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                          Ovarian cancer is the most common cause of death from a gyneco-
logic malignancy ( 1 ). Although most patients with advanced-stage 
ovarian cancer will die of the disease, more than 70% have a favor-
able initial response to surgery and chemotherapy and a substantial 
fraction will respond to second-line therapies ( 2 , 3 ). Systemic che-
motherapy is widely used but is frequently associated with intoler-
able side effects ( 4 ). Given the high mortality rate of ovarian 
cancer, new therapies are urgently needed to target the tumor 
while sparing normal tissues. 
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   Background   EphA2 is    overexpressed in many types of human cancer but is absent or expressed at low levels in normal 
epithelial tissues. We investigated whether a novel immunoconjugate containing an anti-EphA2 monoclo-
nal antibody (1C1) linked to a chemotherapeutic agent (monomethyl auristatin phenylalanine [MMAF]) 
through a noncleavable linker maleimidocaproyl (mc) had antitumor activity against ovarian cancer cell 
lines and tumor models.  

   Methods   Specificity of 1C1-mcMMAF was examined in EphA2-positive HeyA8 and EphA2-negative SKMel28 ovar-
ian cancer cells by antibody binding and internalization assays. Controls were phosphate-buffered saline 
(PBS), 1C1, or control IgG-mcMMAF. Viability and apoptosis were investigated in ovarian cancer cell lines 
and tumor models (10 mice per group   ). Antitumor activities were tested in the HeyA8-luc and SKOV3ip1 
orthotopic mouse models of ovarian cancer. Endothelial cells were identified by use of immunohis-
tochemistry and anti-CD31 antibodies. All statistical tests were two-sided.  

   Results   The 1C1-mcMMAF immunoconjugate specifically bound to EphA2-positive HeyA8 cells but not to EphA2-
negative cells and was internalized by HeyA8 cells. Treatment with 1C1-mcMMAF decreased the viability 
of HeyA8-luc cells in an EphA2-specific manner. In orthotopic mouse models, treatment with 1C1-mcMMAF 
inhibited tumor growth by 85% – 98% compared with that in control mice (eg, for weight of HeyA8 tumors, 
1C1-mcMMAF = 0.05 g and control = 1.03 g; difference = 0.98 g, 95% confidence interval [CI] = 0.40 to 
1.58 g;  P  = .001). Even in bulkier disease models with HeyA8-luc cells, 1C1-mcMMAF treatment, com-
pared with control treatment, caused regression of established tumors and increased survival of the mice 
(eg, 1C1-mcMMAF vs control, mean = 60.6 days vs 29.4 days; difference = 31.2 days, 95% CI = 27.6 to 31.2 
days;  P  = .001). The antitumor effects of 1C1-mcMMAF therapy, in SKOV3ip1 tumors, for example, were 
statistically significantly related to decreased proliferation (eg, 1C1-mcMMAF vs control, mean = 44.1% vs 
55.8% proliferating cells; difference = 11.7%, 95% CI = 2.45% to 20.9%;  P  = .01) and increased apoptosis of 
tumor cells (eg, 1C1-mcMMAF vs control, mean = 8.6% vs 0.9% apoptotic cells; difference = 7.7%, 95% CI = 
3.8% to 11.7%;  P  < .001) and of mouse endothelial cells (eg, 1C1-mcMMAF vs control, mean 2.8% vs 0.4% 
apoptotic endothelial cells; difference = 2.4%, 95% CI = 1.4% to 4.6%;  P  = .034).  

   Conclusion   The 1C1-mcMMAF immunoconjugate had antitumor activity in preclinical models of ovarian carcinoma.  
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 Monoclonal antibodies may be a potential type of new therapy. 
Human and chimeric monoclonal antibodies (including bevaci-
zumab, rituximab, trastuzumab, alemtuzumab, and cetuximab) 
have been shown to be highly selective therapeutic agents for can-
cer ( 5 ). Immunoconjugates containing a monoclonal antibody and 
a chemotherapeutic agent provide another approach to selectively 
deliver toxins or cytotoxic agents to various types of cancer, includ-
ing gemtuzumab ozogamicin,  90 Y-labeled ibritumomab tiuxetan, 
and  131 I-labeled tositumomab ( 6 ). An ideal target for such an 
immunoconjugate would be a molecule that is expressed at much 
higher levels in the tumor than in normal tissues or expressed in 
tumor tissue but not in normal tissue. Such a target may be the 
EphA2 receptor, which is overexpressed by many human cancers 
including ovarian, lung, prostate, colorectal, melanoma, and brain 
malignancies but is expressed at low levels in only some normal 
epithelial tissues including kidney, lung, colon, and bladder ( 7  –  10 ). 
EphA2 overexpression has been associated with poor prognosis in 
patients with ovarian, esophageal, and renal cancers. It is thought 
that EphA2 overexpression leads to mislocalization and loss of 
contact with the    ephrin ligands, leading to an increase in adhesions 
between cells and the extracellular matrix and higher invasive 
potential ( 10 ). It has been shown ( 11 ) that stimulation of the 
unbound EphA2 receptor with soluble ephrin ligand inactivates 
Ras and reduces phosphorylation of focal adhesion kinase and 
extracellular signal-regulated kinase in some model systems. 

