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Abstract
Cleavage of the MUC1 glycoprotein yields two subunits, an extracellular alpha-subunit bound to a smaller transmembrane 
beta-subunit. Monoclonal antibodies (mAbs) directed against the MUC1 alpha–beta junction comprising the SEA domain, 
a stable cell-surface moiety, were generated. Sequencing of all seven anti-SEA domain mAbs showed that they clustered 
into four groups and sequences of all groups are presented here. mAb DMB5F3 with picomolar affinity for the MUC1 SEA 
target was selected for further evaluation. Immunohistochemical staining of a series of malignancies with DMB5F3 includ-
ing lung, prostate, breast, colon, and pancreatic carcinomas revealed qualitative and qualitative differences between MUC1 
expression on normal versus malignant cells: DMB5F3 strongly stained malignant cells in a near-circumferential pattern, 
whereas MUC1 in normal pancreatic and breast tissue showed only weak apical positivity of ductal/acinar cells. Humanized 
chimeric DMB5F3 linked to ZZ-PE38 (ZZ IgG-binding protein fused to Pseudomonas exotoxin) induced vigorous cytotoxic-
ity of  MUC1+ malignant cells in vitro. The intensity of cell killing correlated with the level of MUC1 expression by the target 
cell, suggesting a MUC1 expression threshold for cell killing.  MUC1+ Colo357 pancreatic cancer cells xenotransplanted 
into nude and SCID mice models were treated with the chDMB5F3:ZZ-PE38 immunocomplex. In both transplant models, 
chDMB5F3:ZZ-PE38 exhibited significant in vivo anti-tumor activity, suppressing up to 90% of tumor volume in the SCID 
model compared with concomitant controls. The efficacy of chDMB5F3:ZZ-PE38 immunotoxin in mediating tumor killing 
both in vitro and in vivo strongly suggests a clinical role for anti-MUC1 SEA antibody in the treatment of MUC1-expressing 
malignancies.
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Introduction

The MUC1 glycoprotein is overexpressed by a number of 
high-incidence, high-mortality human epithelial malignan-
cies, including breast, prostate, pancreas, ovarian, and colon 
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carcinomas, by the malignant plasma cells of multiple mye-
loma, and on acute myelogenous leukemia [1–8]. Because 
of this preferentially high expression by malignant cells, 
MUC1 has been widely studied as both a target for directed 
cancer therapy and as a marker of disease progression [9]. 
The MUC1 transmembrane glycoprotein (MUC-TM) is a 
heterodimer consisting of an extracellular domain contain-
ing 20–125 repeats of a 20 amino acid-long sequence (the 
variable number tandem repeat, VNTR), a transmembrane 
domain, and a short cytoplasmic tail mediating intra-cel-
lular signaling (Fig. 1, Panels I and IIa) [10–14]. MUC1 
is auto-proteolytically cleaved within the SEA module, a 
highly conserved domain of 120 amino acids [12, 15]. This 
results in a large extracellular α subunit containing the tan-
dem repeat array bound in a strong non-covalent interaction 
to a transmembrane β subunit containing the transmembrane 
and cytoplasmic domains of the molecule (Fig. 1, Panels I 
and IIa).

A number of anti-MUC1 antibodies have been reported 
in the literature with the majority directed against the highly 
immunogenic VNTR. Despite the ability of anti-VNTR anti-
bodies to bind  MUC1+ cells in vitro, the shedding of the 
MUC1 α chain containing the VNTR into the peripheral 
circulation in vivo may compromise the efficacy of anti-
VNTR antibodies. Once off the cell surface the MUC1 α 
chain, now freely circulating in the periphery, may bind and 
neutralize anti-VNTR or anti-VNTR-glycosylation antibod-
ies tandem repeat antibodies, thereby limiting their ability 
to reach MUC1-expressing tumors.

Antibodies that recognize cancer-specific truncated 
O-glycoforms of the VNTR, such as antibodies PankoMab-
Gex, 5E5, SM3, and VU-2-G7, may prove to overcome the 
potential toxicity of targeting MUC1 expressed by normal 
tissues. However, the limitations of targeting the α-chain 
VNTR, namely its shedding from the cell surface and its 
ability to bind circulating anti-MUC1 antibodies, remain 
[16–18].

Despite their therapeutic potential, no anti-MUC1 VNTR 
antibody has as yet been proven to be clinically effective 
[16, 19, 20]. Of note, Fiedler et al. [16] reported 16 cases 
of stable disease in a clinical trial of anti-VNTR cancer-
specific glycosylation antibody PankoMab-Gex. The study 
was a PankoMab-Gex Phase I trial where the primary study 
objective was antibody safety, rather than anti-tumor effi-
cacy, such that the cases of stable disease observed are dif-
ficult to interpret. Conclusions as to PankoMab-Gex’s poten-
tial clinical efficacy must await a two-arm prospective study.

In contrast to the α chain and its VNTR, the MUC1 SEA 
domain formed by the interaction of the α-subunit with the 
extracellular portion of the β-subunit is a stable membrane-
fixed molecular moiety (Fig. 1, Panel I). Previous studies 
described antibodies targeting the MUC1 SEA domain 
[21–23] as a therapeutic possibility, thereby avoiding 

antibody sequestration by the freely circulating shed α chain 
and circumventing a major impediment in the development 
of clinically effective anti-MUC1 antibodies.

The current study presents for the first time the sequences 
of seven monoclonal antibodies that recognize the MUC1 
SEA domain. All such mAbs, designated the DMB series, 
specifically bind to cells expressing cell-surface MUC1 
[22]. Analysis of these sequences showed that they clus-
tered into four unique groups, namely [I]  DMB5F3[I], [II] 
 DMB7F3[II], [III]  DMB4B4[III-a] and  DMB10F10[III-b] and 
[IV]  DMB4F4[IV-a],  DMB10B7[IV-b], and  DMB13D11[IV-c]. 
DMB5F3 was chosen for further in-depth analyses as, of all 
DMB mAbs, it possessed a picomolar affinity, the highest 
affinity of all DMB mAbs.

Immunohistochemical staining of tissue microarrays with 
DMB5F3 of a series of malignancies showed quantitative 
differences in the density of MUC1 expression in tumor cells 
versus that in non-malignant cells. These were accompa-
nied by qualitative differences in the architecture of MUC1 
expression in malignancies at both the cellular and the tis-
sue levels. The in vitro anti-tumor cytotoxic activity of a 
chimeric human DMB5F3 (chDMB5F3) immunocomplex 
was directly correlated with the level of MUC1 expression, 
showing that a threshold density of cell-surface MUC1 is 
necessary to elicit cytocidal activity. Furthermore, an in vivo 
human tumor xenograft model was established by injecting 
Colo357 human pancreatic cancer cells into nude and SCID 
mice and the xenotransplanted pancreatic tumor decreased 
profoundly following a series of intravenous (i.v.) admin-
istrations of the DMB5F3 immunocomplex. The results 
suggest that antibody DMB5F3-mediated immunotoxin 
targeting of the cell-surface MUC1 SEA domain may prove 
effective in the therapy of  MUC1+ malignancies, either 
alone or in conjunction with other therapeutic modalities.

Materials and methods

Reagents and antibodies

All reagents and chemicals were obtained from Sigma (St. 
Louis, MO), unless otherwise specified. Anti-MUC1 SEA 
module monoclonal antibody was generated as described 
[22]. Secondary antibodies used in cell counter-staining or 
in immunohistochemical development were obtained from 
Jackson ImmunoResearch Laboratories (Bar Harbor, ME).

