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ABSTRACT

Antigenic heterogeneity may limit effective cancer therapy using mono
clonal antibodies (Malis ). To address this problem, combinations of two,
three, or four I25l-labeled antimelanoma Mabs (NRML-05, P94, 96.5,

and CL207) were incubated in vitro with three different melanoma cell
lines (HS294t, A375SM, and DX3). Binding of the various Mab combi
nations was expressed as total cpm/IO5 cells and was compared to binding

of each Mab alone. Saturating amounts (10 Mg/ml)of two, three, or four
Mabs bound to a significantly greater extent (/' < 0.05) than each
individual Mab except for NRML-05. Combinations of three Mabs at a
nonsaturating concentration (1.5 Mg/ml) bound to a greater extent than
single Mabs ( /' < 0.05), depending on the cell line examined and the

amount of antigen sites present for each Mab. Saturating or nonsaturating
concentrations of unlabeled Mab 96.5 combined with ' "l-lalifk-d NRML-

05 enhanced binding of the latter to HS294t by significantly modifying
its affinity and by increasing the number of binding sites 3-fold. Modu
lation occurred only at 37Â°Cand was dependent upon protein synthesis.

These data demonstrate that the effectiveness of various Mab combina
tions over single Mabs varies, depending on Mab concentration and the
cell lines used. In addition, one Mab may significantly (P < 0.05) enhance
binding of another Mab to its antigen.

INTRODUCTION

Murine Mabs1 directed against tumor antigens have the

potential to selectively localize in tumors following systemic
administration (1-4). One problem in using individual Mabs
reactive with a single antigenic determinant relates to variable
expression of individual antigens within the same tumor or
between different tumors. Heterogeneity of antigen expression
has been observed in fresh tumor biopsies (5, 6) on cell lines
(7-10) and individual clones of tumor cell lines (7). Variation
in antigen expression and density on individual tumor cells
within primary and metastatic lesions may account for the
difficulties in detecting or treating all known lesions in vivo
with any individual Mab (11-13). One way to circumvent this
problem might be to use combinations of various Mabs directed
against several distinct cell surface antigens on tumor cells.
There have been several studies demonstrating the effectiveness
of combinations of Mab ("cocktails") over single Mabs in

labeling tumor cells in vitro (14) and tumor targeting in vivo
(15-17). In this study, we examined whether combinations of
antimelanoma antibodies recognizing different melanoma an
tigens demonstrated enhanced binding to three different human
melanoma cell lines compared to each Mab. Additional objec
tives were to determine whether certain Mab combinations
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added to cells at nonsaturating concentrations could enhance
the binding of one or more Mabs and to explore possible
mechanism(s) underlying such enhancement.

MATERIALS AND METHODS

Cell Lines. Characteristics of three melanoma cell lines DX3,
A375SM, and HS2941 have been described previously (18-20).
A375SM is a subclone of the parent human melanoma line A375M
(19). Cells were cultured in Eagle's MEM (Cellgro Products, Houston,

TX), supplemented with 10% fetal calf serum (HyClone Products,
Logan, Utah), nonessential amino acids, 100 ITIMsodium pyruvate
(Cellgro Products), 200 mM glutamine, and 0.05% gentamicin. They
were routinely passaged once weekly and maintained at 37Â°Cin a

humidified, 5% CO2 incubator. All lines were free of Mycoplasma
contamination prior to use as determined using the Genprobe Kit
(Genprobe, Inc., San Diego, CA) for Mycoplasma.

