut-
ophilic antibody has increased potency in detecting
binding to target antigen compared to native antibody
a direct antigen binding assay was performed. The con-
trol for this increase is the use of the naked anti-GM2,
which shows less binding than anti-GM2-T15 (see
Fig. 1a). Furthermore, to demonstrate that autophilic
antibody with different specificity (anti-HER2-T15)
does not bind to the GM?2 target. The increased
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Fig.1 a Direct antigen binding to ganglioside GM2 of anti-GM2
and anti-GM2-T15 detected by ELISA assay. GM2 ganglioside
was coated onto the ELISA plate. An anti-HER?2 antibody (Her-
ceptin) was applied as non-specific control. Three independent
experiments have been performed to determine the means and
standard deviations. b GM2 ganglioside antigen was coated onto
plates, antibody was added and serially diluted. An avidin-HRP
conjugate was used to rule out Fc effects. Double asterisk, signifi-
cant difference compared with anti-GM2 group, p < 0.01
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potency is achieved by conjugating the autophilic
peptide. This control shows that the conjugation of the
autophilic peptide does not change the specificity
(Fig. 1a).

In addition, a biotin-avidin system was used to show
that the increased signal is due to the increased number
of autophilic antibodies binding to the target and not
due to the increased Fc affinity of the secondary anti-
body. The autophilic anti-GM2 and anti-HER2 were
biotinylated. As shown in Fig. 1b, the anti-HER2 and
autophilic anti-HER?2 (anti-HER2-T15) did not bind to
GM2 ganglioside. The autophilic anti-GM2 showed a
significant increase in binding to GM2 ganglioside com-
pared with naked anti-GM2, confirming the increased
binding with the secondary antibody seen in Fig. 1a.

Antibody self-binding behavior was demonstrated
by ELISA assay

Next, we investigated by ELISA whether the increase
in binding to ganglioside GM2 shown by anti-GM2-
T15 was due to a new self-binding feature. As seen in
Fig. 2, the anti-GM2-T15 demonstrated a greater dose-
dependent increase in binding to itself, whereas non-
peptide conjugated anti-GM2 antibody did not show
significant binding. These data demonstrate that the
anti-GM2-T15 can bind to itself or homodimerize
through the Fc-conjugated, autophilic peptide moiety.

T15 conjugation did not change the specificity
of the ch-a-GM?2 antibody

To assess whether conjugation of the T15 peptide
might alter the cognate binding specificity of the
antibody, a direct antigen binding ELISA assay was
performed. As shown in Fig. 3, the anti-GM2-T15 dem-
onstrated a specific, almost dose-dependent increase in
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Fig. 2 Self-binding activity of anti-GM2-T15 detected by ELISA
assay. Anti-GM2-T15 was coated onto the ELISA plate. Three
independent experiments have been performed to determine the
means and SD. Double asterisk, significant difference compared
with anti-GM2 group, p < 0.01
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Fig. 3 Antigen binding specificity of anti-GM2-T15 detected by
ELISA. Three types of ganglioside (GM1, GM2, and GM3) were
coated onto the ELISA plate. Three independent experiments
have been performed to determine the means and SD

binding to ganglioside GM2, whereas no binding above
background levels to gangliosides GM1 or GM3 was
detected. These results confirm that addition of the
self-binding T15 peptide does not alter nor reduce the
specificity of the ch-a-GM2 antibody.

Anti-GM2-T15 showed enhancement of cell surface
binding

The human T-cell leukemic cell line Jurkat is known to
express high level of ganglioside GM2 [9], whereas
HelLa cells express undetectable level of GM2 [10].
The ability of anti-GM2-T15 to bind to native ganglio-
side GM2 expressed on the surface of Jurkat cells was
compared to that of anti-GM2 by flow cytometry. As
shown in Fig. 4, anti-GM2 demonstrated a GM2 spe-
cific binding signal 3-fold greater than background
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Fig. 4 Comparison of cell surface binding using FACS analysis
with Jurkat (GM2 positive) and HeLa cells (GM2 negative). Cal-
culation of florescence increase is described in the Materials and
Methods section. Single asterisk, significant difference compared
with cells-alone group, p < 0.05. Double asterisk, significant differ-
ence compared with cells-alone group, p < 0.01. Hash, significant
difference compared with anti-GM2 group, p < 0.05

levels, whereas the binding demonstrated by the anti-
GM2-T15 was 2-fold higher than that of anti-GM2.
These results suggest that the enhanced binding dem-
onstrated by the peptide-conjugated antibody is due to
homodimerization, which generates a lattice formation
on the surface of the tumor cells.

