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Abstract A native form of mouse monoclonal IgG1

antibody called MAG-1, which recognizes an epitope on

provasopressin, has been found to shrink and produce

extensive necrosis of human breast tumor xenografts in nu/nu

mice. We examined the ability of 90Yttrium-labeled and

native MAG-1 to affect the growth in nu/nu mice of cancer

xenografts that were estrogen-responsive (from MCF-7

cells) and triple-negative (from MDA-MB231 cells). The

growth rates of treated cells were compared to those

receiving saline vehicle and those receiving 90Yttrium-

labeled and native forms of the ubiquitous antibody,

MOPC21. Short-term treatments (4 doses over 6 days) not

only with 90Yttrium-MAG-1 but also native MAG-1 pro-

duced large reductions in size of rapidly growing tumors of

both types, while both 90Yttrium- MOPC21 and native

MOPC21 had no effect. Native and 90Yttrium-MAG-1

effects were similar, and arrested tumors recommenced

growing soon after treatments stopped. Increasing native

MAG-1 treatment to single dosing for 16 consecutive days

shrank tumors of both types with no regrowth apparent

over a 20-day post-treatment period of observation. Path-

ological examination of such tumors revealed they had

undergone very extensive ([66%) necrosis.
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Introduction

Breast cancer is one of the leading causes of death among

women throughout the world, and each year is responsible

for the death of approximately 40,000 women in the United

States [1]. Although a number of new treatments for this

disease show promise, there is still the need for methods that

are more effective. Successful intervention still relies

heavily on early detection through mammography and sur-

gical removal with adjuvant therapeutic follow-up largely

consisting of chemotherapy and radiation therapy. Approx-

imately two thirds of the cancers are responsive to estrogen

and these are typically treated with ‘‘anti-estrogenic’’ com-

pounds like Tamoxafen [2], with aromatase inhibitors such

as anastrozole, letrozole, and exemestane, or with combi-

nations of these hormonal therapies [3]. Some cancers dis-

play a high expression of Her2/neu (approximately 25%) and

patients with these cancers have been shown to respond well

to a humanized monoclonal antibody Herceptin, especially

when treatment is provided during periods of remission. In

addition, a substantial number (approximately 15–20%) of

cancers are referred to as ‘‘triple-negative tumors,’’ a name

that reflects an absence of estrogen receptors, progesterone

receptors, and Her 2/neu. Such tumors tend to be aggressive,

and need to be treated with high-dose chemotherapy or a

combination of chemotherapies [4, 5].

Vasopressin gene expression has been shown by us to

probably represent early oncogenic transformation in

breast tissues. This is because no evidence could be found

for expression by normal breast tissues, or by various

fibrocystic conditions including atypical hyperplasia, while
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gene-related products were found in all cases examined of

pre-invasive breast carcinoma in situ [6]. While vasopres-

sin with vasopressin receptors seems to fulfill a role as part

of an autocrine growth loop in these cancers [7, 8], most of

the translated precursor, called provasopressin, seems to be

incorporated into the plasma membrane as a unique tumor

feature [9]. A similar tumor marker on small-cell lung

cancer can be targeted in patients with antibodies [10]. A

mouse IgG1 monoclonal antibody, MAG-1, directed

against a C-terminal segment of provasopressin has been

shown by us to give positive immunohistochemical stain-

ing with all breast cancer tissues examined, and to high-

light the presence of this protein on the surface of breast

cancer cells in culture [11, 12]. In this study, we examined

the ability of MAG-1 and 90Yttrium-labeled MAG-1 to

arrest the growth of breast cancer xenografts in nu/nu mice.

Materials and methods

Tumor cells

The estrogen-responsive human cancer cell line MCF-7

and the triple-negative human cancer cell line

MDA-MB231 were obtained from American Type Culture

Collection (Rockville, MD) and maintained in DMEM

medium (Mediatech, Inc., Herndon, VA), containing 10%

fetal bovine serum (Atlanta Biologicals), at 37�C, in an

atmosphere of 5% CO2 with medium changes every 3 and

4 days. These cultures were maintained in tissue culture

flasks at densities from 1 to 5 9 105 cells/ml.

