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We describe the engineering and characterization of a

whole human antibody directed toward the tumor-

associated protein core of human MUC1. The anti-

body PH1 originated from the in vitro selection on

MUC1 of a nonimmune human Fab phage library. The

PH1 variable genes were reformatted for expression

as a fully human IgG1. The resulting PH1-IgG1 human

antibody displays a 160-fold improved apparent kd

(8.7 nmol/L) compared to the kd of the parental Fab

(1.4 �mol/L). In cell-binding studies with flow cytom-

etry and immunohistochemistry, PH1-IgG1 exhibits

staining patterns typical for antibodies recognizing

the tumor-associated tandem repeat region on MUC1,

eg, it binds the tumor-associated glycoforms of MUC1

in breast and ovarian cancer cell lines, but not the

heavily glycosylated form of MUC1 on colon carci-

noma cell lines. In many tumors PH1-IgG1 binds to

membranous and cytoplasmic MUC1, with often in-

tense staining of the whole-cell membrane (eg, in

adenocarcinoma). In normal tissues staining is either

absent or less intense, in which case it is found

mostly at the apical side of the cells. Finally, fluores-

cein isothiocyanate-labeled PH1-IgG1 internalizes

quickly after binding to human OVCAR-3 cells, and to

a lesser extent to MUC1 gene-transfected 3T3 mouse

fibroblasts. The tumor-associated binding character-

istics of this antibody, its efficient internalization,

and its human nature, make PH1-IgG1 a valuable can-

didate for further studies as a cancer-targeting immu-

notherapeutic. (Am J Pathol 2002, 160:1597–1608)

Whole antibodies to tumor-associated targets or targets

overexpressed on tumor cells, such as CD20, EpCAM,

and Her2/neu have been shown to mediate a strong

clinical benefit to the patient.1–3 The mucin MUC1 is a

tumor-associated antigen in adenocarcinoma, studied

particularly in ovarian, breast, and bladder cancer. It is a

highly glycosylated transmembrane protein containing a

variable number of tandem repeats of 20 amino acids.4

Because of its overexpression, lower glycosylation, and

loss of polar expression in tumor tissues, it is accepted as

a candidate for active as well as for passive immunother-

apy.5 In adenocarcinoma, new epitopes of the MUC1

core protein become accessible on the membrane of the

tumor cells. Peptide-specific antibodies can target these

epitopes, differentiating normal from tumor tissue.6

This differential targeting can be useful in immunother-

apy or diagnosis of adenocarcinoma, but when injecting

murine monoclonals human anti-mouse antibody re-

sponses occur. The human anti-mouse antibody re-

sponse can diminish the efficiency of the antibody in later

administrations. Completely human antibodies against

tumor-associated antigens can solve this problem.7 By

means of phage display technology, human antibody

fragments can be presented on the tip of a phage and

selected for their specificity.7 These antibody fragments

are then reformatted to a desired shape, isotype, fusion

protein, and so forth.8 When human V-gene sources are

used, the resulting antibodies are completely human in

sequence. When used for therapy in humans, such an

antibody would cause no human anti-mouse antibody

responses and therefore could be used repeatedly with-

out substantially affecting therapeutic efficacy. Neverthe-

less, such human antibodies may evoke anti-idiotypic
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antibody responses as proposed by Jerne,9 which in

their turn can mimic the antigen and therefore can lead to

active immunotherapy.10 This side-effect could have a

positive effect in immunotherapy.11

We used the phage display method to select a MUC1-

specific antibody (PH1-Fab) from a very large phage

library displaying 3.7 � 1010 Fab fragments (P Hen-

derikx, unpublished data).12 The Fab antibody had a very

low affinity of 1.4 �M on biotinylated MUC1 peptide in

BIAcore analysis (BIAcore AB, Uppsala, Sweden). By

changing the format from the single binding site of a Fab

to two binding sites of an IgG1, we aimed to increase the

apparent affinity of the antibody for the peptide and cel-

lular MUC1. We therefore reformatted the PH1-Fab to a

completely human PH1-IgG1 antibody by recloning the

VH and VL genes into two vectors of a mammalian ex-

pression vector system, containing the human kappa

constant domain or the human �-1 heavy chain constant

region.13 The vectors were co-transfected into mamma-

lian CHO-K1 cells for expression and production of the

fully IgG identified. The apparent affinity increase was

measured in BIAcore. To fully characterize the antibody

for possible use in immunotherapy, we used the human

PH1-IgG1 in extensive fluorescence-activated cell sort-

ing and immunohistochemical analysis. To understand

the differences between the binding pattern for this anti-

body versus other MUC1 antibodies, we compared our

PH1-IgG1 with HMFG1, which is used in a phase III

clinical trial.14 Finally, to determine which tumor-targeting

format would be optimal for this antibody, we studied the

in vitro internalization of PH1-IgG1 with fluorescein iso-

thiocyanate (FITC)-labeled antibody.