 The purpose of this study was to investigate the antitumor 
activity of the 1C1-mcMMAF immunoconjugate in ovarian cancer 

cell lines and three orthotopic mouse models of ovarian carcinoma. 
For this analysis, we used a fully human anti-EphA2 monoclonal 
antibody (1C1), which has been shown to bind selectively to the 
extracellular domains of the human and mouse EphA2 receptor 
( 11 ). For the chemotherapeutic agent, we used derivatives of 
auristatin, which inhibits polymerization of microtubules. 
Auristatins have been used as potent cytotoxic agents in human 
breast, lymphoma, and colorectal cells and have been delivered to 
tumors, including lung adenocarcinoma and lymphoma, by conju-
gated antibodies ( 12 ). Two modifi ed auristatins, monomethyl 
auristatin E (which is cell permeable) and monomethyl auristatin 
phenylalanine (MMAF, which is cell impermeable), have been 
conjugated to antibodies through various linkers ( 13 ). Although 
auristatins are fairly inactive when not conjugated to an antibody, 
their potency has been shown to increase by approximately three 
orders of magnitude after conjugation with the cAC10 antibody 
against CD30 ( 13 ). The EphA2 immunoconjugate, 1C1-mcMMAF, 
was formed by conjugating a monoclonal antibody against EphA2 
(1C1) with MMAF through a noncleavable linker maleimido-
caproyl (mc) linker ( 11 ). 

  Materials and Methods 
  Antibodies and Immunoconjugates 

 1C1 (fully human monoclonal antibody recognizing both human 
and murine EphA2), IgG-mcMMAF (nonspecific IgG monoclonal 
   antibody conjugated to MMAF via the mc linker), and 
1C1-mcMMAF (1C1 conjugated to MMAF via the mc linker) 
were used in this study ( 11 ). All of these monoclonal antibodies and 
their conjugates were kind gifts from MedImmune    (Gaithersburg, 
MD). The antibody description and the details of the conjugation 
reaction have been described previously ( 11 ). To evaluate the level 
of EphA2 after treatment of antibodies, we used anti-EphA2 
(clone 1C11A12; Zymed, Camarillo, CA   ) or anti –  glyceraldehyde-
3-phosphate dehydrogenase monoclonal antibody (Applied 
Biosystems, Foster City, CA) for Western blot analysis and 
immunohistochemistry.  

  Cell Lines and Culture Conditions 

 Sources of the human epithelial ovarian cancer cell lines that 
were used in this study — HeyA8 cell line, luciferase-transfected 
HeyA8 cells (HeyA8-luc) cell line, the SKOV3ip1 cell line, the 
taxane-resistant HeyA8-MDR cell line, and mouse ovarian 
endothelial cells — have been described previously ( 14  –  16 ). 
Briefly, HeyA8, HeyA8-luc, and SKOV3ip1 cells were main-
tained in RPMI 1640 medium supplemented with 15% fetal 
bovine serum and 0.1% gentamycin sulfate (Gemini Bioproducts, 
Calabasas, CA) ( 14  –  16 ). The HeyA8-MDR cell line, a taxane-
resistant line that was generated by sequential exposure to 
increasing concentrations of paclitaxel (Bristol-Myers Squibb, 
New York, NY), was maintained in the above medium with 
paclitaxel at 300  µ g/mL. Mouse ovarian endothelial cells that 
were isolated from an ovary of the ImmortoMice whose tissues 
harbor a temperature-sensitive simian virus 40 large tumor (T) 
antigen (ie,  H-2K b -tsA58  mice) ( 17 ) were maintained in 
Dulbecco’s modified Eagle medium with 10% fetal bovine 

  CONTEXT AND CAVEATS    

  Prior knowledge 

 EphA2 is a receptor tyrosine kinase that is overexpressed in many 
human cancers but is absent or expressed at low levels in normal 
epithelial tissues.  