Cell lines and cell cultures

DA3-PAR parental mouse mammary cells which do not 
express human MUC1, DA3-TM mouse mammary cells 
stably transfected with cDNA encoding for the full-length 
human MUC1-TM, cell lines T47D and ZR75 (human breast 
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Fig. 1  Structure of MUC1 proteins, description of anti-MUC1-SEA 
module monoclonal antibodies, and flow cytometric analyses of the 
anti-MUC1 SEA antibody DMB5F3. Panel I The anti-MUC1-SEA 
module monoclonal antibodies, their immunoglobulin subtype, and 
groupings are indicated. Panel II The MUC1-TM, MUC1-X, and 
recombinant MUC1-X molecules schematically represented. (a) 
Going from the N (N) to the C terminus (C), MUC1-TM is composed 
of an N-terminal Signal Peptide (orange), followed by a 30 amino 
acid-long segment (N30, yellow), leading into sequences (green) that 
N-terminally and C-terminally flank the variable tandem repeat array 
(VNTR, blue). This is followed by a region (solid red) common to 
both the MUC1-X isoform (b) and to the soluble extracellular domain 
of MUC1 X, MUC1-Xex (c). The β-subunit extracellular domain con-
sists of 58 amino acids (checkered red) immediately N-terminal to the 
transmembrane (TM, blue) and cytoplasmic (CT, magenta) domains. 

The SEA module comprises 120 amino acids, contributed by both 
the α- and β-subunits. Recombinant soluble MUC1-Xex protein (c) 
includes the signal peptide (light orange), the N-terminal 30 amino 
acid sequence (yellow) and the SEA module (solid and checkered 
red) regions. Panel III DA3 cells stably transfected with MUC1-TM 
(a, DA3-MUC1) or non-transfected DA3 cells (b), were reacted with 
anti-MUC1 SEA mAb DMB5F3, followed by an FITC-conjugate 
(green tracings).  MUC1+ human pancreatic cancer cell line Colo357 
(c) and  MUC1+ breast cancer cells T47D and ZR75 (e, g) were 
reacted with DMB5F3 (green tracing). In all four panels, the red trac-
ings represent cells bound to secondary antibody alone, and the green 
tracings (with orange arrows) that of cells reacted with both DMB5F3 
and secondary antibody. MUC1 binding was entirely competed out by 
the presence of soluble MUC1-Xex protein (abrogated binding indi-
cated by white arrows in d, f and h)
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carcinomas), cell lines KB (human epidermoid carcinoma), 
Colo357 (human pancreatic carcinoma), N87 (human gas-
tric carcinoma), and CHO-K1 (Chinese hamster ovary cells) 
were all grown in Dulbecco’s Modified Eagle’s Medium 
(DMEM), RPMI, and DMEM:F12 (1:1) culture media, as 
previously described [23].

Animals

Seven-week-old athymic (nude) and SCID mice (Harlan 
Laboratories, Madison, WI) were maintained until killing 
in facilities approved by the Tel Aviv University (TAU) 
Institutional Ethics Committee for Accreditation of Labo-
ratory Animal Care, in accordance with the regulations and 
standards of the Israel Ministry of Health.

Flow cytometry analysis of DMB5F3 binding 
to MUC1‑Expressing tumor cells

Following trypsinization, MUC1-expressing tumor cells 
were washed and incubated with DMB5F3 (0.5 μg/ml), with 
or without MUC1-Xex competitor (100 µg/ml), for 1 h at 
4 °C. After washing with FACS buffer, fluorescein-labeled 
goat anti-mouse IgG was added for 45 min at 4 °C. Bound 
IgG was detected by flow cytometry on a FACSCalibur™ 
(Becton–Dickinson).

Immunohistochemical (IHC) staining with DMB5F3

Microarrays of normal and malignant pancreatic and breast 
tissue were purchased from US Biomax (Derwood, MD). 
Automated Immunological stains were obtained with the 
use of the Dako Autostainer Link 48 (Dako, Santa Clara, 
CA), according to the manufacturer’s instructions. Antigenic 
retrieval was carried out with citrate buffer, for 30 min at 
room temperature. Endogenous peroxidase activity was 
blocked by the addition of Envision Flex Peroxidase Block-
ing Reagent (Dako) for 30 min, followed by incubation with 
DMB5F3 (5 µg/ml) for 2 h. The immunohistochemical reac-
tion was detected by the addition of polymer dextran cou-
pled with peroxidase and secondary antibodies for 15 min 
(EnVision-Flex/HRP, Dako) and diaminobenzidine for 
10 min (DakoCytomation). This was followed by counter-
staining with hematoxylin for 10 min.

Sequence determination of anti‑MUC1‑SEA module 
monoclonal antibodies

RNA was isolated from the DMB hybridoma series (see 
Fig. 1) with  TRIzol® Reagent l, according to a technical 
manual for the reagent (Ambion Inc., Foster City, CA). The 
RNA sequence was determined as follows: cDNA was gen-
erated by reverse transcription of total RNA with the use of 

universal or isotype-specific anti-sense primers, according to 
the technical manual for PrimeScriptTM First Strand cDNA 
Synthesis Kit (Takara Bio Inc., Mountain View, CA). Ampli-
fication of VH and VL antibody fragments was carried out 
according to the standard operating procedure (GenScript, 
NJ, USA) which involves rapid amplification of cDNA ends, 
followed by separate cloning into a standard cloning vector. 
Clones with inserts of the correct sizes were sequenced by 
colony PCR and at least five colonies with such inserts were 
sequenced for each fragment, with the consensus sequence 
derived by alignment of the different clones.

Construction of chimeric chDMB5F3 for mammalian 
expression in Chinese hamster ovary cells

Human chimeric DMB5F3 (chDMB5F3) was generated 
from mouse DMB5F3. Briefly, the mammalian vectors 
pMAZ-IgH and pMAZ-IgL were used as backbones for 
expression of cDNA coding for the VH and VL regions of 
DMB5F3 fused to human γ1 heavy and human κ light chains, 
respectively [24]. The generated pMAZ IgH-chDMB5F3 
and pMAZ IgL-chDMB5F3 vectors were used for trans-
fection, and the resultant chimeric antibody chDMB5F3 
was expressed in CHO cells. Stably transfected CHO cells 
secreted chDMB5F3, which was purified by protein-A affin-
ity chromatography.

Preparation of the chDMB5F3: ZZ‑PE38 
immuncomplex

The generation of the chDMB5F3:ZZ-PE38 immunocom-
plex was carried out as described [22]. Briefly, chDMB5F3 
was mixed with purified recombinant ZZ-PE38 protein in 
20 mM Hepes buffer at a twofold molar excess of ZZ-PE38 
and incubated for 2 h at 4 °C. Excess ZZ-PE38 and uncon-
jugated chDMB5F3 antibody were removed by passage 
through a Sephadex G200 sizing column.

In vitro cell viability assay

T47D, KB, A431, and N87 cancer cells (20,000 cells/well) 
were seeded in 96-well cell culture plates and grown at 
37 °C in 5%  CO2. After seeding, the chDMB5F3:ZZ-PE38 
immunocomplex was applied directly to the cells at a con-
centration of 100 ng/ml. Negative controls consisted of tar-
get cells reacted with ZZ-PE38 toxin alone, unconjugated 
to chDMB5F3 antibody, or with chDMB5F3 monoclonal 
antibody alone, devoid of ZZ-PE38 toxin. Cell viability was 
assessed according to alkaline phosphatase activity/well. 
The results were calculated as the average of 2–3 experi-
ments, performed in triplicate.
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ELISA for determination of the binding 
of chDMB5F3:ZZ‑PE38 immunocomplex 
to MUC1‑Xex protein

To quantitate chDMB5F3 levels in mouse serum, ELISA 
immunoassay plates were coated with recombinant MUC1-
Xex protein (see Fig. 1, Panel C1 for schematic structure), 
followed by blocking. At Days 1, 7, 15, and 28 after a single 
dose of 5 μg chDMB5F3:ZZ-PE38 immunocomplex, the 
mouse sera were applied to the ELISA wells at doubling 
dilutions and bound antibody was detected with horserad-
ish peroxidase-conjugated goat anti-human Fc antibody. The 
results were calculated as the average of 2–3 experiments, 
performed in triplicate.