Materials and Methods

Cloning of PH1-IgG1 into a Mammalian

Expression Vector and Transfection into

CHO-K1 Cells

The heavy and the light chain of the human PH1-Fab

were recloned into the mammalian VHexpress and VKex-

press expression vectors, respectively, to be reformatted

for expression as a whole human �-1/kappa antibody.13

The VH-fragment of PH1 was amplified by polymerase

chain reaction using specific the oligos VH1C back eu-

karyotic (5�-GGA CTA GTC CTG GAG TGC GCG CAC

TCC CAG GTC CAG CTG GTG CAG TCT GGG GGA

GGC TTG GTA CAG-3�) and M13 primer (Amersham

Pharmacia, Uppsala, Sweden), and introduced into the

VHexpress vector as BssHII/BstEII fragment.

An ApaLI/PacI fragment of PH1-VL was generated by

polymerase chain reaction using the specific oligos

VKexpress MUC-for (5�-GCG CTC GCA TTT GCC TGT

TAA TTA AGT TAG ATC TAT TCT ACT CAC GTT TGA

TAT CCA CTT TGG TCC CAG GGC C-3�) and MUC1-VL-

Back-APA (5�-CCA GTG CAC TCC GAA ATT GTG CTG

ACT CAG TCT CC-3�), and inserted into VKexpress.

Transfections of CHO-K1 (ATCC, Manassas, VA) cells

were performed using the nonliposomal transfection re-

agent FuGene 6 (Roche, Brussels, Belgium) according to

the manufacturer’s instructions. Forty-eight hours after

transfection limiting dilutions were performed into me-

dium containing 700 �g/ml of G418. Cells were plated in

96-well plates at 10, 100, and 1000 cells per well.

Screening of Cell Culture Supernatants in an

Enzyme-Linked Immunosorbent Assay (ELISA)

Supernatants of clones growing on medium containing

selection markers were tested in ELISA for antibody bind-

ing to MUC1 and to determine VH/VL production levels.

MUC1 Peptide Binding

For MUC1-binding tests, we used an adapted method

described earlier.15 Incubation volumes are 100 �l.

MUC1 was immobilized indirectly with 0.5 �g/ml of bio-

tinylated MUC1 60-mer via coated biotinylated bovine

serum albumin and streptavidin in a flexible microtiter

plate. Coating of MUC1 60-mer was done overnight at

4°C. After three washes with phosphate-buffered saline

(PBS), plates were blocked for 30 minutes at room tem-

perature with 2% (w/v) skimmed milk powder (Marvel

(Premier Brands, UK) in PBS. Plates were washed two

times with PBS-0.1% Tween-20 and 1� PBS, and super-

natants were then incubated for 1.5 hours at room tem-

perature while shaking [diluted 1:2 in 4% (w/v) Marvel/

PBS]. Subsequently, plates were washed five times with

PBS-0.1% Tween-20 and one time with PBS. Bound IgG

was detected with rabbit anti-human IgG horseradish

peroxidase (1:6000 diluted in 2% Marvel/PBS). After the

last incubation, staining was performed with tetramethyl-

benzidine and H2O2 as substrate and stopped by adding

0.5 volume of 2 N H2SO4; the optical density was mea-

sured at 450 nm.

Production of Human IgG

To determine the amount of human PH1-IgG1 pro-

duced, a plate was coated for 1 hour at 37°C with 0.25

�g/ml of rabbit anti-human V� Ig in PBS. After three

washes with PBS, plates were blocked for 30 minutes at

room temperature with 2% (w/v) semi-skim milk powder

(Marvel) in PBS. Plates were washed two times with PBS-

0.1% Tween-20 and 1� PBS, and supernatants were

then incubated for 1.5 hours at room temperature while

shaking [diluted 1:2 in 4% (w/v) Marvel/PBS]. A twofold

dilution series of huIgG was used as a standard, starting

with a concentration of 500 ng/ml. Subsequently, plates

were washed five times with PBS-0.1% tween-20 and one

time with PBS and bound IgG was detected with rabbit

anti-human IgG horseradish peroxidase (1 �g/ml in 2%

Marvel/PBS). After the last incubation, staining was per-

formed with tetramethylbenzidine and H2O2 as substrate

and stopped by H2SO4 to a final concentration of 1 mol/L;

the optical density was measured at 450 nm.
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Production and Purification of the PH1-IgG1

from Culture Media of CHO-K1 Clone 7F Cells

Approximately 3 � 108-transfected CHO-K1 cells (clone

7F) were cultured in T175 triple-layer flasks in a humidi-

fied incubator at 37°C for 3 weeks. The culture medium

contained 0.5% fetal calf sera and was exchanged once

a week. From each harvest �1 L of culture supernatant

was obtained. Anti-MUC1 antibody was purified with Pro-

tein A. Briefly, 1 L of culture supernatant was loaded onto

a 5-ml HiTrap Protein A column (Amersham/Pharmacia)