Mabs. Murine antimelanoma Mabs NRML-05, 96.5, P94, and
CL207 have been described previously (21-24) (Table 1). Mabs 96.5
and P94 were supplied by Hybritech, Inc. (San Diego, CA) as ascites.
These Mabs were purified using protein A affinity columns (Pharmacia,
Uppsala, Sweden) and then concentrated, using Amicon filters (Amicon
Corp., Danvers, MA), to a final concentration of >5 mg/ml in phos
phate-buffered saline. Affinity-purified Mab CL207 (IgGl) was a gen
erous gift of Dr. Soldano Ferrone (Valhalla, NY). Purified NRML-05
was supplied by NeoRx Corporation (Seattle, WA) in addition to two
subclass-matched, irrelevant Mabs, NRLU-10 (IgG2b) and NR2AD
(IgG2a). NRLU-10 binds to adenocarcinomas, whereas NR2AD reacts
with the idiotype of a B-cell lymphoma cell line. Mab 15A8, an IgGl
murine Mab reactive with breast carcinoma, was supplied by Dr. Renato
Dulbecco (La Jolla, CA). This Mab served as the subclass-matched
control Mab for CL207.

Antibody Labeling with '"I Using p-Iodobenzoyl Derivative. The p-
iodoben/oyl labeling procedure for low levels of '"I or U'I has been
described previously (25). This method conjugates A/-succinimidyl-p-
iodobenzoate to the Mab. Briefly, 37.5 M' of a mixture of 1% acetic
acid/methanol, 10 pi of a 1-mg/ml methanol solution of /V-chlorosuc-
cinimide, and 10 Â¿ilof phosphate-buffered saline were sequentially
added to a reaction vial (fitted with a septum) containing A/-succinimidyl
4-tri-n-butylstannylbenzoate (12.5 jÂ¿g,2.5 x IO2^mol) in 12.5 ^1 of 1%
acetic acid/methanol. One mCi of either '"I (melanoma-specific Mabs)
or '"I (control Mabs) was added to the reaction solution, and after 5

min the reaction was quenched by the addition of NaHSOj (10 ^1 7.5
x IO2 /Â¿mol).The methanol solvent was evaporated under N2 for 10
min. Five hundred Mgof Mab in 100 ^1 phosphate-buffered saline were
mixed with 100 \i\ of borate buffer (pH 9.3) and then added to the
reaction vial. Conjugation was allowed to proceed for 5 min at room
temperature. Radiolabeled Mab was separated from unreacted radioi-
odine by chromatography on Sephadex G-25 (PD-10) columns. Kadi
ochemical yield ranged from 40 to 60%; incorporation of radiolabel
into Mabs measured by trichloroacetic acid precipitation was greater
than 90%. The specific activity of radiolabeled Mabs ranged between
0.2 and 0.3 ÃŸC'i/ÃŸg.

Immunoreactivity Assay. The immunoreactivities of each respective
radiolabeled Mab were evaluated using the Lindmo method (26). Cal
culated values for Mabs NRML-05, 96.5, CL207, and P94 were greater
than 50% (range, 50-70%).

Antibody Binding to Cells by ELISA. Screening of Mab binding prior
to labeling was done using a previously described ELISA. The detailed
procedure has been described previously (27).
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AUGMENTED BINDING WITH Mab COMBINATIONS

Table 1 MabsusedMab

SubclassNRML-05

IgG2b
96.5 IgG2a
P94 IgG2a
CL207 IgGlAntigen

(M,)240

(high molecular weight)
97
94
96Antigen

CharacteristicsProteoglycan

Glycoprotein
Glycoprotein
Glycoprotein; regulated

by IFN--Ã•

Live Cell Radioimmunoassay. Binding of radiolabeled murine Mab
to melanoma cells was examined using a modification of a previously
published radioimmunoassay technique (28). Tumor cells were seeded
in flat-bottomed microtiter plates at a concentration of 0.5 to 1 x IO4
cells/well. Following a 24-h incubation at 37Â°C,growth medium was

aspirated, and 100 p\ of 10% BSA (w/v) in MEM medium containing
0.08% sodium azide were added to each well. After a 1-h incubation at
37Â°C,the medium was gently aspirated, and cells were washed once

with MEM containing 1% BSA. One hundred ^1 of radiolabeled Mabs
(concentration, 1.5-10 Mg/ml, in MEM containing 1% BSA) were
added to each well for 60 min. Following an additional 60-min incu
bation at 37Â°C,cells were washed four times with MEM containing 1%