In vivo cytotoxicity assay

Two quantitatively measurable human tumor xenograft 
models were established, one in 7-week-old female athymic 
nude mice and one in 7-week-old SCID mice, by using 
Colo357, a  MUC1+ human pancreatic cancer cell line. A 
total 3 × 106 Colo357 cells suspended in a small volume 
(100 µl) of Hepes buffer were injected subcutaneously into 
the right flank of the mice. In both the nude and the SCID 
mouse studies, the mice were divided into three groups (5 
mice/group): Group 1 received 5 µg chDMB5F3:ZZ-PE38 
(0.25 mg/kg), Group 2 received 5 µg non-specific human 
Ig:ZZ-PE38 (0.25 mg/kg) and Group 3 received an equiv-
alent volume of Hepes buffer alone. In the athymic nude 
mice (7-week-old female mice), administration of anti-
MUC1 immunotoxin, non-specific immunotoxin or Hepes 
in the three experimental groups was initiated 24 h after 
the injection of Colo357 cells. The injection protocol con-
sisted of a total six i.v. administrations on Days 1, 6, 9, 15, 
22, and 29 in each experimental group (see black arrows 
along x-axis, Fig. 5). In the SCID mice (7-week-old female 
mice), chDMB5F3: ZZ-PE38, non-specific human Ig:ZZ-
PE38, and Hepes were administered similarly, starting 24 h 
after injection of pancreatic tumor cells in each of the three 
groups. The overall protocol of administrations consisted 
of eight i.v. injections on Days 1, 4, 8, 11, 16, 24, 31, and 
38 in each of the three groups. Tumor growth was assessed 
serially in each of the experimental groups with a digital 
caliper. Tumor volume was calculated according to the for-
mula 0.5 × L × W2, where L is tumor length, and W—tumor 
width [25]. All the animal experiments were approved by 
TAU’s Institutional Review Board.

Statistics

Statistical analysis of in vivo tumor growth was performed 
according to a simple paired 1-tailed t test. A p value of less 
than 0.05 was considered statistically significant.

Results

Generation and sequencing of the DMB mAbs 
that bind the cell‑bound MUC1 α–β junction 
and characterization of the DMB5F3 mAb

Anti-MUC1 monoclonal IgGs forming the DMB series 
were generated from hybridomas produced with spleen 
cells isolated from inoculated mice having high titers of 
polyclonal anti-MUC1-Xex antibody. The MUC1-Xex 
recombinant protein was used for immunization, and its 
relationship to the transmembrane MUC1-TM and MUC1-
X proteins is shown in Fig. 1 (Panel II, compare c with b 
and a). A total of seven DMB mAbs were thus generated 
(Fig. 1, Panel I).

Sequencing of the resultant DMB mAbs showed that 
they clustered into 4 groups (Fig. 1, Panel I), denominated 
[I]  DMB5F3[I], [II]  DMB7F3[II], [III]  DMB4B4[III-a] and 
DMB10F10 [III-b] and [IV]  DMB4F4[IV-a],  DMB10B7[IV-b], 
and  DMB13D11[IV-c] (Fig. 2 for the amino acid sequences 
for each group and see Supplementary Figures 1a, 1b, 1c, 
and 1d for full nucleotide sequence, amino acid sequence, 
and genomic derivation of all groups). Sequences within 
each group revealed either unique mAb sequences as for 
 DMB5F3[I] and  DMB7F3[II] or mAbs with identical VH 
and VL sequences, as for Groups [III] and [IV] (Fig. 2 and 
Supplementary Figures 1a, 1b, 1c, and 1d).

The variable domains for all antibodies are typical 
of affinity maturation as expected from antibodies gen-
erated by prime-boost. All mAbs except for group [IV] 
mAbs  DMB10B7[IV-b] and  DMB13D11[IV-c] were Ig-γ1. 
Group [IV] contained three mAbs with identical  VH and 
 VL sequences- one  (DMB4F4[IV-a]) was of the Ig-γ1 sub-
type, whereas the remaining two  (DMB10B7[IV-b] and 
 DMB13D11[IV-c]) were IgA.

All seven anti-MUC1 α–β junction mAbs robustly 
bound to cells expressing the transmembrane MUC1-TM 
protein, as assessed by flow cytometry ([22] and Fig. 1 
Panel III). Representative mAbs from each of the four 
mAb groups were also assessed for their ability to detect 
MUC1-TM expression by immunohistochemistry per-
formed on formaldehyde-fixed sections from Fresh Frozen 
(FF) tissues as well as on paraffin-embedded and formal-
dehyde-fixed (PEFF) tissues. Antibody  DMB5F3[I]-stained 
MUC1-expressing cells present in both FF and PEFF sec-
tions (see below), whereas the  DMB7F3[II] and mAbs from 
group [IV] stained only on FF sections; in contrast, group 
[III] mAbs while binding well to MUC1-expressing cells 
as assessed by flow cytometry, were non-reactive with both 
FF and PEFF sections (data not shown).

The IgG1 monoclonal DMB5F3 demonstrated the 
highest binding affinity and, therefore, became the focus 
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of further study. The VH domain is derived from mouse 
germline V gene IGHV3-1*02 with 9 somatic muta-
tions. It is 105/122(86%) identical to the highest scoring 
identical sequence in an NCBI BlastP search. The VL 
domain (V-kappa) is derived from mouse germline V gene 
IGKV5-48*01 with 3 somatic mutations (Fig. 2). It is 
101/107(94%) identical to the highest scoring identical 
sequence in an NCBI BlastP search.

Flow cytometry analyses showed that DMB5F3 bound 
strongly to DA3 cells stably transfected with full-length 
MUC1 (DA3-TM) (Fig.  1, Panel III a), whereas non-
transfected DA3-PAR cells, which do not express MUC1, 
were consistently negative (Fig. 1, Panel III b). Colo357, 
a MUC1- positive human pancreatic cancer cell line, as 
well as the MUC1 positive breast cancer cell lines T47D 
and ZR75, exhibited strong reactivity with DMB5F3 
(Fig. 1, Panel III c, e and g). The addition of compet-
ing soluble recombinant MUC1-Xex protein (see Fig. 1, 
Panel II c, for the structure of recombinant MUC1-Xex), 
abolished all DMB5F3 cell binding (Fig. 1, Panel III, d, 
f and h), confirming antibody specificity.

