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ABSTRACT

We have used the Eos Hu03 GeneChip array, which represents over 92%
of the transcribed human genome, to measure gene expression in a panel of
normal and diseased human tissues. This analysis revealed that E-selectin
mRNA is selectively overexpressed in prostate cancer epithelium, a finding
that correlated strongly with E-selectin protein expression as assessed by
immunohistochemistry. Antibodies against E-selectin that blocked function
failed to impede cancer cell growth, suggesting that overexpression of E-
selectin was not essential for cell growth. However, a novel auristatin E-based
antibody drug conjugate (ADC), E-selectin antibody valine-citrulline monom-
ethyl-auristatin E, was a potent and selective agent against E-selectin-express-
ing cancer cell lines in vitro, with the degree of cytotoxicity varying with
surface antigen density. Interestingly, sensitivity to the ADC differed among
cell lines from different tissues expressing similar amounts of E-selectin and
was found to correlate with sensitivity to free auristatin E. Furthermore,
E-selectin-expressing tumors grown as xenografts in severe combined immu-
nodeficient mice were responsive to treatment with E-selectin antibody va-
line-citrulline monomethyl-auristatin E in vivo, with more than 85% inhibi-
tion of tumor growth observed in treated mice. These findings demonstrate
that an E-selectin-targeting ADC has potential as a prostate cancer therapy
and validates a genomics-based paradigm for the identification of cancer-
specific antigens suitable for targeted therapy.

INTRODUCTION

Prostate cancer, the fourth most frequently diagnosed cancer in
men, has an annual mortality rate of 40,000 in the United States alone.
Treatment of locally confined prostate cancer, consisting of radical
prostatectomy and/or radiotherapy, is often associated with undesir-
able side effects such as impotence and urinary incontinence. In
addition, 30% of patients develop recurrent and metastatic disease,
which is essentially untreatable (1). Thus, the identification of novel,
effective therapeutic targets in prostate cancer is critical for improving
disease treatment and management, thereby increasing survival.

Recent therapeutic success in the cancer arena has been achieved by
the use of mAbs5 that target molecules selectively up-regulated on the

surface of tumor cells (e.g., HER2 in breast cancer). Accordingly, an
ideal target for prostate cancer therapy would be highly expressed in
diseased tissue with minimal expression in other body tissues. To
identify prostate cancer-specific antigens, genome-wide transcript
profiling was applied to prostate cancer tissues and a broad panel of
distinct normal body tissues. Comprehensive bioinformatics analysis
was used to identify genes encoding known or predicted cell surface
molecules with specific or enriched expression in the prostate cancer
samples. A number of cell surface molecules were subsequently
identified as prostate cancer tumor antigens, one of which was E-
selectin.

E-selectin, also known as endothelial adhesion molecule 1
(ELAM-1, CD62E), is a type Ia transmembrane protein containing
lectin-like and endothelial growth factor-like domains, followed by
short cysteine-rich repeats (2). Absent in resting epithelium, E-selec-
tin is rapidly expressed in the vascular lining during inflammation (3).
Indeed, activation of endothelial cells by proinflammatory cytokines
results in the cell surface appearance of E-selectin, facilitating leuko-
cyte rolling and extravasation through activated endothelium (4, 5).
The up-regulation of E-selectin in prostate cancer, together with its
limited expression in normal body tissues, makes it a potential target
for therapeutic mAbs that are intended to destroy target cells.

In this study, we test the use of E-selectin as a therapeutic target by
using auristatin E-conjugated anti-E-selectin-specific mAbs. Aurista-
tin E belongs to the dolastatin 10 family of cytotoxic agents, potent
inhibitors of microtubule polymerization that cause significant apo-
ptosis in a variety of cell culture and xenograft models (6–8). Our
data demonstrate that toxin-conjugated anti-E-selectin mAbs exhibit
specific cytotoxicity to E-selectin-expressing cancer cells in vitro and
in vivo. These results indicate that E-selectin is a potential therapeutic
target for the treatment of cancers that exhibit up-regulated expression
of this protein.

MATERIALS AND METHODS

Transcript Profiling. Fresh-frozen tissue from 74 patients treated with
radical prostatectomy for clinically localized prostate cancer was collected at
St. Vincent’s Hospital (Sydney, Australia) between 1996 and 2000 (median
follow-up, 28.3 months; range, 4.9–95.2; Ref. 9). Each sample chosen for
RNA preparation was identified by a pathologist as tumor tissue. Table 1
summarizes the clinical data for the patient samples. Over 200 normal adult
tissues representing 43 different body tissues were also collected. Total RNA
was extracted from specimens with Trizol reagent (Invitrogen) and reverse
transcribed using a primer containing oligo(dT) and a T7 promoter sequence.
Resulting cDNAs were transcribed in vitro in the presence of biotinylated
nucleotides (Bio-11-CTP and Bio-16-UTP) using the T7 MEGAscript kit
(Ambion) and hybridized to the Eos Hu03 expression array, a customized
Affymetrix GeneChip array containing over 59,000 probe sets for the interro-
gation of over 46,000 genes, EST clusters, and predicted exons based on the
first draft of the human genome as described previously (10).

