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Abstract

The biological properties of the novel monoclonal antibody (mAb) H6-11 and its potential utility

for oncological imaging studies were evaluated using in vitro and in vivo assays.

Immunoreactivity of H6-11 to the human prostate cancer PC-3 cell line and solid tumor xenografts

was initially demonstrated using immunofluorescence staining; the specificity of H6-11 for

prostate cancer was further evaluated using a commercial array of human prostate cancer and

normal tissue samples (n = 49) in which H6-11 detected 95% of prostate adenocarcinomas. The Kd

value of 61.7 ± 30 nM was determined using 125I-labeled H6-11. Glycosylation analysis suggested

the antigenic epitope of the glycan is an O-linked β-N-acetylglucoside (O-GlcNAc) group.

Imaging studies of PC-3 tumor-bearing mice were performed using both optical imaging with NIR

fluorescent dye-labeled H6-11 and microPET imaging with 89Zr-labeled H6-11. These in vivo

studies revealed that the labeled probes accumulated in PC-3 tumors 48–72 h postinjection,

although significant retention in liver was also observed. By 120 h postinjection, the tumors were

still evident, although the liver showed significant clearance. These studies suggest that the mAb

H6-11 may be a useful tool to detect prostate cancer in vitro and in vivo.
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INTRODUCTION

Cancer cells can demonstrate unusual patterns of glycosylation which result in high levels of

specific tumor-associated carbohydrate antigens (TACA). There is considerable evidence

that some of these residues are associated with breast cancer,1,2 prostate cancer,3–7 and other

cancers.8–10 Several carbohydrate antigens, including the TF and Tn antigens,3,11,12 sialyl

LewisX,4,13 and Globo-H14–16 have been reported to be important in cancer development

and progression. These structural changes can alter cellular function including a cancer

cell’s adhesive properties and potential to invade and metastasize. A growing body of

evidence indicates that proteins synthesized by early stage tumors are subject to post-

translational modifications including altered glycosylation pathways which have been

associated with immune response.9,10,17,18 Because glycosylation of cancer-related

biomarkers can be determined using specific antibodies, we hypothesized that antibodies

against specific glycosylation would be valuable tools for in vivo cancer detection.

The potential utility of circulating glycoprotein markers such as CA-125 and human

epididymis protein (HE)4 to identify and monitor the progression of prostate and other

cancers have been extensively investigated in the clinic.8,19 Such markers have been

particularly useful in monitoring therapeutic response and for detecting tumor recurrence

post-treatment. Although studies have revealed that CA-125 is not tumor specific,20,21 the

strategy of combining multiple tumor markers found in serum has been shown to facilitate

the detection of early stage tumors and accurately identify tumor recurrence.22,23

Unfortunately, serum markers cannot be used to determine tumor volume or location, which

is critical information in the clinical management of cancer patients. Antibodies which

recognize glycoprotein markers have been used for preclincal positron emission tomography

(PET) studies as well as clinical studies with single photon emission computed tomography

(SPECT) probes and show selective binding to tumors over healthy tissues.24–26 In the

current study, the novel mAb H6-11 originally identified using the human colon

adenocarcinoma cell line, NSY42129,27 was evaluated against a panel of 40 human prostate

carcinoma samples, 8 samples of normal prostate tissue, and 1 hepatic carcinoma sample;

the expression of mAb H6-11 binding epitope in the PC-3 prostate cancer cell line was also

examined. We found that mAb H6-11 recognizes a β-N-acetylglucoside group. We further

explored the feasibility of imaging solid tumor xenografts of PC-3 in athymic nu/nu mice by

optical imaging and microPET. In these studies, mAb H6-11 distinguished the tumor from

surrounding normal tissue. Thus, a glycoprotein-recognizing antibody like mAb H6-11 may

be valuable for prostate cancer imaging.
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EXPERIMENTAL SECTION

Cell Lines and Cell Culture

Human colon adenoma cell line NSY42129 was cultured in RPMI 1640 supplemented with

10% fetal calf serum (FCS) (Hyclone Laboratory Inc., Logan, Utah), 50 units/mL sodium

penicillin (BioWhittaker Inc., Walkersville, Maryland), and 50 µg/mL streptomycin sulfate

(BioWhittaker). Myeloma cells (P3/x63·Ag8) used as a fusion partner were maintained in

Iscove’s modified Dulbecco’s medium supplemented with 20% fetal bovine serum (FBS)