Anti-GM2-T15 inhibited tumor cell growth

Antibodies binding to the BCR have been shown to
induce crosslinking of the BCR, leading to greater inhi-
bition of cell proliferation [11] and producing a death
signal [12, 13]. Furthermore, chemically dimerized anti-
bodies directed against a B-cell tumor induce hyper-
crosslinking of the BCR followed by inhibition of cell
division and induction of apoptosis of the tumor cells
[14, 15]. To determine whether anti-GM2-T15 induced a
similar anti-proliferative effect corresponding to a
reduced number of cells, cell viability was measured as
described in material and methods. As summarized in
Fig. 5, human IgG antibody treatment had no effect on
cell growth or viability, whereas there was a slight reduc-
tion with the anti-GM2 antibody, which was judged not
to be statistically different. However, anti-GM2-T15
demonstrated a significant inhibition of Jurkat cell
growth, as cell numbers were reduced greater than 2-
fold compared to naked anti-GM2 treated sample.

Anti-GM2-T15 could induce apoptosis of target cells

In order to determine whether the anti-tumor effect
of the T15-conjugated antibodies directed against cell
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Fig. 5 Inhibition of Jurkat cell growth. The 2 x 10° Jurkat cells
were incubated with antibodies for 20 h. Three independent
experiments have been performed to determine the means and
SD. HulgG, human IgG. Double asterisk, significant difference
compared with no-antibody group, p <0.01. Hash, significant
difference compared with anti-GM2 group, p < 0.05
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surface expressed gangliosides might be due to the
induction of apoptosis, we treated GM2-positive Jur-
kat and SBC-3 cells with anti-GM2-T15 and various
controls. We also included HeLa cells expressing only
transient, low levels of GM2 ganglioside as negative
control cell line. Apoptosis was then analyzed by mea-
suring annexin V staining by FACS. The results are
summarized in Table 1 and an example of representa-
tive FACS results shown in Fig. 6. Treatment of Jurkat/
SBC-3 cells with the anti-GM2 or the anti-GM?2 conju-

Table 1 Apoptosis analysis using Annexin V staining

Treatment Samples

Jurkat SBC-3 HeLa
HulgG 9.90 £ 1.6 8.80 £2.8 174 £ 40
Anti-GM2 10.0£ 1.9 7.50 £2.0 16.3 +3.8
Anti-GM2-sT15 10.3 + 0.1 6.50 £ 0.2 183 +4.5
Anti-GM2-T15 413 +£4.8° 25.0 +£8.1% 257+ 14.0
Staurosporine 99.0+£0.1* 777455 542 +£12.0*°

Data were summarized from three sets of experiments, the per-
centage of Annexin V positive cells was presented. HulgG,
human IgG; staurosporine (1 nmol/l) was used as an inducer of
apoptosis

4 P <0.01 when compared with HulgG group

YHelLa cells were treated with actinomycin D (1 pg/ml)

Jurkat

SBC-3

gated scrambled T15 peptide (anti-GM2-sT15) did not
induce apoptosis as compared with control human IgG
treatment. However, Jurkat/SBC-3 cells treated with
the anti-GM2-T15 conjugated underwent a significant
amount of apoptosis, nearly 4-fold higher than that
induced by the non-conjugated antibody or the scram-
bled T15-conjugated antibody. Furthermore, we tested
T15-conjugated anti-GM?2 antibody on HeLa cells, and
a slight, but non-significant increase in apoptosis was
observed in HeLa cells. These results confirm that we
could restore the apoptosis-inducing ability of the chi-
meric anti-GM2 without altering its specificity by
endowing the self-binding feature.