Plasmid Construction. The vector pNEF5 (ICOS Corporation) was mod-
ified at its unique XbaI site to include a PacI cloning site, followed by an XhoI
site, a COOH-terminal HA tag, and the human Ig heavy chain polyA sequence.
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This vector, pNEF5-HA, was digested with PacI and XhoI and gel purified. A
fragment containing the complete E-selectin protein coding sequence, ampli-
fied by PCR from a HUVEC cDNA library, was similarly purified, and the two
fragments were ligated overnight using T4 DNA ligase. This reaction was

transformed into Top10 competent cells (Invitrogen), and insert-containing
vectors (pNEF-HA-Esel) were identified by gel electrophoresis.

Cell Culture and Transfections. All tissue culture reagents were obtained
from Invitrogen, unless otherwise noted. HUVECs were obtained from Cas-
cade Biologics and cultured as per the manufacturer’s instructions. HCT116,
Calu6, and PC3 cells were obtained from American Type Culture Collection
and maintained in IMDM, McCoy’s medium, or DMEM, respectively, con-
taining 10% FBS (Hyclone) and supplements. For the establishment of stable
cell lines, monolayers were transfected with pNEF-HA-Esel or pNEF-HA
vector (4 �g) and Lipofectamine 2000 reagent (12 �l; Invitrogen) in 6-well
plates as per the manufacturer’s instructions, selected in medium containing
G418 (500 �g/ml), and cloned by limiting dilution. Clones were screened for
E-selectin expression by flow cytometry, expanded, and maintained in G418-
containing medium.

Immunohistochemistry. Frozen prostate tissue samples (Trigenics), or
tumor xenografts from transfected HCT116 colon carcinoma cells grown s.c.
in CB-17 SCID mice, were frozen in OCT compound and stored at �70°C.
Cryostat tissue sections (7 �m) were fixed in 75% acetone/25% ethanol for 1
min. Twelve prostate cancer tissue sections ranging from Gleason score 4 to 8
were stained. Samples were incubated with either E-selectin-specific mAb
5D11 (5 �g/ml; R&D Systems) or control mouse IgG1 [TIB191, a mouse
antitrinitrophenol mAb (hybridoma clone 1B76.11; American Type Culture
Collection)] for 30 min. Antibody binding was detected using biotinylated
secondary antibody [Goat antimouse IgG (3 �g/ml, 30 min; Jackson Immu-
noResearch)] and developed using the Vectastain Elite ABC kit (Vector
Laboratories) and stable diaminobenzidine and H2O2 (Research Genetics).
Staining was performed using the DAKO Autostainer at room temperature.

ADC Chemistry. An E-sel-VC-MMAE ADC was prepared as described
previously (6). In brief, purified 5D11 (a function/adhesion blocking antibody,
as defined by R&D Systems) or TIB191 was reduced with 10 mM DTT, and
thiol content was determined by measuring A412 after incubation with Ellman’s
reagent and subsequent calculation. Equimolar maleimide-VC-MMAE solu-
tion [8 mM in DMSO (Sigma)] in cold acetonitrile (20% final concentration)
was incubated with reduced mAb for 30 min at 4°C. Unconjugated VC-MMAE
was removed by dialysis at 4°C into PBS and filtered. Conjugated mAb was
quantified using A280/A260, and the extent of aggregate versus monomer was
determined by size-exclusion high-performance liquid chromatography. Fi-
nally, matrix assisted laser desorption ionization-time of flight mass spectro-
metry was used to determine the number of drug molecules per mAb.

Flow Cytometry. Cells were removed with 5 mM EDTA in Tris-HCl (pH
8.0) and blocked by centrifugation in HBSS containing 3% heat-inactivated
FBS, 1% normal goat serum (Sigma), and 1% BSA at 4°C for 5 min. Cells
were incubated for 1 h at 4°C with anti-E-selectin-FITC (10 �g/ml; R&D
Systems) in FACS buffer (PBS containing 0.1% BSA). Excess mAb was
removed by centrifugation, and cells were resuspended in FACS buffer con-
taining propidium iodide (1 �g/ml). Fluorescence intensity was measured on a
FACScan (Becton Dickinson). Quantitative FACS was performed in a similar
manner, except that a saturating concentration of anti-E-selectin-FITC (50
�g/ml) was used on cells and similarly treated Quantum Simply Cellular beads
(Sigma), a mixture of four populations of agarose beads of known antibody
binding content. Antibody binding site quantification was performed by com-
paring the MFI of each cell line with that of the Quantum Simply Cellular bead
populations and correcting for nonspecific effects, as described (11, 12).
Experiments were performed twice in triplicate.

Immunofluorescence. HCT116 cells grown on coverslips were chilled on
ice in growth medium for 10 min. Growth medium was replaced with medium
containing 5D11 (10 �g/ml) at 4°C for 1 h. Antibody binding was detected
using AlexaFluor-488 goat antimouse secondary antibody (1:2200 dilution in
chilled growth media; Molecular Probes). Cells were washed three times with
PBS, fixed using 5% UltraPure Formaldehyde in PBS for 40 min and washed
two additional times using PBS. Slides were mounted using Permafluor
(Coulter) for visualization.