Antibodies

The mouse monoclonal antibody, MAG-1, is of the IgG1

subclass and has been described previously [13]. It was

generated against an 18-mer C-terminal segment of prova-

sopressin and is the subject of a patent application by

Woomera Therapeutics Inc. [14]. MOPC21 is also of the

IgG1 subclass and is an ubiquitous antibody produced by a

mouse myeloma cell line [15]. For this study, both antibodies

were purified from culture by protein A affinity chroma-

tography. MAG-1 and MOPC21 were both modified by

addition of DTPA, a chelating agent. This was accomplished

by reacting each at pH 8.3 overnight with CHXA00-DTPA

reagent in tenfold excess [16]. DTPA-modified antibodies

were reacted with 90Yttrium chloride, and 90Yttrium-labeled

products isolated by Sephadex G25 chromatography.

Generation of MCF-7 tumor xenografts

Male nu/nu mice 6–7 weeks of age were purchased from

Harland and a 17 b-estradiol pellet (0.72 mg/pellet, 60 day

release, Innovative Research of America, Sarasota, FL)

placed under the skin in the mid-back region with a trachar

as recommended by the manufacturer. The trachar pouch

was sealed with a single suture to ensure the pellet stayed

in place. Three days following this implantation, MCF-7

cells were trypsinized, concentrated into growing medium

by centrifugation (4–5 9 107 cells/ml), and injected

subcutaneously in the lower right flank quadrant

(1–2 9 107 cells per animal) using a 1-ml syringe and

22-gauge needle. Cells were allowed to generate tumor

xenografts for 21–24 days before the initiation of the

studies. At this time all of the mice receiving cells pro-

duced tumors that ranged in length from 0.5 to 0.75 cm.

For the following 4 days tumors were evaluated for tumor

growth by measuring length, width, and depth with a

micrometer and size expressed as the product of all three

parameters. Measurements were performed on mice anes-

thetized with a mixture of isofluorane and oxygen.

Generation of MDA-MB231 tumor xenografts

With no initial priming of male nu/nu animals of age

6–7 weeks, MDA-MB231 cells were prepared in the

manner described above for MCF-7 cells and injected

subcutaneously in the lower right flank quadrant (2 9 107/

cells per animal) using a 1-ml syringe and 22-gauge needle.

All animals grew tumors of between 0.5 and 0.75 cm in

25–30 days, which were measured for growth over 4 days

prior to treatment.

Treatment with antibodies

Tumor-bearing mice were divided into three groups of

eight animals in one short-term treatment study on the

effects of 90Yttrium-labeled antibodies, three groups of

eight animals in a second short-term treatment study on the

effects of naked antibodies, and three groups of four ani-

mals in a long-term treatment study on the effects of naked

antibodies. Animals were selected to provide a similar

range in tumor size for each grouping. For each short-term

study, group 1 comprised animals treated with four intra-

peritoneal (i.p.) injections of 50 ll of saline vehicle given

on days 0, 2, 4, and 6. For one short-term study, animals of

group 2 received four i.p. injections of 50 lCi of
90Yttrium-labeled MAG-1 [17] with naked MAG-1 carrier

totaling 50 lg antibody/50 ll, and animals of group 3

received four i.p. injections of 50 lCi of 90Yttrium-labeled

MOPC21 with naked MOPC21 carrier totaling 50 lg

antibody/50 ll on days 0, 2, 4, and 6. The amount of

radiolabel employed was based on earlier studies by others

[18]. For the second short-term study, groups 2 and 3 com-

prised treatments on days 0, 2, 4, and 6, with 50 lg/50 ll of

naked MAG-1 or naked MOPC21, respectively. Tumor
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volume was measured daily by micrometry, and the body

weight of animals evaluated, for 16 days. For the long-term

study, animals were injected i.p. daily for 16 days with,

saline vehicle (group 1), naked MAG-1 (group2), or naked

MOPC21 (group 3). Tumor size and animal body weight

were assessed daily over this period, and daily measure-

ments of tumor volume and body weight were extended for

the MAG-1-treated group for an additional 20 days. Pos-

sible toxicity of treatment was measured by examining

major organs (liver, kidneys) and tumors for necrotic

changes at the completion of each study.