IHC staining of human pancreatic and breast tissue 
sections with DMB5F3

To determine the degree to which monoclonal DMB5F3 
binds to malignant and to normal tissues, a variety of malig-
nancies in tissue microarrays, including breast, pancreatic, 
lung, prostate, and colon carcinomas underwent immuno-
histochemical staining (Fig. 3 and Supplementary Figures 2 
and 3). The rationale to do extensive analyses for MUC1 
expression, despite previous reports demonstrating MUC1 
overexpression in malignancy lies in the significant fact that 
the anti-MUC1 mAbs described here recognize the MUC1 
SEA module and were generated by immunization with 
recombinant MUC1-Xex protein (see Fig. 1, Panel II c), and 
not with the MUC1-TM protein (see Fig. 1, Panel II a), the 
form most commonly overexpressed by cancers. Analyses 
of MUC1 expression till now have been done with antibod-
ies recognizing epitopes unique for the MUC1-TM protein, 
and particularly with anti-VNTR antibodies, and we thus 
wanted to see whether similar results pertain when using 
anti-MUC1-SEA domain antibodies. The tissue microarrays 

DMB7F3 (Group II): 
Heavy chain: Amino acids sequence (137 aa)  
Leader sequence-FR1-CDR1-FR2-CDR2-FR3-CDR3-FR4
MAVLGLLLCLVTFPSCVLSQVQLKESGPGLVAPSQNLSITCTVSGFSLTDYGVNWVRQPSGKGLEWLGEIWAGGTTFYNSALKSRLTITKDNSKSQVFLEMNSLQSHDTAMYYCAKRLNWDSSMDYWGQGTSVTVSS
Light chain: Amino acids sequence (131 aa) 
Leader sequence-FR1-CDR1-FR2-CDR2-FR3-CDR3-FR4
METDTLLLWVLLLWVPGSTGDIVLTQSPASFAVSLGQRATISCRASESVSTSAYNFLHWYQQKPGQPPKLLIYLASNLESGVPARFSGSGSGTDFTLNIHPVEEEDAATYYCQHSRELPYTFGGGTKLEIK

Group II
DMB7F3

DMB-10F10 (Group III):
Heavy chain: Amino acids sequence (136 aa)
Leader sequence-FR1-CDR1-FR2-CDR2-FR3-CDR3-FR4
MEWPCIFLFLLSVTEGVHSQVHLQQSGAELVRPGSSVKISCKASGYEFNSFWMNWVKQRPGQGLEWIGQIYPGDGDTNYNGKFKGKATLTADKSSSTAYMQLSSLTSEDSGIYFCARGYKAWFIYWGQGTLVTVSE
Light chain: Amino acids sequence (127 aa)
Leader sequence-FR1-CDR1-FR2-CDR2-FR3-CDR3-FR4
MVSTPQFLVFLLFWIPASRGDVLLTQSPAILSVSPGERVSFSCRASQNIGTSIHWYQQSTNGSPRLIIKYASESLSGIPSRFSGSGSGTDFTLTINSVESEDIADYYCQQSNGWPLTFGGGTKLELK

Group III
DMB10F10, DMB4B4

DMB-4F4 (Group IV): 
Heavy chain: Amino acids sequence (135 aa) 
Leader sequence-FR1-CDR1-FR2-CDR2-FR3-CDR3-FR4
MGWSWIFLFLLSGTAGVLSEVQLQQSGPELVKPKTSMKISCKASGYSFTDFTMNWVKQSHGKNPEWIGLITPYNGGTSYNQKFKGKATFTVDRSSSTAYMELLSLTSEDSAVYYCARGLTYFDQWGQGTTLTVSS
Light chain: Amino acids sequence (129 aa) 
Leader sequence-FR1-CDR1-FR2-CDR2-FR3-CDR3-FR4
MDFQVQIFSFLLMSASVIMSRGQIVLTQSPALMSASPGEKVTMTCSASSSVSYMYWYQQKPTSSPKPWILLTSNLASGVPTRFSGSGSGTSYSLTISSMEAEDAATYYCQQWNSKPPITFGGGTKLEIK

Group IV
DMB4F4, DMB10B7, DMB13D11

DMB5F3 (Group I):
Heavy chain: Amino acids sequence (140 aa)
Leader sequence-FR1-CDR1-FR2-CDR2-FR3-CDR3-FR4
MRVLILLCLFTAFPGVLSDVQVQESGPDLVKPSQSLSLTCTVTGHSITRGSSWHWIRQFPGNKLEWMGYIHYGGGTSYNPSLKSRISITRDTSKNQFFLQLNSVTTEDTATFFCARYSYDITYRWFFDVWGAGTTVIVSS
Light chain: Amino acids sequence (127 aa)
Leader sequence-FR1-CDR1-FR2-CDR2-FR3-CDR3-FR4
MVSTPQFLVFLLFWIPASRGDILLTQSPAILSVSPGERVSFSCRASQNIGTSIHWYQQRKNGSPRLLIKYASESISGIPSRFSGSGSGTDFTLSINSVESEDMADYYCQQNNNWPLTFGAGTKLELK

Group I
DMB5F3

Fig. 2  Amino acid sequences of the variable domains of all anti-
MUC1 SEA α–β junction DMB monoclonal antibodies. The nucle-
otide sequences of the variable regions of all anti-MUC1 SEA α–β 
junction DMB monoclonal antibodies was determined as described in 

Materials and Methods, and the deduced amino acid sequences of the 
4 groups of mAbs are presented here. In addition, the genomic deri-
vation of the Group I DMB5F3 mAb is shown at the top of the figure
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used for these analyses included the following (Biomax 
microarray designation in parenthesis): 6 pancreatic tumors 
with adjacent non-neoplastic tissues (PA241); 40 different 
pancreatic tumors and 8 normal pancreatic tissues (PA483); 
3 samples each of breast plasma cell mastitis, adenosis and 
fibroadenoma and 36 invasive breast ductal carcinomas plus 
2 invasive breast lobular carcinomas (BR963a) and 10 cases 
each of colon, breast, prostate, lung, and colon carcinoma, in 
addition to two sections each from the corresponding normal 
tissues (TP481). A representative composite array of normal 
and malignant tissues immunohistochemically stained with 
DMB5F3 is shown in Fig. 3. Of the 46 pancreatic tumors 
(in microarrays PA241 and PA483), 44 exhibited strong 

reactivity with DMB5F3; tumor cells stained in a near-cir-
cumferential pattern (for examples see Fig. 3, Panel I, c and 
d). In contrast, normal pancreatic tissue DMB5F3 reactivity 
was restricted to the luminal surface of the ductal pancreatic 
epithelial cells (Fig. 3, Panel I, a).

Of the breast tissue samples analyzed on the BR963a 
microarray (Supplementary Figure  2), minimal to no 
staining was seen in non-malignant tissues that included 
normal breast tissue, plasma cell mastitis, adenosis, and 
fibroadenoma. This was in contrast to the 36 invasive 
breast ductal carcinomas, 21 of which showed very high 
DMB5F3 reactivity, 4 showed low levels of expression, and 
11 samples showed little to no expression (for examples, 