(Hyclone), 50 units/mL sodium penicillin, 50 µg/mL streptomycin sulfate, 4 mmol/L L-

glutamine (BioWhittaker), 1 mM sodium pyruvate (BioWhittaker), and 0.0001% β-

mercaptoethanol (Sigma-Aldrich Inc., St. Louis, MO). The human prostate cancer PC-3 cell

line was cultured in RPMI 1640 medium supplemented with 10% FCS, 50 units/mL sodium

penicillin, 50 units/mL streptomycin sulfate, and 2 mM L-glutamine. MCF-7 human breast

cancer cells were maintained in DMEM supplemented with 10% FCS, 50 units/mL sodium

penicillin, and 50 units/mL streptomycin sulfate. H6-11 hybridoma cells used for antibody

production (H-20, obtained through the Washington University School of Medicine

Hybridoma Center) were cultured in Iscove’s modified Dulbecco’s medium supplemented

with 20% fetal bovine serum, 50 units/mL sodium penicillin, 50 units/mL streptomycin

sulfate, 4 mM L-glutamine, 1 mM sodium pyruvate, and 0.0001% β-mercaptoethanol. All

cells were cultured in a humidified incubator at 37 °C with 5% CO2. For cDNA sequencing,

the frozen H6-11 hybridoma cell line was sent to GenScript Inc. (Piscataway, New Jersey).

The consensus complementarity-determining regions (CDR) DNA sequencing was

successfully achieved through 10 codon RT-PCR following standard procedures.

Generation of mAb H6-11

All animal procedures were performed according to protocols approved by the Animal

Studies Committee of the Washington University School of Medicine in accordance with the

Guide for the Care and Use of Laboratory Animals. As previously described,9,18 6-week-old

female BALB/c mice were injected i.p. with Titermax Gold adjuvant (25 µL; Sigma-

Aldrich) and NSY42129 cells (1 × 106) once a week for 4 weeks. Three days before

euthanasia, each mouse was boosted with the same doses of adjuvant and tumor cells.

Spleen cells from mice with a serum titer >4,000 were used for fusion. A hybridoma library

was established by fusion of spleen cells from the immunized BALB/c mice and myeloma

cells (P3/x63·Ag8) at a 5:1 ratio with polyethylene glycol (PEG)-1500 (Sigma-Aldrich)

following standard procedures.28,29 H6-11 mAb was purified from the supernatant of the

H6-11 hybridoma cell line using a NAb Protein A/G Spin Column (Thermo Scientific,

Rockford, IL) according to the manufacturer’s instructions. The concentration of the purified

antibody was quantified by measuring the absorbance at 280 nm on a UV–vis Nanodrop

spectrophotometer (Nanodrop Technologies Inc., Wilmington, DE).

Immunofluorescence Staining of PC-3 Cells

An immunofluorescence staining assay was used as previously reported to examine the

expression of the mAb H6-11 binding antigen in PC-3 prostate cancer cells with or without

fixation.9,18,30 To stain the PC-3 cells, 50 µL of mAb H6-11 at a concentration of 5 µg/mL

in PBS was added to the Lab-Tek chamber slide and incubated for 40 min at 37 °C. The
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slide was washed 3× with PBS, then 50 µL of 1,000× diluted FITC-conjugated goat

antimouse IgG in PBS (Jackson Immuno Research Laboratory Inc., West Grove, PA) was

added to each well. The slides were incubated for another 40 min at room temperature.

Slides were washed with PBS and observed under a confocal fluorescence microscope

FV1000 (Olympus America, Center Valley, PA). Slides containing 20 µm sections of PC-3

solid tumors and surrounding normal muscle from xenografts implants were also used for

immunofluorescence staining using procedures similar to those for PC-3 cell staining using

H6-11 as the primary antibody as described above.

Immunohistochemical Staining of a Tissue Array of Prostate Cancer and Normal Tissue

To confirm the potential clinical utility of mAb H6-11 in prostate cancer, its specificity was

evaluated using an array of human prostate cancer and normal tissue. Slide-mounted

histologic samples of 40 human prostate carcinoma specimens, 8 samples of normal prostate

tissue, and 1 hepatic carcinoma (US Biomax Inc. Rockville, MD) were deparaffinized in

xylene and rehydrated through gradient alcohols as described previously.9,18,30 The slides

were further incubated with mAb H6-11 as the primary antibody at a concentration of 5

µg/mL overnight at 4 °C. Avidin–Biotin Complex Detection System (Vector Laboratory)

was then used for chromogenic slide development following standard procedures.9,18,30 The

results were classified into the following categories based on staining intensity and

percentage: grade 0 or no staining (−); grade 1 or modest staining (+); grade 2 or positive

staining (++); grade 3 or strong positive staining (+++).