BSA, and 100 n\ of 1% Nonidet P-40 (Sigma Chemical Co., St. Louis,
MO) were added to lyse cells. The fluid in each well was absorbed onto
a cotton swab, and radioactivity was measured in a gamma counter
(Packard Instruments, Des Plaines, IL). Background cpm (wells con
taining media alone) were subtracted from experimental wells. All
binding experiments were done in triplicate. The amount of antibody
bound was expressed as mean cpm/105 cells. In order to determine

accurate cell numbers, 100 n\ of 10% ethanol were added to wells of a
duplicate microtiter plate containing tumor cells. Following three
freeze-thaw cycles to lyse cells, 200 M' of a 40% solution of Bio-Rad
Dye (Bio-Rad, Richmond, CA) were added to each well. The degree of
color change (corresponding with protein concentration) was deter
mined spectrophotometrically by measuring the absorbance on an
ELISA reader at a wavelength setting of 590 nm. Cell number was
calculated by comparing absorbance readings in experimental wells to
a standard curve for each cell line in which absorbance readings were
plotted against increasing cell number. A direct linear correlation
between absorbance and cell numbers was observed between 10,000
and 40,000 cells/well depending on the individual cell line tested.

RESULTS

In Vitro Binding of Various Anti-Melanoma Mabs to Mela
noma Cell Lines. All the antimelanoma antibodies and irrele
vant Mabs were screened by both ELISA and radioimmuno
assay for reactivity against DX3, A375SM, and HS294t mela
noma cell lines. The binding of all the melanoma cell lines to
each of the antimelanoma Mabs was found to be 4- to 10-fold
greater than the subclass-matched irrelevant antibodies.

The binding of individual Mabs versus combinations of two,
three, or four Mabs to each of the melanoma cell lines was
examined by live cell radioimmunoassay. All the Mabs were
iodinated using the /7-iodobenzoyl method as described in "Ma
terials and Methods." Of 11 possible Mab combinations tested

only four showed significantly enhanced binding to all the
melanoma cell lines compared to individual Mabs. Fig. 1 com
pares the binding of two or more Mabs with each Mab added
at a saturating concentration of 10 /Â¿g/ml(per individual Mab
or sum of two or more Mabs) to A375SM and DX3 melanoma
cell lines. A combination of two or three Mabs bound signifi
cantly better (P < 0.001) to both A375SM and DX3 cell lines,
respectively, than each Mab, 96.5, P94, or CL207. In contrast,
none of the combinations bound to a significantly greater extent
than NRML-05 alone (P > 0.05), except for a combination of
four Mabs, NRML-05 + P94 + 96.5 + CL207 (P < 0.002).

The binding of individual Mabs versus "cocktails" of two,
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three, or four Mabs to the HS294t human melanoma cell line
is shown in Fig. 1C. In contrast to the other two cell lines, all
combinations of the various Mabs, i.e., NRML-05 + P94,
NRML-05 + P94 + 96.5, and NRML-05 + P94 + 96.5 +
CL207, exhibited significantly greater binding than individual
Mabs with the exception that binding of P94 alone equaled
binding of NRML-05 + 96.5. In addition, a combination of
four Mabs (NRML-05 + P94 + 96.5 + CL207) bound signifi-
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Fig. I. Variation in binding of Mab combinations versus single Mabs to three
individual cell lines. A, A375SM. Combinations of two, three, or four Mabs had
significantly greater binding (range. P < 0.05-P < 0.0001) than individual Mabs
except for combination of NRML-05 + P94 and NRML-05 + 96.5 versus NRML-
05 alone (P < 0.29 and P < 0.80. respectively). B. DX3. Same as for A. except:
NRML-05 alone = NRML-05 + 96.5 (P< 0.06); NRML-05 alone = NRML-05
+ P94 (/><0.18); and NRML-05 alone = NRML-05 + 96.5 + P94 (P < 0.07).
C, HS294t. All combinations superior to individual Mabs (range, P < 0.02-P<
0.001) with the exception that P94 = NRML-05 + 96.5 (/>< 0.28).
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cantly better than combinations of two or three Mabs in this
particular cell line.