at a flow rate of 5 ml/minute. The column was extensively

washed with PBS. Bound MUC1 antibody was eluted with

12.5 mmol/L of citric acid and neutralized with 0.5 mol/L

HEPES (pH 9). Protein-containing fractions were com-

bined, dialyzed against PBS (16 hours, 4°C), and sterile

filtered. Purified anti-MUC1 antibody was analyzed by

sodium dodecyl sulfate-polyacrylamide gel electrophore-

sis plus silver staining (Figure 1). Therefore, PH1-IgG1

(100 to 200 ng), purified with Protein A, was separated on

a 10% sodium dodecyl sulfate-polyacrylamide gel elec-

trophoresis gel under reducing conditions and protein

bands were visualized by silver staining.16 For Western

blot purified PH1-IgG1 was separated on a 10% sodium

dodecyl sulfate-polyacrylamide gel electrophoresis gel

under reducing conditions and transferred onto nitrocel-

lulose. PH1-IgG1 heavy chain and light chain were simul-

taneously detected with a horseradish peroxidase-conju-

gated polyclonal antibody against human IgG and a

horseradish peroxidase-conjugated monoclonal anti-

body against human kappa chain, respectively. Produc-

tion amount was measured in a human IgG ELISA de-

scribed above. Total protein concentrations were

measured using a bicinchoninic acid microprotein assay

(Pierce, New York, NY).

Surface Plasmon Resonance

The selected PH1-IgG1 and the PH1-Fab were evaluated

for their binding characteristics by surface plasmon res-

onance on a BIAcore 2000 apparatus (BIAcore AB, Upp-

sala, Sweden). A Sensor Chip SA was coated with a

biotinylated MUC1 15-mer, containing the epitope PAP

[Ac-PDTRPAPGSTAPPAK-NH2 (with a K as last amino

acid for amino group-based biotinylation), 50 RU and 320

RU] and 60-mer [NH2-(VTSAPDTRPAPGSTAPPAHG)3-

COOH,17 50 RU] in Hepes Buffered Saline-EDTA P20

HBS-EP buffer (BIAcore). A surface, blocked with biotin

(15 RU), was used as a negative control. The PH1-Fab

and PH1-IgG1 were injected in HBS-EP buffer. To mini-

mize rebinding of the antigen-binding fragments a flow

rate of 30 �l/sec was used. Affinity calculation was per-

formed with the BIA Evaluation program 3.0.1. provided

by BIAcore. Fitting was accepted when chi-square was

lowest, on the two channels with a nonsaturated amount

(50 RU) of MUC1 peptide bound. The affinity for the

PH1-Fab was calculated at steady state. Because of the

two binding sites on PH1-IgG1, the avidity was calculated

as an apparent affinity constant using 1:1 determination

with mass transfer limitation.

Flow Cytometric Analysis

Cell lines used were the mouse fibroblast cell line 3T3,

the MUC1-transfected cell line 3T3-MUC1 (ETA),18 the

breast carcinoma lines T47D and MCF-7, the ovarian

carcinoma line OVCAR-3, the colon cancer cell lines

LS174T and CaCo2, and the T-cell line Jurkat (nontrans-

fected cell lines were provided by ATCC).

Cellular MUC1 binding was tested in flow cytometry,

with purified PH1-IgG1 and with HMFG1 (Autogen Bio-

clear, Wilthshire, UK). Approximately 500,000 cells were

used in each experiment. After trypsinization, cells were

washed one time in RPMI 10% fetal calf serum, 0.01%

NaN3 (incubation buffer). To confirm the specificity, anti-

bodies were incubated without or with 100 �g/ml of

MUC1 60-mer for 1 hour at room temperature. The same

amounts (10 �g/ml) of specific (PH1-IgG1, HMFG1) or

nonbinding human antibody (hIgG1) were used. Then the

samples were added to the cells and left for 1 hour at

room temperature. Cells were spun down by centrifuga-

tion for 3 minutes at 611 � g. Between incubations, cells

were washed twice with incubation buffer. Anti-human

IgG1 antibody was added to the cells and incubated for

1 hour at room temperature. Then rabbit anti-mouse-FITC

(1/20 dilution; DAKO, Glostrup, Denmark) was added to all

tubes for 30 minutes. Detection of bound antibodies was

performed by means of flow cytometry on a FACSCalibur

(Becton Dickinson, Oxnard, CA) and results were ana-

lyzed with the CELLQuest program (Becton Dickinson).

Biotinylation and FITC Labeling of PH1-IgG1

PH1-IgG1 in 50 mmol/L of NaHCO3, pH 8.5, at a concen-

tration of 250 �g/ml was treated with Sulfo-NHS-LC-Biotin

(Pierce) for 1 hour at room temperature under gentle

agitation. Four �g of biotin ester was used for 100 �g of

the antibody. The reaction was stopped by treatment with

Tris/HCl, pH 7.5, at a final concentration of 50 mmol/L, for

30 minutes. To separate the biotinylated antibody from

Figure 1. A: Silver staining of purified PH1-IgG1. Lane1, molecular weight
marker; lanes 2 and 3, 5 �l and 2 �l of the purified antibody. B: Western blot
of purified PH1-IgG1, 1 �g was loaded.
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free biotin the reaction mixture was dialyzed against PBS.