  Study design 

 The antitumor activity of an immunoconjugate containing an anti-
EphA2 monoclonal antibody (1C1) linked to a chemotherapeutic 
agent (monomethyl auristatin phenylalanine [MMAF]) through a 
noncleavable linker maleimidocaproyl (mc) was studied in ovarian 
cancer cell lines and ovarian tumor models in mice.  

  Contribution 

 The 1C1-mcMMAF immunoconjugate had antitumor activity in 
ovarian cancer cell lines and preclinical models of ovarian cancer.  

  Implications 

 Additional preclinical investigations into the antitumor activity of 
1C1-mcMMAF and its safety are warranted.  

  Limitations 

 The activity of 1C1-mcMMAF that has actually been delivered into 
a solid tumor mass has not been studied. Unexpected toxicities in 
future research cannot be ruled out, especially to EphA2-expressing 
normal tissues or cells. Analyses in this study were done in cul-
tured cell lines and in mouse models that used immunodeficient 
mice, and so results may not necessarily translate into human 
patients with ovarian cancer.  

  From the Editors   
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serum. In addition, we used several human ovarian cancer cell 
lines including SKOV3-luc, SKOV3-TR, A2780-par, A2780-
CP20, OVCAR, IGROV, and 222 to evaluate the baseline 
expression levels of EphA2. All of these cell lines are of human 
background, and sources have been described previously ( 18 ). 
The SKMel28 human melanoma cells were maintained in a 5% 
CO 2  humidified incubator as monolayer cultures in RPMI 1640 
supplemented with 10% Nu-Serum (Collaborative Research 
Products, Bedford, MA), 1 mM aminoguanidine, penicillin (50 
Units/mL), and streptomycin (50  µ g/mL) ( 19 ). All cultures were 
used when cells were 70% – 80% confluent.  

  Europium-Labeled Antibody-Binding Assays to Cell 

Surface EphA2 

 For both assays, 1C1-mcMMAF immunoconjugates, 1C1 mono-
clonal antibodies, and isotype controls (IgG and IgG-mcMMAF) 
were labeled with europium according to the manufacturer’s 
instructions    (PerkinElmer, Waltham, MA). Briefly, for cell-bind-
ing assays, exponentially proliferating HeyA8 and SKMel28 cells 
were detached from their culture dishes with cell dissociation solu-
tion    (Invitrogen, Eugene, OR) and suspended in ice-cold binding 
buffer containing 50% of DELFIA L*R binding buffer 
(PerkinElmer) and 50% of stabilizer, and 5 × 10 4  cells were added 
to each well of 96-well plates, followed by 200   µ  L of binding buf-
fer containing 2 nM europium-labeled 1C1, 2 nM europium-
labeled 1C1-mcMMAF, 2 nM europium-labeled IgG, or 2 nM 
europium-labeled IgG-mcMMAF. The plates were incubated for 
1 hour at 4°C. Binding was terminated by four washes with ice-
cold DELFIA L*R wash buffer (PerkinElmer). A total of 200  µ L 
of enhancement solution was added per well, and plates were then 
shaken for 15 minutes at room temperature and then read with 
a Wallac Victor instrument that measures europium via time-
resolved fluorescence. 

 For the recombinant EphA2-binding assay, wells of 96-well 
plates were coated with the extracellular domain of recombinant 
human EphA2 (5  µ g/mL), of recombinant mouse EphA2 (2  µ g/
mL), of recombinant rat EphA2 extracellular domain (10  µ g/
mL), or of recombinant cynomolgus monkey EphA2 (5  µ g/mL) 
in 25  µ L of 100 mM sodium carbonate buffer (pH 9.4) at 
4°C overnight. The plates were washed once with DELFIA 
assay buffer (PerkinElmer) and incubated with blocking buffer 
containing 50% DELFIA assay buffer and 50% stabilizer 
(PerkinElmer) for 1 hour at room temperature. Europium-
labeled 1C1-mcMMAF or 1C1 were diluted in blocking buffer 
to various concentrations from 0.01 to 10 nM, and then, 25  µ L 
of each dilution was added to two wells. Nonspecifi c binding was 
assessed by using a mixture of unlabeled to labeled antibody or 
immunoconjugate at a 100:1 ratio, and then, 25  µ L of each dilu-
tion was added to two wells. After a 2-hour incubation at room 
temperature, the plates were washed four times with DELFIA 
wash buffer, 100  µ L of enhancement solution (PerkinElmer) was 
added to each well, and plates were shaken for 15 minutes at 
room temperature and then read as described above. The equi-
librium dissociation constant for europium-labeled 1C1 and for 
europium-labeled 1C1-mcMMAF was calculated by analyzing 
saturation binding curves with the one-site-fi t program of 
GraphPad Prism software (La Jolla, CA).  