The differences in binding between combinations of two,
three, or four Mabs among the three different cell lines could
have been secondary to differences in Mab concentration re
quired to saturate antigen sites for each of the respective Mabs
in the cocktail. To determine whether this parameter accounted
for differences in binding between the three cell lines, each
radiolabeled Mab or Mab combination was added to cells at a
concentration of 1.5 Mg/ml which was less than 25% of the
amount needed to saturate tumor cells. As shown in Table 2,
combinations of three Mabs at a total concentration of 1.5 /Â¿g/
ml bound to a significantly greater extent to DX3 and HS294t
than any single Mab tested (range, P < 0.05-P < 0.0001). For
A375SM, however, NRML-05 alone had binding equal to a
combination of two or three Mabs. Likewise, NRML-05 bind
ing was equal to combinations of two Mabs for DX3 and
HS294t. Combinations of two or three Mabs bound to a signif
icantly greater extent than either P94 or 96.5 in all three cell
lines except (a) 96.5 alone = 96.5 + NRML-05 and NRML-05
+ P94 for DX 3 and (b) P94 = NRML-05 + 96.5 in HS294t.
In summary, combinations of Mabs at nonsaturating concen
trations of 1.5 ng/m\ demonstrated enhanced binding over
individual Mabs at an equivalent concentration only in cell lines
where binding of the respective individual Mab was low. For
example, a cocktail of two or three Mabs containing NRML-
05 did not binding to a greater extent than NRML-05 alone to
A375SM because NRML-05 binding was significantly greater
than that for P94 (P < 0.07) or 96.5 (P < 0.002) (Table 2).

The fact that combinations of two or three Mabs at nonsa
turating concentrations bound to a significantly greater extent
than single antibodies in some cases implied that one or more
Mabs in the cocktail might regulate the binding of another
Mab. To test this hypothesis, experiments were performed in
which all three cell lines were exposed for l h at 37Â°Cto various

combinations of radiolabeled plus un labeled Mabs. All possible
combinations using two Mabs (i.e., NRML-05 + 96.5, 96.5 +
P94, etc. ) were tested.

Table 3 demonstrates that when both labeled NRML-05 and
unlabeled 96.5 were added simultaneously to HS294t cells at a
combined concentration of 1.5 /ug/ml and incubated for l h at
37Â°C,significantly greater binding of radiolabeled NRML-05

was observed as compared to 0.75 ÃŸg/m\ of radiolabeled
NRML-05 (P < 0.01). This binding was not observed for any
other combination of Mabs tested, including 96.5 + NRML-
05, against DX3 and A375SM. The enhanced binding of
NRML-05 by unlabeled 96.5 was also observed when a saturat
ing concentration (i.e., 10 /Â¿g/ml)of Mab 96.5 was used. En
hancement was not observed when cells were pretreated with
unlabeled 96.5 for 1 h, washed, and followed by addition of
labeled NRML-05 (data not shown). Moreover, the enhance
ment did not occur if cells and Mab were incubated at 4Â°Cor

if it followed pretreatment with cycloheximide. In the latter
case, cells were treated with 10 pg/m\ of cycloheximide for 15
min and washed once, and the combination of 96.5 + NRML-

05 was added. Similar binding of Mabs was observed (1590 Â±
544 cpm/10s cells, cells - cycloheximide; 1568 Â±211 cpm/105

cells, cells + cycloheximide).
To further examine the mechanism(s) of enhanced binding

of labeled NRML-05 by unlabeled 96.5, saturation binding
studies were performed. Fig. 2 demonstrates an approximately
3-fold enhanced binding of labeled NRML-05 when combined
with unlabeled 96.5, compared to NRML-05 alone. Scatchard

Table 2 Binding of individual Mabs versus cocktails at nonsaturating
concentrations"