Discussion

Advances in our understanding of the molecular mech-
anisms underlying the development and progression of
diseases have resulted in the discovery of new thera-
peutic interventions that target specific molecular
abnormalities. As “magic bullets”, antibodies have
been developed to target cell-surface antigens with
expression restricted to disease status. Currently, anti-
bodies are in use for many clinical applications and
now comprise the second largest category of medicines
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Fig. 6 A set of representative FACS results of annexin V stain-
ing. Twenty microgram of antibodies was incubated with cells
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in clinical development after vaccine [16]. A critical
limitation of the first animal-derived mAbs was the
induction of a human anti-mouse immunoglobulin
immune response in the majority of patients [17]. This
resulted in rapid clearance of the antibody and reduced
tumor targeting with subsequent dosing. To overcome
this defect, strategies aimed to decrease the immuno-
genicity of the antibodies, ranging from chimeric anti-
bodies with a combination of human constant regions
with rodent variable regions to fully reshaped antibod-
ies where the variable regions are also humanized,
were developed. However, the potency of these modi-
fied antibodies has become a major obstacle of this
approach. A monoclonal hamster anti-GM2 antibody
(DMF10.167.4, 1gG, kappa of unknown subclass) was
previously developed which specifically bound to the
respective antigen with high affinity and showed potent
immune effector functions [4]. Since complete or par-
tial humanization (chimerization) of this anti-ganglio-
side antibody is required for human cancer therapy, a
chimeric (ch) -anti-GM2 mAb (IgG1, kappa), was later
developed. Ch-anti-GM2 mAb maintained its ganglio-
side GM2 antigen binding but weakened its immune
effector functions to induce apoptosis of target cancer-
ous cells. This specific case illustrates a common
dilemma in antibody humanization.

The avidity increase due to covalent antibody poly-
merization can also be obtained through non-covalent
inter-molecular homophilic interactions in mouse 1gG3
class antibodies via the Fc-Fc mediated dimerization
[18-21]; and Fab-Fab mediated self-binding which
includes the monoclonal anti-ganglioside GD3 anti-
bodies [22, 23]. One of us [5, 6] discovered a type of
anti-phosphorylcholine antibodies exerting self-bind-
ing property. A peptide was identified derived from the
variable domain of the heavy chain of the germline
encoded S107/TEPC15 (T15) antibody, through which
the antibody homodimerizes [6]. Homodimerization is
not mediated by the Fc fragment since it could be dem-
onstrated that F(ab’), of T15 formed self-complexing
in solution [24].

Furthermore, endowment of self-binding feature to
non-autophilic antibodies by attaching T15 peptide has
previously been shown to increase the efficacy of the
antibodies without affecting the non-target cells [7, 8].
We used this strategy to endow self-binding properties
to the chimeric anti-GM2 mAb. The results are
encouraging, as the self-binding antibody increases
antigen binding both to insolubilized GM-2 antigen
(Fig. 1) and cell surface antigen (Fig. 4), regaining the
ability of the parental antibody (DMF-10.167.4) to
induce apoptosis in GM2-positive human T-cell leuke-
mia Jurkat cells and small cell lung carcinoma SBC-3

cells (Fig. 6 and Table 1). In addition to the increase in
antibody avidity, the T15-conjugated antibody also
shows an increase in affinity as suggested by BioCore
analysis (data not shown). Moreover, the T15-conjuga-
tion does not change the specificity or cross-reactivity
of the antibody as it shows no significant induction of
apoptosis in GM2 HelLa cells, which is consistent with
our previous finding on T15-conjugated anti-CD20
antibodies [7, 8]. This is corroborated by our latest
finding that anti-HER2 (Herceptin)-T15 does not
cross-react with T-cell leukemia Jurkat cells (Fig. 4).
Anti-HER2-T15 showed enhanced binding to low
Her2-receptor expressing breast cancer cells compared
to native Herceptin (manuscript in preparation).

Chimeric and humanized antibodies have been
proven non-toxic in patients, and can be given for a
long time in chronic diseases. Since T15 idiotype is
shared by human polyclonal anti-phosphorylcholine
antibodies [25], representing a naturally occurring,
evolutionary conserved idiotype expressed in mouse
and man, a toxic effect in human would not be
expected. However, further testing is needed and war-
rants a non-human primate (Macacc mulatta) model to
evaluate the effect in vivo of T15-peptide linked chime-
ric or humanized antibodies.

In summary, our results demonstrate a novel
approach: endowing self-binding to a functionally
weakened chimeric anti-GM?2 antibody by T15 pep-
tide-conjugation leads to increased binding to specific
antigen, and restores apoptosis-inducing activity in tar-
get tumor cells. We believe the increase in avidity of
antibodies results in aggregation by cross-linking on
tumor cell surface, and thereby lowers the threshold
for initiation of cell signaling [26].
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