Biotinylation of PH1-IgG1 was verified by binding of the

antibody to MUC1-positive OVCAR-3 cells and ETA cells

and MUC1-negative 3T3 cells with flow cytometry analysis.

FITC labeling was performed according to the manufac-

turer with 200 �g of PH1-IgG1 in 200 �l of reaction mixture

using a FITC protein-labeling kit (Molecular Probes, Leiden,

The Netherlands). Labeling was checked on MUC1-positive

and MUC1-negative cell lines using flow cytometry analysis

(3T3, ETA, OVCAR-3).

Immunohistochemistry

A variety of formalin-fixed normal and tumor tissues were

tested for the binding pattern of the PH1-IgG1. Tissues

were chosen with a preference for diagnosed adenocar-

cinoma. HMFG-1 was used as a control for a limited

number of tumor tissues. The biotinylated PH1-IgG1 an-

tibody was used. Five-�m sections of paraffin-embedded

tissues were deparaffinized, rehydrated, hydrogen per-

oxide-treated, (0.3% H2O2 in PBS), and preincubated

with PBS, 15% fetal calf serum, and 5% human serum for

20 minutes. Antibodies were diluted to a concentration of

17 �g/ml in PBS and 10% human serum and incubated

for 1 hour at room temperature. For PH1-IgG1, slides

were then incubated with an avidin-biotin-complex (ABC,

DAKO) for 30 minutes. For HMFG1, slides were first in-

cubated with biotinylated sheep anti-mouse (RAMPO,

DAKO) in PBS, 0.1% Tween 20, and 1% bovine serum

albumin for 30 minutes and then with the avidin-biotin-

complex. For each tissue biotinylated (irrelevant) human

IgG was used as a control. Between antibody incubation

slides were washed three times for 5 minutes in PBS.

Staining was detected by diaminobenzidine and H2O2.

The peroxidase reaction was stopped with water and

slides were counterstained with hematoxylin. The epithe-

lial tissues were evaluated for their binding reactivity

(sporadic, �10%; focal, 10% � f � 80%; diffuse, � 80%)

and their localization in the cell (a, apical, polar; c, cyto-

plasmic, depolarized; m, abundant expression on the

whole-cell membrane).

Evaluation of Internalization Using a Confocal

Microscope

Antibody was FITC-labeled according to the manufactur-

er’s instructions (see above). For internalization studies

the human tumor cell line OVCAR-3 and the MUC1-trans-

fected mouse fibroblast 3T3 cell line, ETA, were used. As

negative control the colon cell line CaCo2 was used.

FITC-labeled antibody was added to the cells (10 �g/106

cells at a concentration of 100 �g/ml) for an incubation

period of 1 hour on ice. The cells were washed and put on

ice or at 37°C to check whether the antibody stayed

bound to the membrane and to study internalization in

both temperature conditions. Every time point (1, 3, and 6

hours and overnight) cells were checked on confocal

microscope for membrane binding and internalization. Fc

binding was checked by competition with human IgG1.

Staining patterns (membranous or intracellular) were

evaluated with a confocal microscope (Asciophat, Zeiss;

Atto Instrument, Rockville, MD).

Results

Cloning of PH1-IgG1 into a Mammalian

Expression Vector and Selection of

Transfectants

The variable region antibody genes encoding the human

Fab directed to MUC1 (PH1-Fab) was recloned for ex-

pression as fully human �-1/kappa antibody into the

mammalian VHexpress and VKexpress expression vec-

tors13 as described in Materials and Methods. These

vectors allow rapid recloning of phage antibodies and

expression of full IgG.13

After co-transfection of CHO cells with the two heavy

and light chain gene-containing plasmids, cells were

grown on selective media as indicated in Materials and

Methods. On the plate with 100 cells/well seeded, 37.5%

of the wells showed cell growth after 5 days in culture; at

10 cells/well, no growth was detected. Supernatants of

the cultures were assayed for the presence of human IgG

and binding to MUC1 peptide in ELISA. A third of the

wells with selected cells were positive for binding to

MUC1, with levels of human IgG between 5 and 75 ng/ml.

We chose line 7F (which secreted at 75 ng/ml) for further

subcloning and production of PH1-IgG1.

Production and Purification of the PH1-IgG1

The MUC1-specific PH1-IgG1 antibody was purified from

cell line 7F grown in 0.5% fetal calf serum containing

culture media as described in Materials and Methods.

Under these conditions more than 95% pure PH1-IgG1

protein was obtained (based on silver staining; Figure 1),

at a yield of 0.5 mg of PH1-IgG1 per L of culture after

purification. The results of a human IgG1-specific ELISA

and a bicinchoninic acid total protein detection assay

were in agreement (data not shown), indicating minimal

contamination with bovine IgG.