Fig. 3  Architecture of MUC1 expression delineated by anti-MUC1 
SEA α–β junction DMB5F3. Panel I Paraffin-embedded microarrays 
of normal (images a and b) and malignant pancreatic tissue (images c 
and d) were stained with DMB5F3. DMB5F3 strongly stained malig-
nant cells in a near-circumferential pattern (Panel I, images c and 
d), while in normal pancreatic acinar cells only weak apical positiv-
ity was seen (Panel Ia, black arrows). Addition of MUC1-Xex pro-
tein together with DMB5F3 abrogated staining (Panel Ib). Panel II 
Paraffin-embedded normal breast tissues (images a and b) and malig-
nant invasive ductal breast adenocarcinomas (images c and d) from 4 

patients were stained with DMB5F3 antibody. Panel III Breast car-
cinoma biopsy specimens, each consisting of tumor surrounded by 
adjacent non-malignant tissue, stained with DMB5F3 (images Pat. 1 
to Pat. 6). The presence of both malignant and non-malignant tissue 
assured that differences in staining patterns were not due to differ-
ences in technique. In each DMB5F3 strongly stained invasive cancer 
epithelial cells in a near-circumferential pattern (brown staining). In 
contrast, adjacent normal glandular epithelial cells showed only weak 
apical positivity (black arrows)
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see Supplementary Figure 2). In addition to the limited 
expression in breast and pancreatic ducts (see above), high 
MUC1 expression as assessed by immunohistochemistry 
with DMB5F3 was observed in epithelial cells forming the 
lumens of the kidney distal tubular structures (see Fig. 7 
in [26]). Here, as in normal breast and pancreatic tissues, 
MUC1 expression had an additional characteristic: It was 
restricted solely to the apical surface of the distal tubular 
cells forming the ductal lumens, a location, of very lim-
ited access to antibodies present in the peripheral circula-
tion. The examined pancreatic tissues included both acinar 
(Fig. 3, I-d) and ductal adenocarcinomas (Fig. 3, I-c and 
Supplementary Figure 3, Panel II, b, c), whereas malignant 
breast tissues in the microarray consisted of invasive ductal 
carcinomas (Fig. 3, II-c, II-d). Malignant cells from pancre-
atic carcinomas (Fig. 3 Panel I-c and I-d and Supplementary 
Figure 3, Panel II, b, c), breast carcinomas (Fig. 3 Panels 
II-c and II-d, Panel III, patients 1–6, and Supplementary 
Figure 2), and lung, prostate and colon carcinomas (Sup-
plementary Figure 3, Panel I, a, b and c, respectively, insets 
a, b’ and c’ at higher magnifications) were strongly reactive 
with DMB5F3, with near-circumferential cellular staining. 
In contrast, normal pancreatic acinar cells showed only weak 
apical positivity (indicated by black arrows in Fig. 3, Panel 
I, a-inset at higher magnification, and Supplementary Fig-
ure 3, Panel II, a), consistent with a previous description 
[27]. Normal breast ductal epithelial cells (Fig. 3, Panels II-a 
and II-b, and Supplementary Figure 2) and normal gland-
like structures formed by non-malignant epithelial cells adja-
cent to the malignancy on the microarray exhibited weak 
apical positivity (Fig. 3, Panel III, presents biopsy sections 
from six patients [Pat.1–Pat.6]; normal gland-like structures 
indicated by black arrows). This was in marked contrast to 
malignant cells in the same section that stained strongly with 
DMB5F3 anti-MUC1-SEA antibody (Fig. 3, Panel III). As 
malignant and non-malignant material were on the same 
microarray sample and, therefore, simultaneously and uni-
formly stained, the possibility that mere technical differences 
in handling and staining could account for the findings may 
be excluded. Moreover, the finding that soluble MUC1-Xex 
(see Fig. 1) out competed cell staining confirmed the anti-
MUC1 specificity of DMB5F3 (compare Fig. 3, Panels I-a 
and Panel I-b, respectively).

To extend these observations to other tumor types, lung, 
prostate, and colon carcinomas were examined immuno-
histochemically with DMB5F3 (Supplementary Figure 3, 
Panel I, a, b, and c). The results showed a pattern of MUC1 
distribution similar to that observed in the breast and pan-
creatic carcinomas (Fig. 3). In addition to the increased den-
sity of MUC1 expression at the cellular level, distinctions in 
MUC1 architecture were observed again: Anti-MUC1-SEA 
DMB5F3 bound malignant cells in a near-circumferential 
pattern. Here too, staining with DMB5F3 was abolished 

in the presence of competing soluble MUC1-Xex protein, 
attesting to the specificity of DMB5F3 (data not shown) and 
no staining was observed with non-immune mouse immuno-
globulin (compare Supplementary Figure 3, Panel I, a, b, c, 
and d with a”, b”, c”, and d”). The majority of the nearly 50 
lung, prostate, colon, breast, and pancreatic adenocarcinoma 
tissues examined in the microarrays showed a similar IHC 
staining pattern, a minority expressing lower amounts of 
MUC1 and a few with negligible MUC1 expression. This 
non-uniformity is consistent with the heterogeneity of tumor 
phenotypes in general and of MUC1 in particular [1, 6]. 
Because pancreatic carcinoma, a high-mortality MUC1-
expressing malignancy, was selected for the in vivo stud-
ies (see below), pancreatic tumor tissue from an additional 
series of patients was examined to confirm the altered tumor-
associated architecture of MUC1 expression (see representa-
tive staining in Supplementary Figure 3, Panel II, b and c). 
Although these analyses reveal increased circumferential 
DMB5F3 immunoreactivity over the entire cell surface of 
the adenocarcinoma cancer cells, the following two cave-
ats are pertinent: (a) immunohistological analyses are only 
semi-quantitative and (b) in some cases MUC1 is strongly 
expressed within the cell, rendering comparisons of surface 
expression difficult. Notwithstanding these two provisos it is 
clear that cancer cells derived from adenocarcinomas exhibit 
high cell-surface immunoreactivity with DMB5F3.

In vitro cytotoxicity of the chDMB5F3: ZZ‑PE38 
immunocomplex

After demonstrating the reactivity of DMB5F3 with cancer 
cells expressing cell-surface MUC1 both in cell lines (Fig. 1, 
Panel III) and in microarrays of tissue biopsies (Fig. 3 and 
Supplementary Figures 2 and 3), the antibody’s ability to 
ferry a cytotoxic moiety into malignant cells was examined. 
The ZZ-PE38 fusion protein consists of Pseudomonas exo-
toxin PE38 and the IgG-binding ZZ-domain derived from 
Protein A. Because the ZZ domain binds tightly to human 
Fc and shows negligible binding to mouse IgG1 Fc, and 
with the DMB5F3 sequence in hand (Fig. 2), a chimeric 
DMB5F3, designated chDMB5F3 was generated by sub-
stituting the mouse IgG1-Fc portion of the antibody with 
human Fc. ZZ-PE38 was then added to the chimeric (ch)
DM5F3 to form the immunotoxin complex, as described in 
Materials and Methods.

As the ZZ-PE38 toxin alone is unable to bind to or 
internalize into cells, all tumor cytotoxicity induced by the 
DMB5F3-ZZ-P38- immunocomplex is due solely to cell 
binding and internalization by the anti-MUC1 DMB5F3 
immunocomplex [24].  MUC1+ T47D cells (breast carci-
noma) and KB cells (epidermoid tumors) (were found to be 
sensitive to chDMB5F3:ZZ-PE38 immunocomplex-medi-
ated inhibition of cell growth, with tumor cytotoxicity seen 
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at antibody concentrations as low as 200 pM (Fig. 4, Panels 
I and II, see insets i and ii for their MUC1 expression shown 
by the orange tracing). Soluble MUC1-Xex protein in con-
centrations as low as 500 nanograms/ml directly competed 
with chDMB5F3:ZZ-PE38, resulting in a marked reduction 
in cell killing, as shown for T47D cells (see Fig. 4 in [23]) 
and for Colo357 pancreatic cancer cells and ZR75 breast 
cancer cells (see Fig. 7 in [22]). This confirmed the specific-
ity of DMB5F3 binding to MUC1 and was consistent with 
the complete abolition of DMB5F3 binding by MUC1-Xex 
seen in the flow cytometry (Fig. 1, Panel III, d, f and h). 
In contrast, T47D breast cancer cells expressing low, yet 
clearly detectable, levels of EGFR1 (Fig. 4, Panel I, inset i) 
were insensitive to  Erbitux®:ZZ-PE38 (Fig. 4, Panel I, blue 
tracing), and only partially sensitive to  Herceptin®:ZZ-PE38 