  Antibody Internalization Assay 

 Adherent HeyA8 and SKMel28 cells in logarithmic growth phase 
were removed from culture flasks with GIBCO cell dissociation 
buffer (Invitrogen), placed in growth medium, and then, 100  µ L 
containing 0.5 × 10 6  viable HeyA8 cells was placed in each well of 
a 96-well U-bottomed plate. Plates were centrifuged at 500 g  for 
5 minutes to pellet cells. Buffer was removed by aspiration, and 
cells were resuspended in 100  µ L of phosphate-buffered saline 
(PBS) containing the 1C1-mcMMAF immunoconjugate or the 
isotype control immunoconjugate IgG-mcMMAF (each at 5  µ g) 
and then incubated for 30 minutes at 4°C. Cells were washed twice 
with PBS to remove unbound immunoconjugate. Cells were 
allowed to internalize the immunoconjugates that were bound to 
their surface by resuspending cells in 100  µ L of growth medium 
and incubating them for 30 minutes at 37°C in an atmosphere of 
5% CO 2  and 95% air. As a negative control, cells were incubated 
on ice for 30 minutes. Cells were then fixed in 4% paraformalde-
hyde in PBS for 20 minutes at room temperature and permeabi-
lized in 0.5% Triton X-100 in PBS for 5 minutes at room 
temperature. Cells were incubated with 1  µ g of AlexaFluor 
488 – labeled goat anti-human IgG antibody (Biosource, Camarillo, 
CA   ) in 100  µ L of PBS containing 2% fetal bovine serum for 30 
minutes at 4°C. Cells were washed twice with ice-cold PBS 
between each step above and then resuspended in 200  µ L of PBS 
and centrifuged onto coated slides by use of Shandon EZ Single 
Cytofunnels and Shandon Cytospin 3 at 101.5 g  for 7 minutes at 
room temperature. Finally, the cells were covered with 
VECTASHIELD hardset mounting medium containing 
4 ′ ,6-diamidino-2-phenylindole    (Vector Laboratories, Burlingame, 
CA) and a coverslip before qualitative examination and photogra-
phy with fluorescent microscope.  

  Western Blot Analysis of EphA2 Protein in Ovarian 

Cancer Cell Lysates and Tumors 

 Preparation of lysates from cultured cells and tumors has been 
described previously ( 8 , 15 ). EphA2 expression was evaluated in 
untreated cultured HeyA8 and SKOV3ip1 ovarian cancer cells 
and mouse ovarian endothelial cells and in cells that had been 
treated with 1C1, IgG-mcMMAF, or 1C1-mcMMAF (each at 100 
ng/mL) for 24, 48, or 72 hours. Briefly, lysates of cultured cells 
were prepared by washing cells with PBS and then incubating 
them in modified RIPA lysis buffer (50 mM Tris, 150 mM NaCl, 
1% Triton X-100, and 0.5% deoxycholate) containing leupeptin 
at 25  µ g/mL, aprotinin at 10  µ g/mL, 2 mM EDTA, and 1 mM 
sodium orthovanadate (Sigma, St. Louis, MO   ) for 10 minutes at 
4°C. Lysed cells were removed from plates by scraping and then 
centrifuging at 11   000 g  for 20 minutes at 4°C, and the supernatant 
was stored at  � 80°C. Each experiment was performed three 
times. 

 To evaluate EphA2 expression in HeyA8-luc tumors after 
immunoconjugate treatment, mice were injected with HeyA8-luc 
cells and then 17 days later (when palpable intraperitoneal 
tumors were detected) were injected intraperitoneally once with 
1C1-mcMMAF at 3 mg/kg or with PBS as control. Mice were 
killed at 1, 3, 5, or 10 days, and tumors were excised, immediately 
snap-frozen in liquid nitrogen, and stored at  � 80°C. A portion of 
the tissue (50 – 100 mm 3 ) that was confi rmed (by staining with 
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hematoxylin – eosin) to contain tumor was incubated on ice in 
RIPA lysis buffer containing protease inhibitors (leupeptin at 25 
 µ g/mL and aprotinin at 10  µ g/mL) for 2 hours, homogenized 
with a mortar and pestle, and processed as described above for 
cells. 