Affinity Analysis

The affinity of antibody PH1-IgG1 was determined using

BIAcore. Affinities of the PH1-Fab calculated were 1.47

(15-mer) and 1.40 (60-mer) �mol/L with a mean of 1.43

�mol/L (Figure 2, A and B). Mean apparent affinity of

PH1-IgG1 (8.7 nmol/L) was calculated with the BIACore

software from binding curves on low-density surfaces

being 8.3 nmol/L (15-mer) and 9.06 nmol/L (60-mer) (Fig-

ure 2C). Thus under the conditions used, binding of

PH1-IgG1 was 160 times stronger than of the PH1-Fab.

Comparative Flow Cytometric Analysis

Because differences in the fine-specificity of MUC1 anti-

bodies can lead to differences in the panel of tissues and

tumors recognized, we compared antibody PH1-IgG1
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with a frequently used for murine antibody, HMFG1, for

their binding pattern in flow cytometry. PH1-IgG1 recog-

nizes the minimal PAP epitope as determined by epitope

fingerprinting of the PH1-Fab, whereas HMFG1 recog-

nizes the PDTR epitope (P Henderikx, unpublished da-

ta).15 The two antibodies were tested on different tumor

cell lines (Figure 3). Both antibodies bind with the same

binding pattern to most of the cell lines, except for the

ovarian carcinoma cell line OVCAR-3 that seems to ex-

pose more of the PH1-IgG1 epitope than of the HMFG1

epitope. Both antibodies bind a very small subpopulation

of the LS174T colon tumor cell line and of the T-cell line

Jurkat, which can be inhibited by MUC1 60-mer. No

binding to the CaCo2 cell line was observed. Binding of

the MUC1-specific antibodies to cells can be competed-

off with MUC1 peptide. This study indicates that there is

a difference in the spread and/or density of the various

MUC1 epitopes or a differential accessibility of these

epitopes because of residual glycosylation. To under-

stand the abundance of the PH1-IgG1 MUC1-epitope, we

considered it necessary to carry out immunohistochemi-

cal analysis on a large set of tissues and tumors, as

discussed in the next paragraph.

Immunohistochemical Analysis of PH1-IgG1

We performed immunohistochemical analysis on a large

set of tissues and tumors (Table 1, Figure 4). Tumors

predominantly showed cytoplasmic staining (depolarized

staining), often together with abundant membranous

staining of the whole-cell membrane (membranous) and

almost no apical (polarized) staining. In contrast, normal

tissues predominantly demonstrate apical staining and

rarely cytoplasmic staining or whole-cell membrane

staining (Figure 3). Staining intensity was higher in tumor

tissues than in normal tissues (see Figure 4).

Normal bladder was negative in all cases tested. Tu-

mor tissues of the bladder displayed different staining

patterns in which both adenocarcinoma tissues had a

depolarized staining pattern. In colon cancer, normal

tissues were negative; the mucinous tumor tested

showed a cytoplasmic staining pattern. In the endome-

trium some normal glands also demonstrate a depolar-

ized (membranous) localization. In the normal kidney the

staining pattern was always the same with no staining in

glomeruli and proximal tubes, focal apical staining in

distal tubes, and diffuse apical staining in collecting

ducts. In contrast with normal lung (negative), adenocar-

cinomas of the lung were intensively MUC1-positive in a

depolarized (membranous) manner. In most tumors an

extensive staining of the whole-cell membrane was

found. Not all tumor cells were reacting with the antibody

(focal staining). In breast and ovarian adenocarcinoma

tissues there was a differential staining between normal

and adenocarcinoma, being polarized in normal and cy-

toplasmic with membranous staining in adenocarcinoma

(six of six for breast, four of seven for ovarian adenocar-

cinoma). Intensity of staining was less in normal tissue

than in tumor tissue. The reactivity was diffuse to focal in

tumor tissues and focal in normal tissues. Pancreas ad-

enocarcinoma showed a cytoplasmic staining pattern,

normal acini, however, expressed MUC1 in an apical or

cytoplasmic pattern. In normal tissues of the endome-

trium and sebaceous gland of the skin, depolarized

membranous expression was noticed. The only normal

tissue with membranous staining is the sebaceous gland;

the expression of membranous MUC1 is described to be

restricted to mature sebocytes.19

Taken together, a differential expression between nor-

mal tissue and tumor was found in bladder, lung, breast,

ovary, pancreas, parathyroid, and prostate. Apical stain-

Figure 2. BIAcore analysis of PH1-Fab (A and B) and PH1-IgG1 (C). Binding
pattern of PH1 (A) and its analysis at steady state [response units equilibrium
(RUeq)]) (B). C: Binding pattern of IgG1-PH1, fitted with the BIAevaluation
program (version 3.01). Fitting curves at Langmuir with mass transfer limi-
tation) are superimposed (dashed line) to the concentration curves
(straight line).
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ing was detected in normal tissues; depolarized cellular

staining is most frequently observed in tumors and aber-

rant staining of the whole-cell membrane is only demon-

strated in tumors with the exception of the sebaceous

glands of the skin.