(Fig. 4, Panel I, green tracing). KB cells, which expressed 
low, yet clearly detectable levels of erbB2-EGFR2 (Fig. 4, 
Panel II, inset ii, green tracing), were insensitive to 
 Herceptin®:ZZ-PE38 (Fig. 4, Panel II, green tracing). Cells 
expressing markedly lower levels of MUC1 such as N87 
showed approximately 40% cytotoxicity, contrasting with the 
high MUC1 expression and high cytotoxicity seen in T47D 
and KB cells (compare Fig. 4, Panel IV, inset iv with Panels 
I and II, and their respective insets, i and ii). A431, the low-
est MUC1 expresser of all cell lines investigated, contained 
a major population of cells that showed no MUC1 expres-
sion (Fig. 4, inset iii) with only a much smaller subpopula-
tion expressing low-level MUC1 (compare Fig. 4, inset iii 
with insets i, ii and iv). Consistent with this low level of 
MUC1 expression, chDMB5F3:ZZ-PE38 immunocomplex 
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Fig. 4  Comparative cytocidal activity of chDMB5F3, Erbitux, and 
Herceptin: ZZ-PE38 immunotoxins on human tumor cells. Tumor 
cell lines T47D, KB, A431, and N87 (Panels I–IV, respectively), were 
treated with immunotoxin chDMB5F3:ZZ-PE38 (orange tracing), 
Erbitux:ZZ-PE38 (blue tracing), and Herceptin:ZZ-PE38 (green trac-
ing) at varying antibody concentrations (x-axis). Cell viability was 

assessed with the alkaline phosphatase assay (y-axis). Total (100%) 
viability was determined in control wells to which ZZ-PE38 toxin 
(5 nM) alone had been added. Each cell line was cytometrically ana-
lyzed (see insets i–iv) with chDMB5F3 (orange), Erbitux (blue) and 
Herceptin (green) at concentrations of 300 ng/ml. Background fluo-
rescence is represented by red tracings
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resulted in very little limited cytotoxicity of A431. These 
results indicate that a threshold level of cell-surface MUC1 
expression and density is a necessary requirement to elicit 
cytotoxicity. A similar phenomenon is observed with the 
absence of cytotoxicity of Herceptin-immunotoxin-complex 
when applied to KB cells despite low, yet detectable, levels 
of erbB2-EGFR2 expression by these cells (Fig. 4, Panel II), 
and Erbitux-immunotoxin-complex when applied to T47D 
cells that also express low, yet detectable, levels of EGFR1 
(Fig. 4, Panel I).

Despite this evidence for a threshold, the exact num-
ber of cell-surface MUC1 molecules required for 
chDMB5F3:ZZ-PE38-mediated cytotoxicity remains, as 
yet, unknown.

Pharmacokinetics of chDMB5F3 in nude mice

In order to be an effective therapeutic agent, circulating anti-
MUC1-SEA DMB5F3 must remain biologically active for a 
threshold period of time. The in vivo stability of chDMB5F3 
was therefore evaluated by assessing serum levels on Days 

1, 7, 14, and 28 following i.v. administration. The results 
showed that compared with Day 7, serum levels of antibody 
chDMB5F3 on Days 14 and 28 were twofold and fourfold 
decreased, respectively (Fig. 5, Panel b), consistent with 
previously reported half-lives in mice of in vitro generated 
chimeric IgGs and of antibodies in clinical use [28]. As for 
the toxin conjugate, the half-life of Pseudomonas exotoxin 
has been shown to be extended by linkage to IgG [29].

In vivo cytotoxicity of chDMB5F3:ZZ‑PE38 
immunocomplex in xeno‑transplanted human 
tumors

Administration of the chDMB5F3:ZZPE38 immunocomplex 
to nude mice xenotransplanted with  MUC1+ human pan-
creatic Colo357 cells resulted in a marked cytocidal effect 
with a reduction in tumor volume at Days 21, 28, and 35 
versus that in the control groups, which had received Hepes 
buffer or matched isotype IgG-ZZ: PE38 (Fig. 5, Panel a). 
Upon completion of chDMB5F3:ZZPE38 immunocom-
plex administration, the tumor volume of the treated group 

Fig. 5  In vivo cytotoxicity of chDMB5F3:ZZ-PE38 in human pancre-
atic tumor xenotransplanted into nude mice Panel a Nude mice were 
inoculated with  MUC1+ pancreatic tumor Colo357 (Day 0). At 24 h, 
and on Days 1, 6, 9, 14, 22, and 29 chDMB5F3: ZZ-PE38, matched 
isotype IgG-ZZ: PE38 (5  µg per injection) or Hepes buffer were 
injected i.v. (time points indicated by arrows). Tumor volume was 
measured weekly during the injection period to Day 38 (see “Mate-
rials and methods” section) in mice receiving chDMB5F3: ZZ-PE38 
(blue curve), isotype hIgG-ZZ: PE38 (red curve), and Hepes buffer 

(green curve). Tumor volume in  mm3 appears on the y-axis. Photo 
images depict the tumors in the Hepes control mice (left image) and 
in mice receiving chDMB5F3: ZZ-PE38 (right image). Panel b To 
quantitate serum half-life of the anti-MUC SEA DMB5F3-ZZ-P38 
immunotoxin, a single 5  µg dose was administered to mice, and 
serum levels measured by serially diluted Elisas. Compared with Day 
7 (7 days), serum levels of chDMB5F3 on Days 14 (14 days) and 28 
(28 days) were twofold and fourfold decreased, respectively
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increased progressively in direct parallel with that in the 
control groups and by Day 40 (when the animals were sac-
rificed) the tumor volume in all three groups reached the 
200–400 mm3 range (Fig. 5 Panel a).

A factor conceivably limiting the cytotoxic efficacy of the 
chDMB5F3:ZZPE38 immunocomplex in xenotransplanted 
nude mice is endogenous circulating antibody, which by 
interacting with the ZZ linker may at least partially dis-
place ZZ-PE38 toxin from chDMB5F3. Although ZZ does 
not bind mouse IgG1, it can bind mouse IgG2. Limitation 
in immunotoxin efficacy by displacement does not reflect 
defective binding of antibody chDMB5F3 to tumor cell-
surface MUC1, but arises from toxin loss owing to reduced 

ZZ-mediated linkage of ZZ-PE38 to the chDMB5F3 anti-
body. To avoid this complicating factor, a nearly identical 
study in SCID mice, which lack detectable endogenous anti-
body, was then performed. As in the nude mouse protocol, 
transplanted SCID mice were divided into three groups, one 
receiving the chDMB5F3:ZZPE38 immunocomplex, one 
receiving a matched isotype IgG-ZZ:PE38, and one receiv-
ing Hepes buffer alone, each initiated 24 h after injection 
of pancreatic tumor. As noted in Methods, the protocol 
consisted of serial administrations in each group on Days 
1, 4, 8, 11, 16, 24, 31, and 38. The chDMB5F3:ZZ-PE38 
immunocomplex exhibited a marked anti-tumor effect: In 
SCID mice treated with chDMB5F3:ZZ-PE38, the volume 
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Fig. 6  chDMB5F3:ZZ-PE38 immunotoxin cytotoxicity in vivo: Abla-
tion of  MUC1+ pancreatic cancer xenograft in SCID mice. SCID 
mice were inoculated subcutaneously with Human Colo357 pan-
creatic cancer cells on Day 0, and divided into three groups: Group 
[1] received 5  µg of chDMB5F3:ZZ-PE38, Group [2] received 
5  µg of non-specific human Ig:ZZ-PE38 conjugate, and Group [3] 
Hepes buffer on Days 1, 4, 8, 11, 16, 24, 31, and 38. Tumor vol-
umes were compared 49  days following cell inoculation (see Meth-
ods). The histograms represent the average tumor volumes for each 
group, each asterisk represents the value for an individual mouse. 
The y-axis to the left represents tumor volume (in  mm3) for Groups 