125I-Labeling of H6-11

Iodogen solid-phase iodination reagent (Thermo Fisher Pierce Scientific Inc., Rockford, IL)

was then used for 125I-labeling of H6-11 following the manufacturer’s instructions. Briefly,

0.1–0.2 mg of the purified mAb H6-11 in 0.1 mL of 100 mM, pH 7.4, PBS was treated with

1.0 mCi of [125I]NaI (MP Biomedicals, LLC, Santana, CA) in a reaction vessel which had

been plated with the Iodogen reagent. Unlabeled small molecules were removed from the

radiolabeled product by passing the reaction mixture through a desalting column (Thermo

Fisher Pierce Scientific Inc., Rockford, IL). Labeling efficiency was calculated by

measuring the radioactivity of bound IgG as a percentage of total radioactivity. The

radiochemical yield was 30–40%. To further confirm IgG labeling, radiolabeled antibody

samples were loaded onto SDS–PAGE, and the gel was directly developed on the FLA7000

imaging system (GE Healthcare Biosciences, Piscataway, NJ). The light chain and heavy

chain of IgG were both visualized using this autoradiography system.

In Vitro Autoradiography

The immunoreactivity of mAb H6-11 to PC-3 prostate cancer xenografts was evaluated

through in vitro autoradiography studies using the radio-iodinated antibody. Slides

containing 20 µm sections from snap-frozen PC-3 tumors were incubated with 125I-labeled

H6-11 (1 µCi/mL) in PBS at room temperature for 2 h. After washing three times with PBS/

0.01% Tween-20, the slides were air-dried. Dry slides were loaded into the Fuji film

phosphor imager film cassette for 12 h at 4 °C in the dark before exposing to a

phosphorimager screen and capturing with a Fujifilm FLA-7000 imaging system (GE
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Healthcare). Photostimulated luminescence (PSL) was quantitated with Fuji Image Gauge

software.

Characterization of 125I-Labeled H6-11 through Binding Assays

Immunoreactivity of mAb H6-11 was determined by incubating the radioiodinated antibody

(≈100,000 cpm) with PC-3 cells (seeded in a 96-well plate at 1 × 105cells/well in PBS/1%

FBS). Serial dilutions of 125I-labeled H6-11 (1–133 nM) were added and allowed to

incubate for 1 h before the samples were washed with PBS/1% FBS. Three hundred

microliters of scintillation cocktail (RPI Corp, Prospect, IL) was added to each well, and the

radioactivity of bound antibody was measured with a 1450 MicroBeta Trilux liquid

scintillation counter (PerkinElmer Life Health Sciences., Shelton CT). The plot of the bound

radioactivity versus the concentration of antibody was fitted to the saturation binding curve

using Prism (GraphPad Software Inc., La Jolla, CA), which was used to calculate the

binding dissociation constant (Kd) and Bmax.

Antigen Epitope Characterization by Immunostaining

To characterize the epitope of mAb H6-11, deglycosylation experiments were conducted as

previously described10,17 with some modifications. Briefly, PC-3 or MCF-7 cells were

seeded (1 × 105/well) in a 96-well plate, incubated at 37 °C for 48 h, and fixed with 10%

neutral buffered formalin for 30 min. After washing twice with PBS and adding 100 µL of a

range of concentrations (in triplicate) of sodium periodate (1, 5, 10, and 20 mmol/L in pH

4.5 sodium acetate buffer), trypsin (0.5–2.0 mg/mL in PBS), or deglycosylation reagents

(Prozyme Inc., Hayward, CA) into each well of the 96-well plate, the plates were incubated

at 37 °C for 2 h for sodium periodate, 1 h for trypsin, and 24 h for the plate treated with

deglycosylation reagents. After washing the fixed cells with PBS containing 10% FBS, mAb

H6-11 was added to each well at a concentration of 10 µg/mL; this was followed by

incubation for 1 h at 37 °C. The secondary antibody, FITC-conjugated goat antimouse, was

incubated with the cells in the plates for 45 min. The 96-well plates were read with a

Synergy HT Multi-Detection microplate reader (BioTek US, Winooski, VT).

NIR Labeling and in Vivo Optical Imaging of the PC-3 Xenograft

In order to evaluate the potential application of H6-11 as a molecular imaging probe, in vivo

optical imaging experiments were performed using the mAb H6-11 conjugated with IRDye

800CW. The conjugation of protein and NIR dye was done by using the IRDye 800 Protein

Labeling Kit (LI-COR Biosciences, Lincoln, Nebraska) as described previously.9 Mature

male athymic nu/nu mice were subcutaneously implanted with PC-3 tumor cells as

previously described.31,32 Tumor-bearing mice were anesthetized with 2% isoflurane/

oxygen and placed on the scanner bed for noninvasive optical imaging of the ventral surface.