In Vitro Growth Assays. HCT116, Calu6, and PC3 cell lines were plated
at a density of 2500 cells/well in 96-well plates and allowed to recover
overnight in phenol red-free IMDM containing 10% FBS and supplements
(growth medium). Cells were challenged for 1 h with mAb or ADC (twice in
a volume of 50 �l) in IMDM at the indicated concentrations. Cells were then
washed twice with growth medium and allowed to proliferate in fresh growth
medium for 4 days, then cell viability was assessed by the CellTiter 96

Table 1 Patient clinical data

Patient no.a E-selectin levelb Pathological stage Gleason score PSAc

1 121 PT3A 7 6.4
2 46 PT2C 7 9.3
3 124 PT3B 7 11
4 101 PT2A 6 3.2
5 59 PT2C 6 7.7
6 145 PT2A 7 4.8
7 90 PT2C 7 7.6
8 51 PT3A 7 28.3
9 18 PT2C 6 4

10 63 PT2C 6 5.9
11 63 PT2B 7 6.3
12 84 PT3C 7 6.2
13 103 PT2C 7 4.5
14 142 PT4A 7 7.8
15 27 PT2C 7 4.7
16 �11 PT2B 8 8.1
17 188 PT2C 6 9.6
18 104 PT3A 7 10.5
19 14 PT3A 9 16
20 �65 PT3A 7 3.8
21 98 PT3C 8 9.1
22 �5 PT3C 9 9.5
23 195 PT3A 7 10.3
24 1 PT3A 6 9.4
25 87 PT3C 7 12.3
26 150 PT2C 7 5.7
27 153 PT3B 7 15
28 318 PT4A 7 13.2
29 0 PT3C 7 16.5
30 92 PT3A 7 12.4
31 �70 PT3A 7 6.3
32 109 PT3C 6 8.2
33 55 PT3C 7 7
34 117 PT3A 7 12
35 261 PT4A 7 7.1
36 323 PT4A 7 23.8
37 38 PT2C 6 6.5
38 �3 PT2C 7 12
39 41 PT3B 8 3.6
40 �41 PT3A 7 15
41 89 PT3A 7 9
42 �74 PT3C 7 21.6
43 �45 PT3A 7 10.3
44 �58 PT3A 9 3.1
45 171 PT3A 7 19.6
46 170 PT2B 9 11.5
47 48 PT4A 7 14.3
48 �36 PT3A 7 7
49 235 PT3B 7 20.3
50 96 PT2B 6 8.2
51 24 PT3C 9 11.8
52 24 PT2C 7 23.9
53 167 PT3C 8 15
54 225 PT2A 7 12
55 48 PT3C 7 20
56 81 PT2C 7 17.1
57 �10 PT3A 6 6.7
58 201 PT3C 7 50.4
59 �20 PT3A 7 32.6
60 41 PT3C 7 5.9
61 �72 PT3B 7 6.9
62 �82 PT3C 9 4.9
63 �2 PT3A 6 6.6
64 �92 PT4B 8 7.1
65 118 PT3B 7 6.9
66 50 PT2B 7 8.59
67 114 PT3A 7 5.8
68 �65 PT3A 7 15.9
69 374 PT3A 7 10.3
70 28 PT2B 6 5
71 292 PT2C 6 7.3
72 324 PT2C 7 5.8
73 �30 PT3A 6 20.8
74 10 PT3A 7 8

a As listed in Fig. 1.
b AIU as determined on Eos Hu03 GeneChip array.
c PSA, prostate-specific antigen.
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AQueous Non-Radioactive Cell Proliferation Assay (Promega), as per the
manufacturer’s instructions. HUVECs were treated similarly, except that E-
selectin expression was induced by treating cells with TNF-� (10 ng/ml; R&D
Systems) for 3 h, before a 1-h mAb incubation (4 h total). Dilutions, washes,
and incubations occurred in HUVEC medium. All growth studies were per-
formed at least three times in triplicate.

Animal Studies. Four- to six-week-old CB-17 SCID female mice, obtained
from Taconic Farms and maintained in micro-isolator cages, received s.c.
injections on the right flank of 1 � 107 control HCT116-V, HCT116-13, or
HCT116-35 cells. Tumors were allowed to establish for 10 days, reaching an
average of 100 mm3, as determined by caliper measurement, and calculated by
�/6 � length � width � height. For each of the three tumor lines, animals
were distributed into three groups and received PBS control (n � 4), E-
sel-VC-MMAE conjugate at 0.134 mg/kg drug (�3 mg/kg mAb conjugate;
n � 7), or TIB191-VC-MMAE conjugate (0.134 mg/kg; n � 7). Reagents were
delivered by i.p. injection for four doses at 4-day intervals. Tumor volume was
measured twice weekly, and clinical and mortality observations were per-
formed daily according to Institutional Animal Care and Use Committee
regulations.