1 and 2; the y-axis to the right represents tumor volumes in Group 
3 (Hepes buffer) extended to 500  mm3 to include the larger tumors 
in the control group. Two points in Group 3 with values above the 
500 mm3 point represent tumor volumes of 705 mm3 and 1008 mm3. 
Below the histograms, representative mice from each group are pic-
tured together with their tumor volumes at the conclusion of the 
49-day tumor measurement period. Pictured are mice which received 
chDMB5F3:ZZ-PE38 (left image), which received non-specific 
human Ig:ZZ-PE38 conjugate (middle image), and which received 
Hepes buffer (right image)
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of xenotransplanted Colo357 human tumors was reduced by 
as much as 90% versus that in the control groups (Fig. 6). 
The actual values (in  mm3) for tumor volumes are as follows: 
Group [1] mice treated with the chDMB5F3-immunotoxin 
2, 14, 16, 25, and 36 mm3; Group [2] mice treated with 
the hIgG (non-specific-immunotoxin) 180, 225, 258, and 
270 mm3 (lack of tumor take for one mouse in this series is 
not included); and Group [3] mice treated with Hepes buffer 
180, 245, 304, 705, and 1008. The extended scheduling of 
chDMB5F3: ZZ-PE38 administration to Days 31 and 38 
assured an anti-tumor effect as late as Day 49.

Discussion

The sequences of anti-MUC1-SEA module DMB mAbs 
all of which bind to cell-surface MUC1 are presented here. 
These data show that the seven DMB mAbs segregate into 
4 unique groups. Groups [I] and [II] each comprise one soli-
tary mAb, whereas groups [III] and group [IV] contain 2 and 
3 mAbs, respectively. We have previously shown (see Fig. 5 
in [22]) that the group [I] DMB5F3 antibody possesses a 
very high binding affinity and because of its picomolar 
affinity, in the present study we have focused on this mAb. 
Using the sequence of DMB5F3, a recombinant DMB5F3 
immunotoxin complex was generated. It showed marked 
cytocidal activity both against  MUC1+ tumor cells in vitro 
and most significantly, in an in vivo human pancreatic tumor 
xenotransplant model system.

Because of its overexpression on a variety of high-inci-
dence malignancies, MUC1 has been long identified as a 
very promising immunotherapeutic target. However, almost 
all anti-MUC1 antibodies developed to date for therapeutic 
targeting of MUC1 are directed against the highly immu-
nogenic polymorphic array of 20–125 tandem repeats in 
the MUC1 α-chain (the VNTR; Fig. 1, Panels I and IIa). 
Although useful in immunohistochemical detection of 
MUC1 on the cell surface, antibodies directed against the 
α-chain VNTR have not proven to be therapeutically benefi-
cial against  MUC+ malignancies likely because the α-chain 
is only intermittently bound to the cell in vivo.

As discussed in the Introduction section, cancer-asso-
ciated aberrant glycosylations of the MUC1 VNTR may 
prove to have distinct advantages as antibody tumor targets, 
together with the inherent potential disadvantages common 
to all targets on the shed MUC1 α chain [16, 17, 30].

Although targeting membrane-bound MUC1 via the 
β-subunit might seem to provide a possible solution (see 
Fig. 1 Panel I), the β-subunit alone failed to elicit a signifi-
cant humoral response (data not shown) precluding its use 
for hybridoma formation. In line with this, we were unable 
to generate anti-β chain antibodies capable of stably binding 
to MUC1-expressing cells [21, 22]. Recently, generation of 

a solitary anti-MUC1 monoclonal antibody derived from 
mice immunized with the β-subunit has been reported [31]. 
This stands in contrast to the four independent groups of 
mAbs described here that target the MUC1 α/β junction. 
Rather than targeting the β-subunit alone, the stable struc-
ture formed by interaction of both the α and the β MUC1 
subunits provides a suitable, and possibly an ideal, con-
struct for targeting membrane-bound MUC1 [12, 15]. The 
membrane-bound SEA module comprising the C-terminal 
part of the MUC1 α-subunit bound to the extracellular por-
tion of the membrane-bound β-subunit provides just such 
a stable structure (see Fig. 1, Panels I and II for schematic 
representation).

Whereas the MUC1-X isoform contains the same intra-
cellular and membrane domains as the full MUC1-TM 
molecule (Fig. 1, Panels I and II), its extracellular domain 
is composed solely of the 120 amino acid-long SEA mod-
ule fused to a 30N-terminal amino acid domain of MUC1 
(Fig. 1, Panels I and II b). In the present study, robust reac-
tivity of the anti-MUC1-SEA module DMB5F3 was initially 
confirmed by flow cytometry with a variety of  MUC1+ 
tumor cell lines including Colo357, T47D and ZR75, (Fig. 1, 
Panel III, c, e, and g). The results clearly show the ability of 
DMB5F3 to bind native MUC1-TM expressed on malignant 
cell lines. The specific reactivity of DMB5F3 with MUC1 
on malignant cells in tumor-derived tissue was confirmed 
by immunohistochemical staining of fixed tissue arrays of 
human lung, breast, prostate, colon, and pancreatic carcino-
mas (Fig. 3 and Supplementary Figures 2 and 3).

Ideally, for clinical use as therapeutic targets tumor-asso-
ciated antigens should be expressed solely by malignant cells 
and not by their normal cell counterparts. However, almost 
all documented ‘tumor-target’ proteins, including those with 
proved clinical therapeutic use, are expressed at constitutive 
levels by normal cells and up-regulated in malignancy. Such 
is the case for EGFR1, HER2, VEGFR, CD20, CD33, and 
such is the case for MUC1 [32, 33]. However, there are two 
determinant factors underlying the preferential therapeutic 
potential of anti-MUC1 antibodies: (1) The quantitative 
density of MUC1 expression is markedly greater on tumor 
than on normal cells, and (2) the qualitative distribution and 
architecture of MUC1 on malignant cells differs from that 
of normal cells.

Quantitative differences in MUC1 expression between 
tumor and normal cells have been previously reported [34]. 
The present study extends and better defines cancer-related 
MUC1 expression: As shown (Fig. 3 and Supplementary 
Fig. 3, Panel IIa), MUC1 expression in normal secretory 
tissue was limited to the apical surface of secretory epithelial 
cells in the direction of the ductal lumen. As a result, admin-
istered anti-MUC1 antibody will not have direct, unimpeded 
access to MUC1 expressed on the surface of such non-malig-
nant cells. In contrast, tumors lose their normal architecture 
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both at the tissue and cellular level, so that MUC1 expres-
sion is no longer limited to the relatively inaccessible apical 
surface. Rather, MUC1 is expressed circumferentially over 
the entire cell surface of the malignant cells (Fig. 3, Supple-
mentary Figures 2 and 3). This loss of normal architecture 
renders the MUC1 expressed by tumor cells more accessible 
to administer anti-MUC1 antibodies. In addition to these 
qualitative differences in MUC1 architecture, the quantita-
tive density of cell-surface MUC1 expression is elevated in 
 MUC1+ malignancies versus that in normal, non-malignant 
cells (Fig. 3 and Supplementary Figures 2 and 3) [2, 4, 35]. 
This quantitative difference can be exploited therapeutically.