Then, 100 µg of IRDye 800CW-labeled mAb H6-11 in 100 µL of PBS solution was

administered by intravenous (i.v.) tail vein injection, and static images were acquired using

the Xenogen IVIS-200 optical imager at the indicated time points (0, 24, 48, 72, 96, and 120

h). Imaging data were collected and analyzed by using Living Imaging 3.6 software (Caliper

Life Sciences, Alameda, CA) according to the manufacturer’s instructions.
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89Zr Production and Antibody Labeling

Because of promising results in the optical imaging study, mAb H6-11 was radiolabeled

with 89Zr for microPET imaging. 89Zr was produced via the 89Y(p,n) 89Zr nuclear reaction

using a CS-15 cyclotron (Cyclotron Corporation, Berkeley, CA) and separated via ion

exchange at the Washington University Cyclotron Facility with a specific activity of 8.1

to15.4 GBq/mol. The labeling and purification procedure followed previously published

methods.33,34 Briefly, 50 µL of purified mAb H6-11 (5 mg/mL) was incubated with the

bifunctional chelator, p-isothiocyanatobenzyl-desferrioxamine (p-SCN-Bz-DFO) (Mac-

rocyclics Inc., Dallas, TX), in 0.1 M NaHCO3 buffer (pH 9.0) at 4 °C overnight. The

product, p-SCN-Bz-DFO-H6-11, was purified via Zeba Spin desalting columns (Pierce

Biotechnology, Rockford, IL). 89Zr (in 1.0 M oxalic acid) was then complexed with the p-

SCN-Bz-DFO-H6-11 at a ratio of 222 MBq/mg (6 mCi/mg) of antibody in 0.5 M HEPES

buffer at pH 7.0 at 37 °C for 1 h with constant agitation. 89Zr-p-SCN-Bz-DFO-H6-11 was

purified with a Zeba Spin desalting column, and the radiochemical purity was determined by

radio-TLC (silica) using a mobile phase of 50 mM diethylenetriamine pentaacetic acid

(DTPA) and confirmed with SDS–PAGE autoradiography. The specific activity was ~1

µCi/µg.

MicroPET Imaging

PC-3 tumors were implanted subcutaneously in male athymic nu/nu mice as previously

described.31,32 For microPET imaging using an Inveon MicroPET/CT scanner (Siemens

Inc., Knoxville, TN), mice were anesthetized with 2% isoflurane/oxygen, positioned side-

by-side in a custom bed, and tail vein catheters were placed. Tumor-bearing mice (n = 2)

were injected with 150 µCi/100 µL 89Zr-labeled H6-11 in saline. Initial 30 min dynamic

images was acquired; subsequent 30 min static images were obtained at 4, 24, 48, 72, 96,

and 120 h postinjection. PET images were coregistered with CT using image display

software (Inveon Research Workplace, Siemens). Acquisition time for CT data was 10 min

(1 bed position), and images were reconstructed using a filtered back projection

reconstruction algorithm and displayed using the ASIPro VM software package, version 4.0

(Siemens Medical Solutions USA, Inc.).

RESULTS

Immunohistochemical Staining of a Tissue Array of Prostate Cancer and Normal Tissue

We previously screened other antibodies from our hybridoma library; several of those

antibodies showed tumor specificity and potential for in vivo molecular imaging

applications.9,18,30 In this study, we first identified the novel mAb H6-11 by screening

hybridoma libraries against human colon adenocarcinoma NSY42129 cells. We have

previously reported that antibodies produced from mice immunized with this cell line also

recognize surface antigens associated with other tumor types.9,18,35 An array of 40 clinical

human prostate cancer samples and 8 healthy human prostate tissues was used to determine

the potential utility of the novel mAb H6-11 for the detection of prostate cancer. At first, we

examined the reactivity of the antibody to human prostate cancer tissues to determine the

sensitivity and accuracy of the epitope targeted by mAb H6-11. We found that 95% (38 of

40 adenocarcinoma cases) showed positive staining with H6-11. +, ++, and +++ were 20%,
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45%, and 30%, respectively (Supporting Information, Tables S1 and S2). All of the prostate

adenocarcinoma cases tested exhibited intense homogeneous staining; furthermore, the

epitope recognized by H6-11 was expressed in all histologic grades of prostate cancers, as

shown in Figure 1. In order to demonstrate specificity to tumor tissue, we also tested H6-11

with eight samples of normal prostate tissue. Our results showed that the mAb H6-11

binding was undetectable in fibromuscular stroma from healthy prostate glands, although

weak positive staining was observed in the prostate epithelium (Figure 1 and Supporting

Information, Table S1).

In Vitro Autoradiography with 125I-H6-11

Radiolabeling of the novel mAb H6-11 with iodine-125 permitted further investigations.

SDS–PAGE autoradiography of 125I-labeled mAb H6-11 indicated the IgG molecule was

iodinated on both the heavy chain and light chain (Supporting Information, Figure S1).