RESULTS

Identification of E-Selectin as a Gene Specifically Up-Regulated
in Human Prostate Cancer. The goal of this study was to identify
potential antibody therapeutic targets for the treatment of prostate
cancer. Genes that encode these potential targets would ideally have

the following features: (a) up-regulation in prostate cancer; (b) little to
no expression in normal nonprostate tissues to minimize undesirable
side effects; and (c) cell surface localization for antibody accessibility.
To identify such targets, 74 radical prostatectomy specimens repre-
senting localized prostate cancer with Gleason grades ranging from 6
to 9 and median prostate-specific antigen levels of 8.8 ng/ml (range,
3.1–90.4; Table 1) were processed for transcript profiling using the
Eos Hu03 DNA expression array. Gene expression in these samples
was compared with gene expression in over 200 normal tissue sam-
ples representing 43 different body tissues (the body atlas), including
seven normal prostate samples (Fig. 1). Identified gene candidates
were subjected to extensive bioinformatic analysis for gene identifi-
cation, structural and functional classification, and identification of
potential cell surface molecules. All probe sets on the Eos Hu03 DNA
expression array were mapped to consensus gene clusters (Cluster and
Alignment Tools, DoubleTwist) and the assembled human genome
sequence (10). This allowed for robust gene identification and linking
of the probe sets to public and internal gene annotation databases.

Surprisingly, one of the genes up-regulated in prostate cancer
compared with normal prostate and normal body tissue was identified
as E-selectin, a cell surface adhesion molecule long considered a
vascular-specific antigen (National Center for Biotechnology Infor-
mation reference sequence no. NM_000450; GenBank M30640; Ref.
13). Fig. 1A shows E-selectin expression in the prostate cancer sam-

Fig. 1. E-selectin is preferentially up-regulated in prostate cancer. A, expression of E-selectin mRNA detected by Eos Hu03 microarray in prostate cancer samples and normal body
tissues. AIU are shown on the Y axis. Samples, shown on the X axis, are: prostate cancer, 1–74; adipose tissue, 75–77; adrenal glands, 78–80; aorta, 81–83; appendix, 84–86; bladder,
87–89; bone marrow, 90–92; colonic epithelium, 93–95; cerebral cortex, 96–98; corpus callosum, 99–101; hypothalamus, 102–104; pituitary, 105–107; spinal cord, 108–110;
thalamus, 111–113; colon, 114–116; esophagus, 117–119; epididymis, 120–122; heart, 123–125; kidney, 126–128; liver, 129–131; lung, 132–134; lymph node, 135–137; muscle,
138–140; larynx, 141–143; lip, 144–146; oral mucosa, 147–149; pharyngeal mucosa, 150–152; tongue, 153–155; pancreas, 156–158; prostate, 160–165; rectum, 166–168; retina,
169–171; salivary gland, 172–174; skin, 175–177; small intestine, 178–180; spleen, 181–183; stomach, 184–186; testis, 187–189; thymus, 190–192; parathyroid glands, 193–195;
thyroid, 196–198; trachea, 199–201; coronary artery, 202–204; saphenous vein, 205–207. B, expression of E-selectin mRNA detected by Eos Hu03 microarray in prostate cancer, breast
cancer, colon cancer, and testicular cancer. AIU are shown on the Y axis. Samples, shown on the X axis, are: prostate cancer, 1–74; breast cancer, 75–128; colon cancer, 129–177;
testicular cancer, 178–203. C, immunostaining of normal prostate and prostate cancer. Normal and cancerous prostate sections were stained with the E-selectin mAb 5D11 as described
in “Materials and Methods.” Depicted are sections from one normal prostate, two moderately differentiated malignant prostate, and one poorly differentiated malignant prostate (left
to right). Gleason scores are indicated below each panel.
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ples with respect to normal body tissues. These data show a 6-fold
overexpression of the 85th percentile of E-selectin expression in
prostate cancer (172 AIU) compared with the 85th percentile of
normal tissue expression (29 AIU) and compared with the 85th
percentile of normal prostate expression (26 AIU). Sixty-eight percent
of the prostate cancer samples (i.e., 50 of 74 cases) had AIU values
above the 85th percentile for both normal prostate and normal tissue
expression. No correlation was observed between Gleason score and
E-selectin level. Other than prostate cancer, the tissue that exhibited
the highest expression was saphenous vein (median expression of 338
AIU among three independent samples). It should be noted that
female tissues (ovary, breast, endometrium, cervix, uterus, and va-
gina) were excluded from the analysis, because the objective was to
identify molecules that, when targeted, would result in minimal side
effects in prostate cancer patients. Subsequent expression analysis
showed significant expression of E-selectin in cervix only (median
expression of 244 AIU from five independent samples; data not
shown). Interestingly, significant E-selectin overexpression was gen-
erally not observed in nonprostate malignant samples, including those
from breast, colon, and testicular cancer (Fig. 1B).

To confirm up-regulation of E-selectin at the protein level, clinical
prostate cancer sections were probed with a mAb (5D11) against
human E-selectin. Preliminary experiments revealed that this antibody
does not detect E-selectin in formalin-fixed paraffin-embedded tissue
(data not shown), therefore, frozen tissue sections were used for
immunohistochemical analysis; all stained sections were evaluated by
an independent pathologist blinded to each sample. In concordance
with the transcript profile, tissue-specific expression was detected in
malignant prostate epithelium but not in normal prostate (Fig. 1C),
consistent with the fact that E-selectin expression is inducible and is
normally not present in resting tissues. Of 15 frozen prostate cancer
sections analyzed, 14 stained positive for E-selectin. However, no
correlation was observed between Gleason score and E-selectin level,
in accordance with what was observed with our GeneChip array
analysis (data not shown).