Comparison with HMFG1 for a limited number of tis-

sues is shown in Table 2. Normal tissues were stained

mainly focally apical, except for endometrium tissue that

was stained cytoplasmic with PH1-IgG1. The binding

pattern was similar but not identical; for example, in tumor

tissues, diffuse staining was observed in five ovarian and

breast cancer tumors with HMFG1 and three cases with

PH-IgG1; cytoplasmic staining was detected in three tu-

mors stained with HMFG1 and six cases with PH-IgG1

staining; membranous staining of tumors was noticed in

four HMFG cases and in five PH-IgG1 cases.

Evaluation of Internalization of PH1-IgG1

To analyze the extent with which PH1-IgG1 after binding

would be internalized; we performed an internalization

study using FITC-labeled antibody in confocal micros-

copy. The FITC-labeled antibody bound in fluorescence-

activated cell sorting analysis to the OVCAR-3 and ETA

cell lines, and not to the negative 3T3 cell line (data not

shown). After incubation on ice with the human antibody

PH1-IgG1, membranous binding was observed on the

MUC1-expressing OVCAR-3 and ETA cell lines (Figure

5A). As in flow cytometry, the intensity of staining was

more pronounced for the ETA cell line as compared with

the OVCAR-3 cell line. No autofluorescence was ob-

served, and no fluorescence was visible on the negative

control, the CaCo2 cell line. At 37°C, the internalization of

Figure 3. Flow cytometry. Comparison between HMFG1 and PH1-IgG1 for their binding characteristics to tumor cell lines. Thick line, binding with the antibody;
thin line, nonspecific binding control; dotted line, inhibition with MUC1 60-mer.
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the PH1-IgG1-FITC became visible for both the ETA cells

and the OVCAR-3 cells. After 1 hour, more than 50% of

OVCAR-3 cells revealed internalized antibody in vesicles

(Figure 5B), whereas the ETA cells kept mainly mem-

brane-bound antibody. After 3 hours of incubation, the

OVCAR-3 cells internalized more than 80% of the FITC-

labeled antibody: vesicles were visible but also cells with

a low level of intracellular fluorescence, were noticeable

(Figure 5D). After 6 hours, all OVCAR-3 cells had inter-

nalized the antibody, and most cells lost the vesicle in-

ternalization pattern but exhibited a low cytoplasmic flu-

orescence only. At either 3 or 6 hours, OVCAR-3 cells

kept on ice had the antibody still bound to the membrane

only (Figure 5C). The ETA cells had internalized less than

3% of the antibody after 3 hours, but after overnight

incubation, we observed that the surviving cells had in-

Table 1. Immunohistological Staining of Normal and Tumor Epithelial Tissues with PH1-IgG1

Tissue

Normal tissues Tumor tissues

Reactivity Localization Frequency Reactivity Localization Frequency

Bladder — — 2/2 s a 1/4
f a 1/4
f a, c 1/4
d c, m 1/4

Colon — — 3/3 f a, c 1/1
Endometrium f a 2/6 f a, c, m 1/1

f c 1/6
d, f a, c 2/6

Epididymis f a 3/3
Kidney

glomeruli — — 5/5
prox. tub. — — 5/5
dist. tub. f a 5/5
coll. ducts d a 5/5

Liver — — 3/3 — — 1/1
bile duct s a 1/1

Lung — — 6/6 f c, m 2/5
f a, m 1/5
f a, c, m 1/5
f a 1/5

Breast f a 4/5 f a, c, m 3/7
— — 1/5 d a, c, m 2/7

d a, m 1/7
f a 1/7

Ovarian f a 2/2 d c, m 2/8
f a, c, m 1/8
d a, c, m 1/8
f c 2/8
d c 1/8
f a 1/8

Pancreas f a, c 1/2
d a, m, c 1/2

acini d a (c) 5/5
isl. — — 5/5

Langerhans
Parathyroid — — 3/3 f a, c 1/2

f c 1/2
Prostate — — 5/6 — — 1/3

s a 1/6 d a, c 1/3
d c, m 1/3

Salivary gland
ducti d–f a–c 2/2
acini f a 2/2

Skin
sebaceous gland d m 2/2

f a
sweat gland — — 2/2
hair follicle 2/2

Testes — — 3/3 — — 1/1
Tuba f a 2/2
Thyroid gland — — 2/2 — — 1/1
Spermatic duct f a 1/1

s, sporadic staining (�10%); f, focal staining (10 � s � 80%); d, diffuse staining (�80%); a, polarized apical; c, depolarized cytoplasmic; m,
abundantly present on whole-cell membrane.
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Figure 4. Immunohistochemical staining with PH1-IgG1 of cancer and normal tissues. P, Proximal tubuli; D, distal tubuli; LH, loop of Henle.

1604 Henderikx et al
AJP May 2002, Vol. 160, No. 5



ternalized the antibody and no membrane-bound anti-

body was left; in contrast cells kept overnight on ice

showed membranous staining.