Additional in vitro autoradiography studies were carried out with slides containing sectioned

PC-3 tumor tissue and surrounding normal muscle from snap-frozen xenograft

implants. 125I-Labeled intact purified mouse IgG (mIgG) was used as the negative control,

and glycolipid-specific antibody anti-Globo-H (MBr1)14–16 (Enzo Life Sciences, Inc.,

Farmingdale, NY) was used as a positive control. 125I-mIgG showed no detectable

interaction with either the tumor or the muscle. 125I-Globo-H reacted with both the tumor

and muscle equally, while 125I–H6-11 reacted strongly to PC-3 solid tumors but showed no

binding to muscle. (Supporting Information, Figure S2) These results are consistent with the

observation that in immunofluorescence staining, H6-11 preferentially bound to PC-3

prostate cancer cells from culture and solid tumors but showed little binding in the

surrounding muscle and stroma (Figure 2).

Immunofluorescence Staining of PC-3 Cells

We performed immunofluorescence staining on cultured PC-3 cells with and without

fixation to determine if mAb H6-11 antigen is expressed on the cell surface. Typical ring-

like intense cell membrane staining was observed in cultured live PC-3 cells without fixation

(Figure 2A). When PC-3 cells were fixed with 10% neutral buffered formalin, both the

surface and cytoplasmic regions were intensively positive (Figure 2B). This suggests that the

antigen to which mAb H6-11 binds may not only be located on the surface of the tumor cells

but that it may also be present in the cytoplasm. As noted above, PC-3 solid tumor

xenografts and normal muscle tissue which were snap-frozen and mounted on glass slides

for incubation with mAb H6-11 and subsequent immunofluorescence staining also showed

preferential and strong binding of the mAb to the tumor cells with little binding to the

normal tissue (Figure 2C and D).

Characterization of 125I-Labeled H6-11 through Binding Assays

To qualitatively study the binding of the novel mAb H6-11 to human prostate cancer,125I-

labeled H6-11 was used to measure the Kd and Bmax with PC-3 cells. Variable

concentrations of 125I-labeled H6-11 were incubated with 1 × 105 PC-3 cells, then the

unbound mAb was washed away, and the radioactivity which remained and was specifically

bound to prostate cancer cells was measured on a liquid scintillation counter. On the basis of
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radioactivity saturation binding curve fitting (Figure 3), the estimated Bmax is 5651 ± 1320

cpm/1 × 105 cell, and specific binding Kd is 61.7 ± 30 nM. As a positive control, 125I-

labeled anti-Globo-H was similarly incubated with MCF-7 breast cancer cells, and specific

binding was determined by the same procedure (Figure 3). Globo-H binding to MCF-7 cells

showed Bmax = 2536 ± 374 cpm/1 × 105 cell, and Kd = 26.9 ± 11 nM. The Kd for H6-11 and

PC-3 is close to the Kd for Globo-H and MCF-7, indicating that mAb H6-11 has typical

antigen–antibody binding to the PC-3 cells.

Antigen Epitope Characterization by Immunostaining

In general, most cell surface antigens with which antibodies react are glycoproteins or

glycolipids, i.e., CA-199, CA-125, and Globo-H.8,15,36,37 To further explore if the antigen

of H6-11 is a glycoprotein or glycolipid, the epitope was characterized by deglycosylation

experiments. We treated PC-3 and MCF-7 cells with different concentrations of trypsin,

followed by radioactivity measurement using 125I-labeled H6-11 and anti-Globo-H (MBr1),

respectively. Because anti-Globo-H antibody recognizes the glycolipid antigens on the

surface of MCF-7, the immunoreactivity was not affected by trypsin digestion (Supporting

Information, Figure S3C). However, bound radioactivity significantly decreased with trypsin

treatment of PC-3 cells (Supporting Information, Figure S3A). When the antigen on PC-3

was digested with trypsin, the polypeptide portion of the antigen was truncated; thus, the

bound radioactivity decreased. This suggested that the H6-11 antigen contains a polypeptide

that can be digested by trypsin. We also treated tumor cells with different concentrations of

sodium periodate, followed by radioactivity measurement using 125I-labeled H6-11 for PC-3

and 125I-anti-Globo-H for MCF-7. Both experiments produced an increasing bound

radioactivity suggesting that both antigens contain a glycan portion (Supporting Information,

Figure S3B and D). Similar experiments have been reported previously;10 periodate

treatment uncovers the carbohydrate groups on the glycan, thus facilitating the antibody’s

access to the buried antigenic epitopes.