Mab(s)NRML-05

P94
96.5NRML-05

+ P94
NRML-05 + 96.5
NRML-05 + P94 + 96.5A375SM4247

Â±644
2948 Â±307

526 Â±1424923

Â±675
3027 Â±860
3881 Â±642Cell

linesDX35539

Â±1074
3274 Â±187
5585 Â±9006358

Â±867
8274 Â±1748
831 2 Â±700HS294T2578

Â±570
2403 Â±239
1258 Â±1724160

Â±687
3 106 Â±593
4321 Â±508

"As in Fig. 1, except that antibodies were added at nonsaturating concentra

tions (1.5 pg/ml/individual Mab or sum of 2 or more Mabs). Data represent
mean Â±SEM of 3 experiments.

Table 3 Enhancement of radiolabeled NRML-05 by unlabeled 96.5

cpm/IO' HS294TcellsMabsNRML-050

96.5Â°
NRML-050 + 96.5"
NRML-05" + 96.5
96.5" + NRML-051.5

ng/ml2335

Â±898
1333 Â±383
2723 Â±949
2216 Â±222
1296 + 2760.75

ng/ml1472

Â±494
1248Â±884"

Radiolabeled Mab.

0.20 -

0.16 -

0.12 -

O
m
2 0.08 -

0.04 -

0.00

NR-ML-05*+ 96.5

NR-ML-05

6 9

nM Added

12 15

Fig. 2. Saturation binding use of radiolabeled NRML-05 alone (*) and NRML-
05 combined with unlabeled 96.5 at nonsaturating concentrations (1.5 ng/ml).
There was an approximately 3-fold enhancement of binding of NRML-05* in the
presence of 96.5 compared to NRML-05* alone.

analysis revealed slight differences in the affinity constant (Ka)
for radiolabeled NRML-05 alone (K* = 1 x 10" M~') versus
unlabeled 96.5 plus radiolabe!;d NRML-05 (A"a= 6.6 x 10'
M~') (Fig. 2). There was also a 3-fold enhancement in the

number of binding sites/cell for the combination of labeled
NRML-05 and unlabeled 96.5 (4.8 x 10s) compared to NRML-
05 alone (1.8 x 105)(Fig. 3).

DISCUSSION

There were several interesting findings notes in this study.
First, of 11 possible radiolabeled Mab combinations tested,
four demonstrated enhanced binding over individual Mabs.
This observation was dependent on which Mabs were included
in the combination, the concentration of Mab added, and the
cell line used. The enhanced binding noted with Mab combi
nations was additive, and, in the case of combinations of four
Mabs, synergism was observed. For example, a combination of
NRML-05, 96.5, P94, and CL207, each added at a concentra
tion of 2.5 Mg/ml (total concentration, 10 Mg/ml) bound to all
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2.0 -i â€¢NR-ML-05*

A NR-ML-05* + 96.5

0.0
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BOUND InM)

0.16 0.20

Fig. 3. Scatchard plot analysis of NRML-05* alone and NRML-05* combined

with unlabeled 96.5 at nonsaturating concentrations (1.5 /jg/ml). Affinity constant(K,) for NRML-05* in the presence of 96.5 was 6.6 X 10' M~' compared to
NRML-05* alone (A".= 1 x lO'ivr1).

three cell lines at a level which was 1.6 or 12 times higher than
that observed for 10 /Â¿g/mlof NRML-05 or CL207, respectively
(Fig. 1). In this instance, synergy has been defined as signifi
cantly enhanced binding of Mab combinations over single Mabs
when added at a concentration which was 25% of the maximal
concentration of each Mab (29). In all cases, binding at concen
trations below 2 /Â¿g/mlwas linear for each Mab tested.