Toxin-conjugated Anti-E-Selectin Antibodies Are Specific for
E-Selectin-expressing Cells. Our DNA microarray and immunohis-
tochemical analysis revealed that E-selectin is overexpressed in pros-
tate cancer epithelium relative to nearly all other tissues examined. To
determine whether this relative difference in expression could be
exploited for therapeutic use, we selectively targeted auristatin E, a
small molecule toxin, to E-selectin-expressing cancer cells. An ADC
was generated by attaching an average of eight molecules of auristatin
E to the E-selectin-specific mAb 5D11. The conjugate, E-sel-VC-
MMAE, was prepared such that each molecule of monomethyl au-
ristatin E was attached to the mAb via a cathepsin B cleavable
valine-citrulline dipeptide linker (6), allowing cleavage on mAb-
antigen internalization to endosomes in cells (14, 15).

Initial in vitro studies used HUVECs that have been shown to
up-regulate E-selectin in response to cytokines (16). For example,
TNF-� can elicit surface expression of E-selectin within 4–6 h of
treatment (Fig. 2A). To assess the potency and specificity of the
E-sel-VC-MMAE ADC, HUVECs were exposed to various concen-
trations of ADC 4 h after TNF-� treatment. Dose-dependent cytotox-
icity was observed in TNF-�-treated HUVECs, whereas untreated
cells remained largely insensitive to the ADC (Fig. 2B). An irrelevant
ADC, TIB191-VC-MMAE, was not cytotoxic to either treated or
untreated cells. Treatment of either population with the unconjugated
mAb, which has previously been demonstrated to neutralize E-selec-
tin-mediated cell adhesion (17), had no effect on cell viability (data
not shown). These results demonstrate that the anti-E-selectin ADC,
unlike the unconjugated mAb, is selectively cytotoxic to E-selectin-
expressing cells.

E-sel-VC-MMAE Toxicity Correlates with Antigen Surface Ex-
pression. Close examination of the expression profile for E-selectin
reveals that although E-selectin is overexpressed in prostate cancer
epithelium, the level of expression varies widely between samples.
This suggests that the level of surface E-selectin is likely to vary
considerably among malignancies. Curiously, a wide spectrum of
human cancer xenograft lines were negative for E-selectin, even in
light of our immunohistochemical results clearly establishing E-
selectin expression in transformed epithelium from human prostate
cancer. It is not unusual for prostate-specific proteins to be absent in
prostate cancer xenografts. Such lack of xenograft expression has
been documented for the prostate-specific/enriched genes PSA, PSCA,
and Trp-p8 (18–20). Therefore, transfected xenograft cell lines were
used for further analysis.

To explore the dependence of E-sel-VC-MMAE cytotoxicity on
antigen density, PC3 prostate cancer, HCT116 colon carcinoma, and
Calu6 lung cancer cells were transfected with a plasmid containing the
full-length E-selectin open reading frame. Several stable lines were
established by limiting dilution cloning and were assessed for consti-
tutive E-selectin expression by flow cytometry. Comparison of nu-
merous clones from PC3 and Calu6 revealed that clonal variability of
E-selectin expression was very limited, with surface levels falling
within 2-fold for each cell line (data not shown). The broadest range
of expression was observed in the HCT116 clones, and five lines
exhibiting varying levels of E-selectin surface expression (HCT116-
13, -19, -35, -41, and -44) and a control cell line stably transfected
with empty vector (HCT116-V) were chosen for further study based
on this analysis (Fig. 3A). Two of these lines, HCT116-V and -35,
were used to further show the specificity of the E-selectin-specific
mAb 5D11 by immunofluorescence. As depicted in Fig. 3B, the
antibody stains the high expressing line HCT116–35, whereas no

Fig. 2. Selective cytotoxicity of E-sel-VC-MMAE in HUVECs. A, HUVECs were
treated with (outline) or without (solid) 10 ng/ml TNF-� for 4 h, and E-selectin up-
regulation was measured by FACS using a FITC-conjugated E-selectin-specific mAb. B,
E-sel-VC-MMAE decreases survival of E-selectin-expressing cells. HUVECs were
treated with 10 ng/ml TNF-� for 3 h or left untreated before the addition of E-sel-VC-
MMAE or TIB191-VC-MMAE ADC, at the indicated final concentrations, for 1 h. Cell
viability was determined after 4 days, and survival was determined by subtracting
background and normalizing absorbance values to an untreated control. Experiments were
performed in triplicate, and curves were generated using GraphPad Prism graphing
software.
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fluorescence was detected in the HCT116-V control cell line. In
addition, staining is only observed at the cell periphery, consistent
with specific, cell surface expression of E-selectin.