Glycoprotein Antigen Identification

To further identify the glycoprotein antigen, we lysed MCF-7 and PC-3 cell pellets,

collected the membrane and cytoplasmic proteins, and then conducted western blot analysis

using mAb H6-11 as a primary antibody. No distinct band was identified in the membrane-

extracted proteins (data not shown), but proteins with an extremely high molecular weight

lack mobility in SDS–PAGE. In contrast, soluble protein bands from cytoplasmic

extractions of both MCF-7 and PC-3 cell pellets were identified (Figure 4A). Multiple bands

from 40 to 50 kDa were observed from MCF-7 cytoplasmic proteins, while PC-3 showed a

single cytoplasmic protein band. 125I-labeled mAb H6-11 autoradiography (Figure 4B)

confirmed that a single protein band was responsible for the immunoreactivity of mAb

H6-11 to PC-3 versus the multiple protein bands, which were seen in MCF-7.

β-N-Acetylglucoside Glycosylation of H6-11 Antigen

To further explore the glycan type of H6-11 antigen epitope, we performed deglycosylation

experiments. PC-3 cell lysates were digested with five different deglycosylation enzymes:

N-glycanase PNGase F, sialidase A, O-glycanase, β(1–4) galactosidase, and β-N-
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acetylglucosaminidase and then subjected to western blot analysis using 125I-labeled mAb

H6-11; gels were analyzed by autoradiography. The untreated lysate showed a clear band

around 50 kDa; deglycosylation enzyme treatments using either N-glycanase PNGase F or

sialidase A generated no significant changes (Figure 4C). When the cell lysate was treated

with O-glycanase or β(1–4) galactosidase, the intensity of the 50 kDa band was slightly

decreased, suggesting that the antigen epitope glycan is O-linked, rather than N-linked.

When the PC-3 cell lysate was treated with β-N-acetylglucosaminidase (O-GlcNAc), the 50

kDa band disappeared (Figure 4C) suggesting that the O-GlcNAc is the main glycosylation

structure of the H6-11 antigenic epitope.

In Vivo Optical Imaging of H6-11 Labeled with NIR Dye

A number of O-GlcNAc modified targets have been associated with various cancer

types.38–41 Recent studies suggested that O-GlcNAc transferase is overexpressed in prostate

cancer compared with that in normal prostate epithelium.39,42 The novel mAb H6-11

specifically recognized O-GlcNAc antigens; thus, we hypothesized that H6-11 would be a

good imaging agent for prostate cancer. Therefore, we labeled mAb H6-11 with IRDye

800CW and conducted NIR imaging studies to determine the biodistribution and kinetic

changes of the H6-11-IRDye 800CW conjugate in PC-3 tumor-bearing nude mice. As

demonstrated in Figure 5A, the bilateral tumors were clearly visible 24 h postinjection. The

fluorescence intensity of the tumor region was highest 48 h postinjection. The rapid

clearance from nontarget regions and accumulation of this imaging probe in the xenograft

prostate tumors resulted in high quality images, with good contrast even 120 h postinjection

(Figure 5A).

MicroPET Studies

Because of the promising results of optical imaging, we decided to continue our exploration

of in vivo imaging using microPET. Optical imaging is limited to shallow surface tissues due

to the low penetration of fluorescent signals; thus, PET is a preferred modality for clinical

studies. The novel mAb H6-11 was successfully conjugated with the chelator p-SCN-Bz-

DFO and labeled with 89Zr in 97% radiochemical yield. Both heavy and light chains

showed 89Zr labeling (Supporting Information, Figure S4). Chelation with p-SCN-Bz-DFO

did not alter the immunoreactivity of H6-11 (Supporting Information, Figure S5). At

different time points postinjection of 89Zr–H6-11, static microPET scans were performed.

Quantitative analysis of the images showed that the uptake gradually increased in the tumor

tissue and decreased in the liver and heart until 48–72 h (Figure 5B). The tumor signal

persisted at least 120 h postinjection (Figure 5B). This result was consistent with the optical

imaging studies. In addition, microPET imaging showed that uptake was limited to the outer

regions of the tumor; the tracer did not penetrate to the center of the solid tumor which

suggests that in vivo tracer uptake may reflect differences in the tumor microenvironment

(Figure 5B). The center area of the tumor was confirmed by histology as necrotic tumor

tissue.43,44 Similar phenomena have been reported previously.43–46
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DISCUSSION

One of the most common changes in glycosylation for cancer cells is an increase in the side

branching of N-linked or O-linked glycans.42,47,48 This increased branching creates

additional sites for terminal sialic acid residues, which, in combination with an up-regulation

of sialyltransferases, leads to an increase in global sialylation, which is commonly

associated with cancer development and progression. Glycosyl transferases (e.g., sialyl

transferases and fucosyl transferases) involved in adding terminating residues to glycan tend

to be overexpressed in breast cancer and prostate cancer.37 The increased activity of these

glycosyl transferases leads to an increase in certain terminal glycans. Glycan residues

commonly found on transformed cells include sialyl LewisX, sialyl Tn, Globo-H, and

polysialic acid. Many of these glycans have been observed in malignant cancer

tissues.2,13,15,37,49

The addition of O-glycosidic GlcNAc in β linkage to Ser/Thr residues (O-GlcNAc) is a

dynamic post-translational modification that occurs on numerous cytoplasmic and nuclear

proteins and is distinct from complex carbohydrate synthesis in the secretory pathway.42