Statistical analysis

Longitudinal growth data were evaluated by repeated

measures analysis of variance. The independent variables

were factors for treatment group and time and for the

interaction between treatment and time. In all cases, our

analysis focused on comparing MAG1 groups with the

control and MOPC21 groups. Separate comparisons were

performed between MAG-1 groups, and between saline

and MOPC21 groups. A two-sided P-value less than 0.05

was considered statistically significant.

Results

Short-term treatment with naked MAG-1 antibody

as well as 90Yttrium-labeled MAG-1 decreases

the size of estrogen-responsive tumors

Tumors treated over 6 days with either native MAG-1 or
90Yttrium-labeled MAG-1 not only failed to grow during

treatment, but underwent a significant decrease in their

original size by up to approximately 40% of original tumor

volume during the treatment period. Since results with

MAG-1 were similar with each short-treatment method,

and since each treatment comprised the same total amount

of antibody, we believe that most of the volume effects

seen by the end of the treatments are due to naked antibody

in both cases. Results are shown in Fig. 1a, b, and are

expressed as the percentage change in tumor size with

treatment. For the period following treatment, tumors

treated with naked antibody began increasing in size fol-

lowing a lapse of 4–5 days, but only approached their

original volumes by the end of 9 days of measurement.

One difference was that 90Yttrium-labeled MAG-1-treated

xenografts showed no sign of regrowth over the same

period of observation. Alternatively, the tumors of both

saline control groups, and the MOPC21 control group,

increased in size by at least three times ([300%), while the
90Yttrium-labeled MOPC21 control group increased by

more than 2.5 times, for the period of measurement. In

each study, there was no significant difference between

saline and MOPC21 antibody treatments.

Short-term treatment with both forms of MAG-1

antibody also decreases the size of triple-negative

tumors

When treated with naked MAG-1 or 90Yttrium-labeled

MAG-1, triple-negative tumors, represented by MDA-

MB231 cells, behaved like estrogen-responsive tumors.

They not only failed to grow during treatment but under-

went an even more significant decrease in size by up to

60% of their original volume during this period. The results

of both short-term studies with MDA-MB231 tumors are

shown in Fig. 2a, b, which represent both changes in tumor

volume with treatment but are again represented as per-

centage change in tumor size. For the period following

treatment, tumors treated with naked MAG-1 began

increasing in size so they approached the original size by

the end of an additional 10 days of measurements. Unlike

MCF-7 tumors, tumors of the 90Yttrium-MAG-1-treated

group showed a small rise in size toward the end of the

observation period that suggested these tumors were

commencing regrowth, even though they were still at about

60% of their original size at this point. Alternatively, for

the first study, the tumors of both saline and MOPC21

control groups showed no differences and increased in size

by at least four times ([400%) over the period of obser-

vation. For the second study, likewise, the tumors of the

saline group increased by at least four times ([400%),

while the 90Yttrium-labeled MOPC21-treated tumors

increased to about three times ([300%) their size at the

time treatment commenced. There was a small but signif-

icant difference between the growth slopes of saline and
90Yttrium-labeled MOPC21-treated tumors (P \ 0.05)

suggesting that the latter treatment had some minor effects

on these tumors, but these are miniscule compared to the

effects of 90Yttrium-labeled MAG-1.