Second, nonsaturating concentrations of Mab combinations
also had significantly greater binding than identical concentra
tions of each Mab, although the results were not as significant
as with saturating amounts of each Mab. In this case, cocktails
of two or even three Mabs did not label cells to a significantly
greater extent than the best single antibody for each cell line
tested. This finding was understandable since the number of
antigen-binding sites available for low concentrations of each
Mab were in excess and varied with each cell line. Hence,
additive or synergistic effects could be observed in some cases
only if the addition of one or more Mabs were capable of
enhancing the expression of other antigens. Since the likelihood
of achieving saturating concentrations of Mabs in vivo is low
(particularly with respect to radioimaging), this finding may
have relevance with respect to the use of two or more Mabs in
humans.

It was interesting to note that the Mab combinations screened
which showed enhanced binding contained NRML-05 and/or
96.5. In a previous study by our group using Mab cocktails and
flow cytometry (14), synergistic enhancement of binding was
observed with Mab combinations containing another Mab
(ZME018) which recognizes the same M, 240,000 high-molec
ular-weight melanoma antigen as NRML-05. We therefore

screened combinations of two Mabs, one radiolabeled and one
unlabeled, to determine whether augmentation of binding of
one Mab by another occurred. Of all six possible combinations
of two Mabs tested against all three cell lines at high and low
concentrations, only one combination, 96.5 + NRML-05, dem
onstrated enhancement. In this case, unlabeled 96.5 was able
to significantly increase the affinity and number of binding sites
for radiolabeled NRML-05 (P < 0.01). This binding was cell
line dependent, since it occurred only for the line HS294t. Of
the three lines examined in our study, this cell line demon
strated the lowest expression of high-molecular-weight antigen.
The regulation of NRML-05 antigen by 96.5 antibody appeared

to be temperature sensitive and was inhibited by cycloheximide,

implying that protein synthesis was necessary for changes to
occur. Moreover, pretreatment of cells with 96.5 followed by
incubation with NRML-05 did not cause a similar effect. Taken

together, these findings suggested that antigen regulation re
quires the simultaneous interaction of both antibodies and that
protein synthesis was occurring resulting in either the enhanced
synthesis of new antigen sites or the reexpression of cryptic
antigen sites. These data confirm and extend previous studies
by other investigators demonstrating an enhanced affinity of
one or more Mabs by other Mabs recognizing separate epitopes
on the same antigen (30-32). In one of these studies enhanced
affinity and increased cytotoxicity of toxin conjugates against
carcinoembryonic antigen was shown to be due to enhanced
endocytosis of Mab-antigen complexes (32).

This is one of the first studies to systematically examine, in
vitro, the effects of combinations of three or more radiolabeled
Mabs reactive with separate antigens. Oldham et al. (33) tested
various Mab-drug conjugates reacting against individual breast
carcinoma patients' tumor suspensions using flow cytometry

and found that certain cocktails demonstrated additive or syn
ergistic binding to cells compared to individual Mabs. Other
combinations showed no effect or were inhibitory. Enhanced
binding of two or more Mabs to colon, gastric, and ovarian
cancer evaluated by immunohistochemistry (34) or flow cytom
etry techniques has been reported previously (35). Other inves
tigators have demonstrated a greater log kill of tumor cells in
bone marrow using combinations of two or more Mabs plus
complement (36, 37). A combination of two immunotoxins
reactive with breast cancer cell lines demonstrated additive
antitumor activity (38). However, as with our study, additive
binding assessed by immunofluorescence could be demon
strated with only one of three combinations and was cell line
dependent. An additional factor which influenced the degree of
cell kill by immunotoxins in the above (38) and other studies
(39, 40) related to differences in binding and internalization.
Finally, cocktails appeared to be superior to single antibodies
in the identification of microscopic tumor in bone marrow (41,
42), thus demonstrating the feasibility of this approach for early
cancer detection.

In summary, select combinations of radiolabeled antimelano-
ma Mabs bound to a significantly greater extent than individual
Mabs. It is important to emphasize, however, that interactions
among two or more specific antibodies in combination could
influence whether a specific cocktail demonstrates additive,
synergistic, or even inhibitory binding to tumors. Careful
screening of multiple Mab combinations in vitro and ultimately
in vivo may be necessary to select appropriate Mab combina
tions for use in clinical trials for therapy and diagnosis.
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