Previous studies suggested that altered O-GlcNAcylation may play an important role in the

pathogenesis of diabetes mellitus,50,51 etiology of Alzheimer’s disease,50–52 and breast

cancer development.38,40,53 Recent studies suggested that O-GlcNAc modification is

elevated in prostate cancer due to the overexpression of O-GlcNAc transferase in prostate

cancer compared to that in normal prostate epithelium.39,42 In this study, we found that the

novel mAb H6-11 detected 95% of the prostate adenocarcinomas in a tissue array and

specifically bound to the PC-3 human prostate cancer cell line. H6-11 also showed stronger

immunostaining in PC-3 tumor xenografts than in the surrounding muscle (Figure 2).

Subsequent in vivo optical and microPET imaging of PC-3 tumor-bearing nude mice

confirmed that H6-11 was retained in the tumor and washed out of the muscle (Figure 5).

These results are consistent with previous publications that O-GlcNAc glycosylation

modification occurs more frequently in tumors than in normal muscle tissue.42,47,48

Biochemical analysis of the cytoplasm of different cell lines revealed that the antigen from

the cytoplasm of PC-3 cells is a soluble glycoprotein with molecular weight ~50 kDa

(Figure 4). The glycosylation of this antigen was confirmed to be O-GlcNAc (Figure 4C).

Since both the breast cancer cell MCF-7 and the colon cancer cell line NSY42129 showed a

positive reaction to H6-11 (Figure 4 and Supporting Information, Figure S2), and the

epithelial cells from healthy prostate tissues also showed positive staining with H6-11

(Supporting Information, Table S1), we determined that the antigen recognized by H6-11 is

not specific to prostate cancer. When we radiolabeled H6-11 with NIR dye and 89Zr for in

vivo imaging, our results in PC-3 tumor-bearing mice suggested that the O-GlcNAc-specific

antibody (such as H6-11) is a good candidate for a cancer imaging agent because it showed

good discrimination between tumor and normal tissues.

Cell surface antigens are easily accessible for binding to ligands including antibodies for

tumor-targeted imaging and therapy. The binding of mAb H6-11 to living (cultured) cells

indicates that the epitope recognized by the antibody is localized on cell membranes because

living cells only allow surface molecules to be detected in immunofluorescent staining.
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When the PC-3 cells were stained after fixation, the cytoplasmic antigens also showed a

strong green fluorescent signal indicating that the O-GlcNAc-modified glycoprotein

antigens are present not only on the surface of the tumor cells but also in the cytoplasm

(Figure 2). This observation is consistent with the ~50 kDa band, which was clearly

visualized by western blot analysis of soluble cytoplasmic proteins (Figure 4). Further mass

spectrometry characterization of this unknown protein is underway, and may identify a new

O-GlcNAc-modified antigen which binds to prostate and other cancers.

A major motivation for identifying tumor-specific ligands is to improve the diagnosis and

treatment of cancer. Preclinical evaluation of imaging and therapeutic agents in animal

models is a critical step for developing biological reagents for future clinical use. In tumor

(n = 40) and normal tissue (n = 8) array analysis, the novel mAb H6-11 bound to ~95% of

40 different human prostate cancer tissue samples representing different disease stages or

grades (Supporting Information, Figure S1). Although strong positive staining was observed,

there was no positive correlation between disease stage and the staining intensity

(Supporting Information, Figure S1). Normal prostate fibromuscular stroma showed

negative mAb H6-11 staining (Figure 1). These results imply that mAb H6-11 is a good

candidate for developing a biological imaging agent for the detection of prostate cancer or

monitoring response to therapy. In this study, we observed that the probes accumulate in the

tumor within 24 h postinjection and were retained in the tumor for at least 120 h.

We found that once an imaging probe is taken up in the xenograft prostate tumor, it

accumulates and is retained during the period of washout from normal organs and tissues

including the liver and kidney (Figure 5). H6-11-based imaging and therapeutic agents may

be capable of detecting subclinical tumors in vivo and efficiently delivering anticancer drugs

to the tumor cells. Conjugates of antibodies with imaging agents generally have high

binding affinity and specificity. They are also retained in the tumor for a much longer time

than smaller peptide-based imaging and therapeutic agents. An inherent disadvantage is that

more time is required for clearance from normal tissues and organs. There are also concerns

about the diffusion of antibody-based imaging and therapeutic reagents into deep tumor

tissues where there is a higher interstitial fluid pressure and heterogeneous blood supply.