As observed with TNF-�-treated HUVECs, treatment of each of the
five E-selectin-expressing cell lines with E-sel-VC-MMAE resulted in
dose-dependent cytotoxicity, whereas the vector control transfected
cells (HCT116-V) remained unaffected (Fig. 3C). None of the cell
lines were sensitive to the TIB191-VC-MMAE control mAb conju-
gate (data not shown). A strong correlation was observed between the
level of surface E-selectin expression and susceptibility to the ADC
(Fig. 3, A and C). However, significant differences in cytotoxicity
were observed between HCT116-13 and HCT116-41 cells (IC50 of
4.5 and 0.082 �g/ml, respectively), despite the relatively small dif-
ference in cell surface E-selectin (MFIs of 16 and 39, respectively). In
fact, HCT116-41 is almost as susceptible to E-sel-VC-MMAE-
mediated toxicity as clones that express much higher levels of surface
antigen, such as HCT116-35 and HCT116-44 (MFIs of 107 and 114
and IC50 of 0.06 and 0.052 �g/ml, respectively). These data indicate
that ADC cytotoxicity increases with antigen density, and density

above a certain threshold results in particularly high sensitivity to the
E-sel-VC-MMAE ADC.

Dependence of E-sel-VC-MMAE Toxicity on Cell Type. Having
established the relationship between antigen density and cytotoxicity,
we examined potential differences among individual cancer cell
lines. For this study, stable E-selectin-expressing PC3 and Calu6
cell lines were used. Quantitative FACS was used to identify clonal
lines derived from different cell types exhibiting similar levels of
surface E-selectin expression (Fig. 3D). This revealed HCT116-13,
Calu6-2 (Calu6-Esel clone 2), and PC3-9 (PC3-Esel clone 9) as clones
with similar E-selectin cell surface expression.

E-selectin and vector control cell lines based on each cancer cell
line were challenged with the E-sel-VC-MMAE in vitro. Despite
similar levels of surface E-selectin, E-sel-VC-MMAE was most toxic
to Calu6-2 and least toxic to HCT116-13 cells, with PC3-9 having
intermediate sensitivity (Fig. 3E). This difference implies that suscep-
tibility to E-sel-VC-MMAE is, at least in part, dictated by cell type.

To illuminate the basis for the differential sensitivity of these cell
lines to an auristatin E-based conjugate, HCT116, PC3, and Calu6

Fig. 3. Sensitivity to E-sel-VC-MMAE is cell line and antigen density dependent. In all cases, individual E-selectin clones are indicated by number, and mock stable lines are
indicated by V. A, comparison of E-selectin-expressing HCT116 clones by flow cytometry. Individual HCT116 clones were stained with 10 �g/ml isotype control (outline) or
anti-E-selectin-FITC (solid) with the level of antigen expression determined by flow cytometry. B, specificity of anti-E-selectin antibody 5D11. HCT116-V or HCT116-35 cells were
incubated with mAbs, and binding was detected using AlexaFluor-488-conjugated secondary antibody. Representative fields viewed in phase contrast in panels 1 and 3 are viewed by
fluorescence microscopy in panels 2 and 4, respectively. C, cytotoxicity of E-sel-VC-MMAE in E-selectin-expressing HCT116 lines. HCT116 lines were challenged with various
concentrations of E-sel-VC-MMAE for 1 h and assayed for viability 4 days later. Survival was determined as described in Fig. 2B. D, determination of relative antigen density in
E-selectin-expressing cell lines. HCT116, Calu6, and PC3 cells expressing E-selectin were stained with anti-E-selectin-FITC and subjected to flow cytometry in parallel with similarly
treated Quantum Simply Cellular (QSC) beads. Antibody binding sites (ABS) were determined by using the QSC beads as described in “Material and Methods.” E, cytotoxicity of
E-sel-VC-MMAE in various E-selectin-expressing cancer cell lines. E-selectin- or vector-transfected stable PC3, Calu6, and HCT116 lines were treated with the indicated concentrations
of E-sel-VC-MMAE for 1 h and assessed for cell viability 4 days later. F, sensitivity of various cancer cell lines to auristatin E. PC3, Calu6, and HCT116 vector control lines were
treated with free auristatin E for 1 h, and cell viability was assessed 4 days later.
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cells stably transfected with empty vector (HCT116-V, PC3-V, and
Calu6-V, respectively) were exposed to various concentrations of free
auristatin E in a manner similar to the ADC. The greatest sensitivity
to auristatin E was observed with Calu6-V cells, followed by PC3-V
and HCT116-V cells, demonstrating that sensitivity to free auristatin
E also varies by cell type and is consistent with the differential effects
of E-sel-VC-MMAE on these different cell types (Fig. 3F). Thus, it is
likely that the potency of auristatin E-based ADC depends, in part, on
the intrinsic sensitivity of a particular cell type to free auristatin E.