Extending and intensifying treatment with naked

MAG-1 prevents tumor regrowth

The influence on MCF-7 and MDA-MB231 tumors of

extending treatment from 6 to 16 days and treating daily

instead of every second day with 50 lg i.p. naked MAG-1

antibody was examined by us. Tumors were again allowed

to reach at least 0.5 cm in length before the study started,

and controls for this study were tumor-bearing animals

treated daily for 16 days with saline vehicle. For MAG-1-

treated animals tumor measurement was continued daily

for 20 days beyond the final treatment, observations that

were precluded for control groups because tumor volumes

became too large. Four animals were used in each group of
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the study. Body weight of each animal was measured daily,

and at the end of the study, tumor, liver, and kidneys were

examined for possible pathological changes. The results are

shown in Fig. 3a, b. MAG-1 treatment of both MCF-7 and

MDA-MB231 tumors caused in all cases a large shrinkage

and no regrowth for the 20 days of observation following

treatment. Saline-treated tumors showed rapid growth so

that by the end of 16 days they were about 3.3 and 4.5

times their size at the start of the study (Table 1).

MAG-1 antibody is selectively harmful to tumors

For the short-term studies, fixed tissue examination

revealed there were no structural or pathological changes

induced in normal tissues by treatments with naked or
90Yttrium-labeled MAG-1, while a substantial amount

(30–50%) of necrosis was present in MAG-1-treated tumors

of both types compared with untreated tumors where there

were little to no (\5%) necrotic changes evident. The

MAG-1-treated and untreated MDA-MB231 tumors of the

extended study are shown in Fig. 4. Extensive necrosis such

that\75% of the treated tumors was observed.

Treatments have no apparent effects on animal well-being

Treatment with either naked MAG-1 or 90Yttrium-labeled

MAG-1 had no apparent effect on the well-being of tumor-

bearing animals as judged by their behavior and body

weights. There were no discernible differences in body

weight changes of the period of observation between any of

the groups. The daily weights of control and test animals

are represented for MDA-MB231 tumor-bearing animals in

Fig. 5a, b. There is no observable pathology of the livers

and kidney from these MAG-1- and 90Yttrium-MAG-1-

treated animals. In addition, histologic evaluation of organ

tissues such as the liver and kidneys revealed that there was

no damage to these tissues by extensive treatment with

MAG-1 (Fig. 6a, b).

Discussion

The dramatic effects on human breast cancer xenografts

exhibited by naked MAG-1 antibodies were unexpected by

us. The primary reason for studying those effects was to
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Fig. 1 a MAG-1 inhibits MCF-7 tumor growth: MAG-1 (filled
square) (P \ 0.0005, both controls, n = 8 for each group), control

(filled circle), and MOPC-21 (triangle). b 90Y-MAG-1 inhibits MCF-

7 tumor growth: 90Y-MAG-1 (filled square)) (P \ 0.0001, both

controls), control (filled circle), and 90Y-MOPC-21 (triangle). Arrow
denotes last treatment: animals were treated on days 0, 2, 4, and 6.
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Fig. 2 a MAG-1 inhibits

MDA-MB231 tumor growth:

MAG-1 (filled square)

(P \ 0.0005, both controls,

n = 8 for each group), control

(filled circle), and MOPC-21

(triangle). b 90Y-MAG-1

inhibits MCF-7 tumor growth:
90Y-MAG-1 (filled square),
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Fig. 3 MAG-1 daily treatment

(50 lg) for 16 days shrinks and

prevents regrowth of a MCF-7

breast tumors (control (filled
circle) and MAG-1 (filled
square) and b MDA-MB231

breast tumors (control (filled
circle) and MAG-1 (filled
square): mean ± SEM
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Table 1 Tumor volumes: volume (width 9 length 9 thickness) of MCF-7 and MDA-MB231 breast tumor xenografts in nu/nu mice at time

zero of treatment for five studies involving 90Y-labeled and native forms of antibodies MAG-1 and MOPC

Group Study 1, MCF-7 Study 2, MCF-7 Study 3, MDA-MB231 Study 4, MDA-MB231 Study 5, MDA-MB231