Discussion

We succeeded in producing a fully human anti-MUC1

IgG1 antibody, by recloning the variable regions of the

MUC1-specific phage Fab antibody PH1 for expression

in mammalian cell expression vector. This is one of the

first detailed studies of a fully human antibody directed

against a tumor-associated antigen, and which originates

from an in vitro-selected phage antibody. For immuno-

therapy, it is important to know the characteristics of an

antibody to choose a therapy that fits the antibody or visa

versa. Indeed, differences in affinity or epitope recogni-

tion are responsible for differences between MUC1 anti-

bodies in immunohistochemical staining and in internal-

ization behavior.20–22

First, the affinity of the antibody is a major determining

factor in establishing how fast it will bind to a tumor cell

and how quickly it will release from the antigen-bearing

tumor cell. We compared the apparent affinity of the

newly generated bivalent antibody with the affinity of the

original monovalent Fab in BIAcore. The apparent affinity

of the PH1-IgG1 increased 160 times when compared

with the PH1-Fab (Figure 2). This is solely because of the

change from one to two binding sites (avidity), because

binding was comparable on the 60-mer and 15-mer pep-

tide for both Fab and IgG. Comparison between diabod-

ies obtained from scFvs to ErB2 with different affinities

showed that the magnitude of the increase in the appar-

ent affinity constant for the bivalent molecule was in-

versely proportional to the affinities of the scFvs.23 In

keeping with this observation, our Fab antibody has a low

affinity and the improvement of apparent affinity for the

IgG molecule is subsequently very high, confirming the

above observation from Nielsen and colleagues.23

In flow cytometric analysis we compared PH1-IgG1

with HMFG1 that is reported to recognize a different

glycosylation-sensitive epitope.20,24 The binding pattern

on tumor cell lines did not differ significantly between

both antibodies except for the OVCAR-3 cell line, which

was stained less by HMFG1 probably because of the

different epitope recognition. On colon cancer cell lines,

both antibodies hardly showed any binding. The MUC1

on colon cancer cells is highly glycosylated and therefore

glycosylation-sensitive antibodies rarely stain colon cells

or colon tumors.25,26 This suggests that our antibody

PH1-IgG1 recognizes MUC1 in a differential glycosyla-

Table 2. Comparison in Immunohistochemistry between Human PH1-IgG1 and the Mouse HMFG1

HMFG1 PH1

FrequencyDistribution Localization Distribution Localization

Bladder (N) — — — — 1
Breast (N) f a f a 3
Breast (T) d a f a, c 1
Breast papiloma — — f a 1
Breast (T) f m d a, c, m 1
Breast (T) d m, c f a 1
Liver — — — — 1
Parathyroid (T) f a d a, m 1
Tuba (N) f a f a 1
Endometrium (N) f a f c 1
Ovarium (T) f c, m f c, m 1
Ovarian (T) d a f a, c, m 1
Ovarian (N) — — — — 1
Ovarian (T) d a f a, c 1
Ovarian (T) f a f a 1
Ovarian (T) d c, m d c, m 2

T, Tumor tissue; N, normal tissue; a, polarized apical; c, depolarized cytoplasmic; m, abundantly present on whole-cell membrane; s, sporadic
staining (�10%); f, focal staining (10 � s � 80%); d, diffuse staining (�80%).

Figure 5. Confocal microscope pictures for internalization studies of PH1-
IgG1-FITC in OVCAR-3 cells. A: Zero hours after incubation with antibody. B:
After 1 hour, at 37°C. C: After 3 hours, at 4°C. D: After 3 hours, at 37°C,
showing the feinting of the FITC signal.
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tion form, which is expected to be tumor associated. The

antibodies did bind well to the T47D breast cancer cell

line known to express different glycoforms of MUC1.27

Immunohistochemical staining revealed a differential

staining between tumor tissues and normal tissues, the

staining being apical or absent in normal tissues and

depolarized in tumor tissues as described for glycosyla-

tion-sensitive antibodies.6,20 Cao and colleagues20

showed that the absence of reactivity to the colon/small

intestine and apical reactivity with breast, as observed

with our antibody, is mostly because of glycans that mask

the conformational epitope of MUC1. The only normal

tissue with membranous staining was the sebaceous

gland; the expression of membranous MUC1 is de-

scribed to be restricted to mature sebocytes.19 The an-

tibody binds specifically and preferentially to differentially

glycosylated MUC1 in immunohistochemistry. Thus, al-

though the epitope of the PH1 antibody may fall outside

the amino acids that are putatively glycosylated, its bind-

ing may still be affected because of steric hindrance or

carbohydrate-induced conformational changes of the

epitope within the tandem repeat region, as described by

Spencer and colleagues28 for the antibody C595 that

binds to the RPAP epitope.