Our microPET studies suggest that hypoxia or necrotic tissues prevent probe accumulation

(Figure 5). This may limit the application of H6-11 for tumor imaging. Currently, we have

sequenced the cDNA of the hybridoma cell line for H6-11 (Supporting Information, Figure

S6); we can optimize the binding properties by antibody engineering as previously reported

by other groups to improve tumor image quality.54–56 Furthermore, mAb H6-11 conjugated

with NIR fluorophores could be used to identify small masses associated with subclinical

metastatic disease in the peritoneal region before and during surgery. Many prostate cancer

patients (including Stage I patients) have unsuspected subclinical metastasis. Identifying

subclinical tumors will help the physician to properly manage the disease and improve

patient survival.

In summary, we characterized a novel mAb, H6-11, that specifically recognizes a ~50 kDa

O-GlcNAc-modified glycoprotein found in PC-3 cancer cells. The Kd and Bmax values

measured for the 125I-labled novel mAb with PC-3 tumor cells were similar to the values

determined for Globo-H and MCF-7 cells, indicating that H6-11 displays typical antibody–
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antigen binding. Molecular imaging techniques with two different H6-11 probes

demonstrated good tumor to muscle contrast in PC-3 tumor-bearing nude mice using both

NIR fluorescence and microPET imaging. This data collectively supports future studies on

the application of a TACA-recognizing monoclonal antibody such as H6-11 for prostate

tumor detection and imaging.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Immunohistochemical staining of mAb H6-11 in different histological grades of prostate

cancer (A–E) and in normal prostate tissues (F). (A–E) Different stages of prostate cancer

tissues showed positive staining with H6-11. (F) Normal prostate stroma showed negative

staining with mAb H6-11, while the prostate gland showed weak positives staining (+).
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Figure 2.
mAb H6-11 immunofluorescence staining of the PC-3 prostate tumor cell line and of PC-3

solid tumor xenografts harvested from nude mice. (A) Human prostate cancer PC-3 cells

were fixed with 10% neutral buffered formalin and then immunostained with H6-11. (B)

Unfixed PC-3 cells were directly immunostained with H6-11. (C) Immunostaining of PC-3

solid tumors with H6-11. The blue color is the DPI staining for nucleic acid. (D) Bright field

of panel C.
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Figure 3.
Radioactive ligand saturation binding studies with 125I-labeled H6-11. (A) Variable

concentrations of 125I–labeled H6-11 incubated with a constant number of PC-3 prostate

cancer cells (●). As a positive control, variable concentrations of 125I-anti-Globo-H

antibody were incubated with a constant number of MCF-7 breast cancer cells (▲). (B) The

Bmax and Kd values were estimated from the Scatchard plot for the binding of 125I–H6-11 to

PC-3 cells, and (C) Scatchard plot for the binding of 125I-anti-Globo-H antibody to breast

cancer MCF-7 cells.
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Figure 4.
O-GlcNAc is the main glycosylation structure of the H6-11 antigenic epitope. (A) Breast

cancer cell line MCF-7 (lanes 1 and 3) and prostate cancer cell line PC-3 (lanes 2 and 4)

were lysed and subjected to western blot analysis with anti-Globo-H antibody (lanes 1 and

2) and H6-11 (lanes 3 and 4) as the primary antibody and HRP-labeled anti mouse IgG as

the secondary antibody. (B) Breast cancer cell line MCF-7 (lanes 1 and 3) and prostate

cancer cell line PC-3 (lanes 2 and 4) were lysed and subjected to western blot analysis

with 125I-labeled anti-Globo-H antibody (lanes 1 and 2) and H6-11 (lanes 3 and 4),

respectively. (C) PC-3 cell line lysate was digested with 5 different deglycosylation enzymes

(lane 1, uncut control; lane 2, N-glycanase PNGase F; lane 3, sialidase A; lane 4, O-

glycanase; lane 5, β(1–4) galactosidase; and lane 6, β-N-acetyl glucosaminidase) and

subjected to western blot analysis using 125I-labeled H6-11.
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Figure 5.
In vivo molecular imaging of PC-3 tumor-bearing athymic mice. (A) H6-11-IRDye 800CW

optical imaging of PC-3 tumor-bearing mice at 0, 24, 48, 72, 96, and 120 h postinjection.

The maximum tumor uptake is around 48–72 h. The black arrows indicate the tumors.

(B) 89Zr-labeled H6-11 microPET coronal imaging of PC-3 tumor-bearing mice at 0.5, 4,

24, 48, 72, 96, and 120 h postinjection. The dashed white circles are the bilaterally

implanted tumors. A scale bar is shown beside each image.
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