Antitumor Activity of E-sel-VC-MMAE against E-Selectin-
expressing Xenografts. A murine xenograft model was used to as-
sess whether E-sel-VC-MMAE was also selective for E-selectin-
expressing cancer cells in vivo. CB-17 SCID mice bearing xenograft
tumors derived from HCT116 cells expressing no, low, or high levels
of E-selectin (HCT116-V, -13 and -35, respectively) were treated with
E-sel-VC-MMAE, TIB191-VC-MMAE, or PBS. ADC (or PBS) was
administered 10, 14, 18, and 22 days after implantation, and tumor
size was monitored every 3 or 4 days for 31 days after implantation,
or 3 weeks after initial dosing. ADC was administered at 0.134 mg/kg,
which corresponds to less than one-third of the maximum tolerated
dose (�0.3 mg/kg). Expression of E-selectin protein in frozen sec-
tions from each xenograft is shown (insets). E-selectin expression in
the HCT116-13 and HCT116-35 xenografts are representative of low-
and high-expressing human prostate cancer samples, respectively,
based on staining of frozen prostate cancer sections (Fig. 1C; data not
shown).

As depicted in Fig. 4B, growth of the low E-selectin-expressing
tumor HCT116-13 was impeded by E-sel-VC-MMAE, relative to
treatment with PBS or the TIB191-VC-MMAE-negative control con-
jugate (P � 0.0036). In contrast, growth of the HCT116-V xenograft
tumors was uninhibited by E-sel-VC-MMAE (Fig. 4A). Treatment of
mice bearing high-expressing xenografts (HCT116-35) resulted in
significant inhibition of tumor growth (Fig. 4C). Two weeks after
treatment, E-sel-VC-MMAE-treated tumors were more than 85%
smaller than their PBS-treated counterparts; a similar difference was
observed 3 weeks after initial dosing. In all cases, the conjugates were
well tolerated. No significant effects were observed in mice treated
with the TIB191-VC-MMAE-negative control, confirming that tumor
reduction depended on targeting of the toxin with the E-selectin
antibody. These statistically significant results (P � 0.0002) correlate
well with our in vitro data, suggesting that E-sel-VC-MMAE is an

effective anticancer agent against E-selectin-positive xenograft tu-
mors in mice. This observation is particularly compelling given that
the background cell line (HCT116) exhibited the lowest sensitivity to
auristatin E in vitro (Fig. 3F).

DISCUSSION

The lack of specificity displayed by most current cancer treatments
often results in significant toxicity to noncancerous tissues. As a
result, the identification of cancer-specific antigens for use as thera-
peutic targets has proven of great clinical interest. Only a subset of
these may be required for cancer cell survival or motility, including
HER2 in breast cancer epithelium, CD20 in lymphocytic B-cells, and
Bcr-Abl in chronic myelogenous leukemia (21, 22).

The development of genomics technology has made available the
rapid and comprehensive screening of diseased tissues for specifically
up-regulated target molecules suitable for antibody targeting. Our
proprietary GeneChip array, Eos Hu03, which represents over 92%
coverage of the human genome, combined with an extensive library of
prostate cancer samples and a human body atlas, provides a powerful
platform for the identification of cancer-enriched mRNAs. Using
these genomics capabilities, we identified E-selectin as a novel pros-
tate cancer-enriched antigen. This finding was surprising given that
E-selectin expression had previously been thought to be confined to
activated endothelium. Accordingly, we were not able to detect E-
selectin expression in any of 57 xenograft cell lines initially tested,
including the prostate cancer cell lines DU145, PC3, or LNCaP.
Furthermore, no E-selectin expression was detected when this analysis
was expanded to include the prostate cancer xenografts LuCAP,
CWR22, CWR22R, and RPWE2. However, E-selectin expression has
been associated with tumor angiogenesis and metastasis in a variety of
cancers (23). Moreover, E-selectin induction is increased in hypoxic
endothelium and is generally thought to be completely dependent on
the paracrine activity of inflammatory cytokines (24, 25). These
observations argue that E-selectin expression in prostate cancer is
likely the result of complex interactions within the tumor microenvi-
ronment that are not easily reproduced in cell culture or mouse
xenograft models. As a result, this study has relied largely on trans-
fected E-selectin-expressing cancer cell lines for both in vitro and in
vivo studies. These cell lines expressed E-selectin across a similar
range of expression observed in our radical prostatectomy specimens.

Fig. 4. Growth inhibition in an E-selectin-expressing xenograft model. CB-17 SCID mice bearing xenograft tumors derived from HCT116-V (A), HCT116-13 (B), or HCT116-35
(C) cells were dosed with 0.134 mg/kg E-sel-VC-MMAE, TIB191-VC-MMAE, or PBS 10 days after implantation and additionally on days 14, 18, and 22. Tumor size was assessed
as described in “Materials and Methods.” Insets depict typical staining of frozen, fixed xenograft sections from each clone with the anti-E-selectin mAb 5D11.
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In accordance with other studies, we found that an unconjugated
anti-E-selectin mAb (5D11) that blocks its adhesion properties to
leukocytes does not retard the growth of E-selectin-expressing cells in
culture (17, 26, 27). Anti-E-selectin mAbs can, however, facilitate the
entry of immunoliposomes or other mAb conjugates into cells in vitro
(28–30). One method to use highly selective proteins for cancer
therapy is to exploit these molecules for targeted delivery of a toxic
agent. Toxins that have successfully been used include both small
molecule agents, such as calicheamicin, and radionuclides, such as
111In or 90Y (31–33). These agents can be very effective when
conjugated to a mAb that directs them to a cancer cell-specific surface
antigen. Examples of clinically approved anticancer ADCs include
Mylotarg and Zevalin, for acute myeloid leukemia and refractory
non-Hodgkin’s lymphoma, respectively (31–33).