The differential staining between normal tissue and

adenocarcinoma was found in bladder, lung, breast,

ovary, pancreas, parathyroid, and prostate. Conse-

quently, the corresponding cancers may be putative can-

didates for immunotherapy with a suitable format of the

PH1 antibody. Despite the apical expression of MUC1 in

normal tissues, glycosylation-sensitive murine antibodies

localize MUC1-expressing tumors in radioimmunoscintig-

raphy in humans also when injected intravenously.29–32

Limiting factors in such targeting studies are serum

MUC1 binding and human anti-mouse antibody respons-

es.33,34 Because of the absence of staining with our

antibody in for example, bladder tissues, local injection of

antibody could display a higher tumor/normal tissue ratio

than obtained with the known mouse monoclonals.33

Summarized, the staining pattern of the PH1 epitope is

only moderately different from staining patterns of other

glycosylation-sensitive antibodies, it thus can be ex-

pected that the PH1-IgG1 antibody will specifically bind

to tumor in vivo.6 As for other MUC1 antibodies, a heter-

ogeneous (focal) expression of the MUC1 epitope in

tumor tissue was observed, as well as variability in the

level of membranous MUC1 as revealed by the PH1

immunohistochemistry. Therefore, it could be beneficial

to use a form of immunotherapy that has a bystander

effect on surrounding tumor cells, eg, radioimmuno-

therapy, the combination of radioimmunotherapy and im-

munotoxins, or the usage of fusion proteins stimulating

tumor-infiltrating lymphocytes.35,36

Internalization studies demonstrated that both

OVCAR-3 and ETA cells internalize the FITC-labeled an-

tibody, although with a different rate. First, the internal-

ization pattern was almost exclusively in vesicles; later

the vesicle structure was less abundant and faint staining

was found in the cytoplasm. The same observation was

made by Calafat and colleagues37 using a mucin-spe-

cific antibody resin. In this study the antibody resin was

found back in the cytosol after leaving the vesicles. It has

been described that the MUC1 antigen recycles 0.9% of

surface fraction/minute; this study confirms our observa-

tion that after 1 hour more than 50% of the cells have

internalized the antibody.38 Internalization of MUC1 anti-

bodies is not always the same and may depend on the

epitope. Pietersz and colleagues22 compared two anti-

bodies for their internalization rate: for the antibody

CTMO1 (epitope RPAP), after 1 hour 70% of the bound

antibody was internalized; this in contrast with the anti-

body BC2 (epitope APDTR), where only 6% internaliza-

tion was observed. We have demonstrated that 50% of

the PH1-IgG1 antibody (epitope PAP) internalizes into

vesicles after 1 hour. Our observation confirms Pietersz

and colleagues22 suggestion that internalization of MUC1

antibodies is influenced by the epitope specificity; from

our data it is clear that in particular antibodies recogniz-

ing the (R)PAP epitope are efficiently internalized. The

MUC1-transfected 3T3 cell line ETA, internalized the

FITC-labeled PH1-IgG1 much more slowly. At first sight

this could be because of the fact that mouse cells nor-

mally do not express human MUC1 and that the internal-

ization machinery is not effective for a xenogenic protein.

Some transfected cell lines may internalize better, others

used the MUC1-transfected 3T3 cell line MOR5-CF2 for

their internalization studies.22 To aid in increasing the

efficacy of antibodies to kill solid tumors, many different

effectors have been tried, sometimes with major suc-

cess.39 For example, internalizing antibodies are suitable

for immunotherapy when conjugated to prodrugs or

drugs and possibly for gene therapy and so forth.40 Al-

though for radioimmunotherapy it is not strictly necessary

that a radiolabel internalizes, this process may also pos-

itively influence tumor cell killing. After internalization of

the radioactively labeled antibody there is a retention

of the radiolabel inside the cells, even after degradation

of the antibody, which makes the tumor targeting more

efficient in radioimmunoscintigraphy as well as in radio-

immunotherapy.22,41,42 Alternatively, provided the anti-

body PH1 does not bind to serum MUC1 (studies ongo-

ing), the MUC1-binding site may be combined with

immunomodulatory molecules (immunocytokines) or

made into a bispecific antibody for retargeting T cells. As

before, internalization of the antibody-antigen complex

may aid in the efficacy of the recombinant drug. For

example, immunocytokines and diabodies against the

internalizing transferrin receptor have an anti-tumor ef-

fect.43 Indeed, we have recently made a bispecific dia-

body consisting of PH1 combined with an anti-CD3 mol-

ecule; this bispecific antibody kills MUC1-expressing

tumor cells efficiently in vitro (C. Vos, Department of Gy-

necology, Maastricht University, Maastricht, The Nether-

lands, P. Henderikx and H.R. Hooganboom, Dyax s.a.,

Liège, Belgium, F. Snijdewint, University Hospital, Vrije

Universiteit, Amsterdam, The Netherlands, R. Hoet, Dyax

s.a., Liège, Belgium, unpublished results).

In conclusion, the human antibody PH1-IgG1 recog-

nizes tumor-associated MUC1 in adenocarcinoma. It av-

idly binds to tumor cells and it is internalized, and there-

fore could be useful for tumor-targeting applications

including radioimmunotherapy, radioimmunoscintigra-
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phy, conjugation to cytotoxic reagents, immune cell stim-

ulation, and so forth, and this particularly in lung, bladder,

ovarian, prostate, and breast adenocarcinoma.
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