Control 960 ± 231 451 ± 52 933 ± 401 594 ± 49 718 ± 149

Y90-MAG-1 1041 ± 267 1738 ± 1006

Y90-MOPC 986 ± 149 951 ± 243

MAG-1 626 ± 83 637 ± 27 668 ± 60

MOPC 377 ± 86 549 ± 36 581 ± 57

Tumor volumes given as mean ± SD. Control animals treated with saline vehicle. Antibody treatments of 50 lCi 90Y-labeled product plus 50 lg

native antibody (studies 1 and 3), or 50 lg native antibody alone (studies 2 and 4) given on alternate days over a period of 6 days, or 50 lg native

antibody given daily for 16 days
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Fig. 5 Average body weights

of MDA-MB231 tumor-bearing

animals treated with MAG-1

(a) and 90Y-MAG-1 (b): control

(filled circle), MAG-1 or
90Y-MAG-1 (filled square) and

MOPC-21 or 90Y-MOPC-21

(triangle). n = 8 for each

group. Values, mean ± SEM

Fig. 4 The MDA-MB231

tumors were harvested 1 day

after the end of treatment and

analyzed. Histology of MAG-1-

treated tumor section (109)

(a) and tumor from control

animals (b). Cross-section of

saline-treated MDA-MB231

tumor (c), and cross-sections of

three tumors from MDA-

MB231 cells treated long term

with MAG-1 (d, e, and f) and

harvested 20 days after

treatment
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evaluate any contribution they might make to the effects

produced by 90Yttrium-labeled MAG-1. However, almost

all of the anti-cancer activity of the radioactive antibody

preparation seemed to be due to the naked antibody within

the preparation. This was further born out by the studies on

extended treatments. Tumor xenografts representing both

human estrogen-responsive and triple-negative breast cancer

underwent large reductions in size and extensive necrosis,

with no apparent harmful side-effects. The issue of safety

have to be further investigated however, since there is only a

50% homology between human and mouse provasopressins

in the C-terminal 18-amino acid region of the molecule used

to generate MAG-1 antibody. However, there is good like-

lihood humanized derivatives of MAG-1 will be safe for use

in humans because the mouse antibody did not react with 66

normal human tissues examined by us [20].

The exceptional effects shown by our naked antibody

are reminiscent of those demonstrated for mouse 4D5

monoclonal antibody of the IgG2b subclass and its

humanized form herceptin. These antibodies are directed

against an extracellular portion of the tyrosine kinase

receptor Her2 and are reported to cause apoptosis of tumor

cells over-expressing this receptor chiefly through com-

pliment-fixation and antibody-directed cell cytotoxicity

[17, 19]. However, since MAG-1 is a mouse IgG1 mole-

cule, it is unlikely either of these mechanisms is involved

in inducing tumor necrosis with this antibody. Neverthe-

less, the effects observed are believed to result from a

direct action of the antibody on the tumor cells because

MAG-1 was found by us to react only with anterior

hypothalamus and neurohypophysis, and not with other

mouse tissues, nor with 66 normal human tissues [20].

While vasopressin and its receptors play a role in tumor

breast cancer growth [7, 8, 12], the exact role of provaso-

pressin as a surface protein remains a mystery and might

not be directly connected to the mitogenic action of the

hormone. Provasopressin is not a ligand for vasopressin

receptors, and could itself, for these tumors, represent a

receptor or scaffolding molecule for an as yet unknown

ligand. Recently we have demonstrated, using an assay

from Promega, that MAG-1 produces dose-dependent

cytotoxicity of MCF-7 cells in culture. These preliminary

findings, while not erasing the possibility of some anti-

body-directed cell cytotoxicity being involved, show the in

vivo actions of MAG-1 could be direct ones. It is expected

that a further understanding of the mechanism of action of

the antibody will become clear through intended exami-

nation of its effects on specific genes involved with cyto-

toxicity and apoptosis and through knock-down studies.
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