Recently, a mAb directed against PSCA and conjugated to the
maytansinoid toxin DM1 was found to inhibit tumor growth in a
xenograft model (34). In that study, DM1 was conjugated to an
anti-PSCA antibody via a disulfide linkage designed to remain intact
in the circulation, dissolving only within the reductive environment of
the cell. However, in at least two studies using DM1 conjugates,
certain nonspecific effects have been observed (34, 35), suggesting
that a portion of these conjugates may disintegrate prematurely. To
circumvent this potential problem, we compared a number of linker
systems for stability and selectivity. For example, a hydrazone linker,
designed to remain intact in the circulation but to be unstable at
intracellular pH, was found to be relatively unstable in in vitro and in
vivo models, resulting in high nonspecific toxicity and low selectivity.
We have, therefore, used a peptide linker cleaveable by the proteolytic
enzyme cathepsin B, which is elevated in a wide range of malignan-
cies (36, 37). This linker is labile only on internalization to compart-
ments containing cathepsin B, such as endosomes or lysosomes,
resulting in a 20- to 50-fold greater selectivity than the aforemen-
tioned hydrazone linker (data not shown; Ref. 6). We have placed this
linker between a highly specific mAb to human E-selectin and au-
ristatin E, an inhibitor of microtubule polymerization several orders of
magnitude more cytotoxic than many commonly used chemothera-
peutics (7, 38). This combination of a tumor-targeting antibody, an
enzyme cleaveable linker, and a potent mediator of apoptosis in
rapidly dividing cells has resulted in a novel, highly selective, and
efficacious anticancer agent in preclinical models.

Our findings demonstrate that an E-selectin mAb conjugated to
auristatin E is a potent and specific cytotoxic agent against E-selectin-
expressing cancer cells. Importantly, this ADC, E-sel-VC-MMAE,
was able to significantly inhibit tumor cell proliferation both in vitro
and in vivo in a mouse xenograft model. A distinguishing feature of
E-selectin, relative to other ADC targets described thus far, is that it
is also highly expressed in activated endothelium. Using an E-selec-
tin-specific ADC may have the dual effect of targeting the cancer
epithelium itself, as well as the neovasculature supplying blood to the
prostate tumor (23, 30). This hypothesis was not testable in the current
experimental paradigm because the mAb was specific to human
E-selectin and, therefore, would not target any murine-derived neo-
vasculature sustaining tumor growth. Thus, the efficacy of the ADC in
the current in vivo model must directly target the prostate carcinoma
cells. A potential side effect of an ADC targeting antigens expressed
on nascent vasculature, such as that involved in wound healing,
cannot be ruled out, although even in this situation differential levels
of expression between tumor cells and normal tissues may provide a
therapeutic window. In this regard, it is worthy of note that some
venous tissues, particularly saphenous vein, expressed high levels of
E-selectin mRNA. Whether this would translate into significant toxic
side effects could not be tested in the xenograft model because the
mAb did not recognize mouse E-selectin. Consequently, other studies

in nonhuman primates will be needed to address tissue-specific tox-
icity.

The data presented herein indicate that an ADC approach may be of
use in the treatment of prostate cancer. Although ADCs may be useful
against many proliferative diseases, our data suggest that sensitivity to
auristatin E among different cancer cell lines varies by as much as
10-fold, thus the effectiveness of a particular ADC may vary between
malignancies. Moreover, our data indicate that antigen density con-
tributes greatly to the efficacy of ADCs both in vitro and in vivo. This
is in accord with studies demonstrating that the E-selectin internal-
ization is proportional to its cell surface density, which, in endothelial
cells, reaches a maximum 4–6 h after stimulation (13, 39, 40). In
addition, we show that a threshold of antigen density must be reached
to achieve high levels of cytotoxicity. This observation is significant
because it suggests that auristatin E-conjugated mAbs preferentially
kill cells that express high levels of a given antigen, while sparing
normal cells that may express lower, physiological levels of antigen.
Thus, our data demonstrate a potential selective anticancer strategy
that may tolerate minimal target expression in normal body tissues.

Antibody-based therapeutics have proven successful against many
cancers. The high affinity and unparalleled specificity of antibodies
can prove to be a significant advantage over equivalent small mole-
cules. Moreover, unlike small molecule inhibitors, ADCs need not
rely solely on the function of the antigen in the maintenance or
progression of cancer. Furthermore, efficacy can potentially be en-
hanced by combining immunotherapy with chemotherapy (41). The
present proof of principle study demonstrates potential use for an
auristatin E-E-selectin mAb conjugate in prostate cancer. Similar
conjugates could be of appreciable use against a variety of prolifera-
tive diseases in which the therapeutic intent does not rely completely
on mechanistic interruption, but on targeted destruction of the disease-
causing cell.
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