In order to facilitate investigation into their therapeutic 
potential, all anti-[MUC1-SEA module] DMB mAbs were 
sequenced, and in the present study, the DMB5F3 sequence 
(Fig. 2) was used to generate 5F3 antibodies possessing Fc 
portions other than those of mouse IgG1. Furthermore, elab-
oration of the DMB5F3 sequence should allow generation of 
high-affinity anti-MUC1-SEA module mAbs to effectively 
target  MUC1+ tumors.

The cytotoxicity of the chDMB5F3: ZZ-PE38 immuno-
complex directly correlated with the level of MUC1 expres-
sion and in order to elicit cytocidal activity at the dose range 
used, the immunocomplex required a threshold expression 
level of cell-surface MUC1 (Fig. 4). Tumor-expressing 
MUC1 above this threshold level will be affected, whereas 
normal cells expressing lower constitutive levels of MUC1 
will not, thereby providing a therapeutic safety window for 
minimizing antibody-induced toxicity [36]. Furthermore, 
the anti-MUC1 SEA antibody DMB5F3 binds to  MUC1+ 
cells with a high picomolar affinity. Thus, only a limited 
amount of such high-affinity antibody would be needed for 
an in vivo effect, and MUC1 overexpressed by tumors and 
architecturally exposed on the tumor cell surface (Fig. 3 and 
Supplementary Figures 2 and 3) would tend to be bound 
therapeutically by most or nearly all of the administered 
anti-MUC1 SEA antibody drug conjugate (ADC).

In the SCID mouse model, pancreatic tumor volume in 
mice treated with the chDMB5F3:ZZ-PE38 immunocom-
plex was reduced by up to 90% versus that in the controls 
(Fig. 6). The design of the study entailed injection of the 
immunocomplex at the time of, or immediately following 
xenotransplantation of human tumor, allowing to correlate 
tumor cell burden (number of tumor cells injected) with 
administered immunocomplex. This experimental design 
was specifically chosen to provide a proof-of-principle dem-
onstration of the in vivo anti-tumor activity of the immuno-
complex, rather than direct mimicking of clinical adminis-
tration where immunotoxin is administered for preexisting 
tumors. Furthermore, the experimental protocol was not 
designed as a dose–response study.

The mouse xenotransplant model used here cannot 
directly address the issue of anti-MUC1 ADC binding to 

 MUC1+ non-malignant cells and its possible attendant tox-
icity as chimeric anti-MUC1 SEA antibody chDMB5F3 
binds only human, and not murine MUC1. An ideal sys-
tem in which to address this issue is the transgenic mouse 
that expresses human MUC1 [37]. Significantly, however, 
we have here clearly demonstrated proof-of-concept that a 
circulating anti-MUC1-SEA module DMB5F3 mAb bound 
to toxin can in vivo target, internalize and kill a MUC1-
expressing human tumor. In contrast to the SCID mice that 
are devoid of immunoglobulins, immunocompetent human 
MUC1 transgenic mice have high levels of circulating 
endogenous immunoglobulins. The immunotoxin complex 
in the present study consists of the ZZ-PE38 toxin bound 
in a non-covalent manner to the hFc part of the chimeric 
chDMB5F3 mAb via the ZZ portion (the Ig binding domain 
of Protein A) of the ZZ-PE38 fusion protein. Because of 
the non-covalent nature of toxin bound to DMB5F3, cir-
culating endogenous mouse immunoglobulins present in 
human MUC1 transgenic mice, and especially those with 
high affinity for the ZZ-domain, such as mouse Ig-gamma2, 
can displace chDMB5F3 and bind to ZZ-PE38, thereby 
rendering the toxin-targeting function of DMB5F3 rela-
tively ineffective. In order to assess off-target toxicity in the 
human MUC1 transgenic mouse model, the toxin must be 
covalently bound to the MUC1-targeting antibody. Such 
covalent conjugation requires the identification of a suit-
able conjugating reagent that will not impair the cytotoxic 
activity of PE38 and will not damage the immunoreactivity 
of the DMB5F3 mAb. Furthermore, the conjugation proce-
dure itself will have to be optimized. These investigations 
although feasible are not trivial (see [38]) and are beyond 
the scope of the present study.

Improved conjugation techniques and the availability of 
stable linkers have accelerated the development of a num-
ber of targeted anti-tumor immunoconjugates [38–42]. Of 
particular interest, the recent approval of moxetumomab 
pasudotox-tdfk, an anti-CD22 cytotoxin for the treatment 
of relapsed hairy cell leukemia represents the first clinically 
applicable immunotoxin [39]. Because PE38 is the cytotoxin 
used in the moxetumomab ADC, its approval for clinical use 
is particularly relevant to the present study since PE38 exo-
toxin was used to generate the anti-MUC1-SEA DMB5F3 
immunocomplex shown here to mediate potent in vivo anti-
MUC1+ tumor activity. In each of these ADCs or immu-
notoxin, the target antigen is not tumor-specific. Rather, 
the ADC targets molecules normally expressed on both 
malignant and non-malignant cells, engendering toxicity by 
ADC cross-over binding [40]. Strategies have been devised 
to widen the therapeutic window of conjugates by limiting 
their deposition at sites other than the devised target [41, 
43], and site-specific conjugation has been used to improve 
the pharmacokinetics of conjugates by lowering toxicity and 
increasing the therapeutic index [42].
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The present study shows that the anti-MUC1 SEA-medi-
ated DMB5F3 immunocomplex can serve both in the deliv-
ery and internalization of linked toxin, resulting in a marked 
in vivo reduction in  MUC1+ pancreatic cancer, an aggressive 
malignancy which once metastatic has proved to date to be 
all but unresponsive to therapy [44]. It should be stressed 
that the clinically approved ADCs cited above target cell-
surface proteins expressed by both tumor and normal cells. 
This attribute is shared by the anti-MUC1-SEA ADC. Yet 
the quantitative and qualitative differences in MUC1 expres-
sion between normal and malignant cells are, as noted, likely 
to translate into limiting the toxicity of anti-MUC1 SEA-
mediated ADC. Furthermore, the high-affinity binding of 
DMB5F3 lends itself to strategies for widening the anti-
MUC1 SEA therapeutic window [40]. The DMB5F3 anti-
body binds a single antigenic site on the SEA moiety of the 
MUC1 molecule, in contrast to anti-VNTR antibodies which 
bind to a polymorphic array of 20–125 tandem repeats in the 
MUC1 α-chain, which is shed into the peripheral circulation 
(Fig. 1, Panel I). The anti-MUC1 SEA antibody binds to the 
cell-bound MUC1-SEA module and shows strong circum-
ferential staining with  MUC1+ malignant pancreatic cells. 
These characteristics of MUC1 expression, together with the 
vigorous in vivo anti-tumor effect of the DMB5F3- immu-
nocomplex, bode well for the development of effective anti-
MUC1 SEA ADCs against high-mortality  MUC1+ tumors.

Conclusions

mAbs of the DMB series that all target the anti-MUC1-SEA 
domain, and each of which binds to MUC1-expressing cells, 
were sequenced. This revealed that the seven anti-MUC1-
SEA domain mAbs cluster into four unique groups, and 
all sequences are presented here. In vivo analyses in the 
SCID mouse model of an Antibody Drug Conjugate (ADC) 
formed by non-covalent linkage of Pseudomonas exotoxin to 
the chimeric DMB5F3 (chDMB5F3) antibody showed a sig-
nificant decrease in the growth of a human pancreatic tumor 
xenotransplant. These studies indicate that anti-MUC1-SEA 
domain mAbs target tumors in vivo and may be of therapeu-
tic use in the clinical setting for MUC1 + ve tumors.
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