 For both cell and tumor lysates, protein concentrations were 
determined with a BCA Protein Assay Reagent kit (Pierce 
Biotechnology, Rockford, IL), and 20  µ g of lysate protein per lane 
was subjected to sodium dodecyl sulfate – polyacrylamide gel elec-
trophoresis on 10% gels. Protein bands were transferred to mem-
branes and subjected to Western blot analysis for EphA2, as 
described previously ( 20 ). Briefl y, the membranes were incubated 
overnight at 4°C with a primary monoclonal antibody that recog-
nizes both mouse and human EphA2 (clone D7; Upstate, Lake 
Placid, NY) by following the manufacturer’s recommendations. 
Antibody binding was detected by incubating blots with horserad-
ish peroxidase (HRP) – conjugated horse anti-mouse IgG or horse 
anti-rabbit IgG (Amersham, Piscataway, NJ; each at 1  µ g/mL). 
HRP was visualized by use of an enhanced chemiluminescence 
detection kit (Pierce    Biotechnology). Equal loading and transfer 
were confi rmed by probing the blots for  � -actin (with anti –  � -actin 
primary antibody at 0.1  µ g/mL; Sigma).  

  Cytotoxicity Assay for HeyA8-luc Ovarian Cancer Cells 

 Cytotoxicity of 1C1-mcMMAF, 1C1, and IgG-mcMMAF treat-
ments in HeyA8-luc cells was determined by use of the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 
uptake assay, as described previously ( 19 ). Briefly, 2 × 10 3  HeyA8-
luc cells with RPMI 1640 medium supplemented with 15% fetal 
bovine serum and 0.1% gentamycin sulfate were plated in each 
well of a 96-well plate. Twenty-four hours after plating, the 
medium was replaced with 200  µ L of fresh medium. At various 
times after antibody exposure, growth was assessed by adding 50  µ L 
of 0.15% MTT (Sigma) to each well. After incubation for 2 hours 
at 37°C, medium was removed from the well and 100  µ L of dim-
ethyl sulfoxide was added (Sigma). The plate was shaken briefly to 
mix the samples, and the absorbance at 570 nm was recorded by 
using a Falcon microplate reader (Becton Dickinson Labware, 
Franklin Lakes, NJ). Each sample at each condition was assayed in 
triplicate.  

  Apoptosis Assays in Ovarian Cancer Cell Lines 

 Apoptosis was assessed by cell morphology and by use of an 
Annexin V – coupled fluorescein isothiocyanate (FITC) apoptosis 
detection kit-1 (BD Pharmingen, San Diego, CA). EphA2-positive 
HeyA8-luc cells were incubated for 48 or 72 hours alone (control) 
or with anti-EphA2 monoclonal antibody 1C1, the control immu-
noconjugate IgG-mcMMAF, or the immunoconjugate 1C1-
mcMMAF (each at 100 ng/mL). Cell morphology was assessed by 
phase-contrast microscopy. 

 For the Annexin V – coupled FITC assay of apoptosis, the rela-
tive percentage of apoptotic HeyA8-luc and SKOV3ip1 cells was 
assessed at 24, 48, or 72 hours after treatment with 1C1, IgG-
mcMMAF, or 1C1-mcMMAF (each at 100 ng/mL). Briefl y, cells 
were removed from a six-well plate by incubation with trypsin –
 EDTA, washed twice in PBS, and resuspended in 1 mL of Annexin 
V – binding buffer at 10 6  cells per milliliter. Annexin V – coupled 

FITC and propidium iodide (a probe to distinguish viable from 
nonviable cells) were added (each at 5  µ L per 10 5  cells). Samples 
were mixed gently, incubated for 15 minutes at room temperature 
in the dark, and then subjected to fl ow cytometry analysis for 
apoptosis. Viable cells with intact membranes exclude propidium 
iodide, whereas the membranes of dead and damaged cells are 
permeable to propidium iodide. Cells that stain positive for 
Annexin V – coupled FITC and negative for propidium iodide are 
identifi ed as undergoing apoptosis. Cells that stain positive for 
both Annexin V – coupled FITC and propidium iodide are in the 
late stage of apoptosis, are undergoing necrosis, or are already 
dead. Cells that stain negative for both Annexin V – coupled FITC 
and propidium iodide are alive and not undergoing measurable 
apoptosis.  

  Orthotopic Implantation of Tumor Cells in Mice 

 Female athymic mice (NCr-nu) were purchased from the National 
Cancer Institute – Frederick Cancer Research and Development 
Center. The mice were housed and maintained under specific 
pathogen-free conditions in facilities approved by the American 
Association for Accreditation of Laboratory Animal Care and in 
accordance with the current regulations and standards of the US 
Department of Agriculture, the US Department of Health and 
Human Services, and the National Institutes of Health. All stud-
ies were approved and supervised by the University of Texas M. 
D. Anderson Cancer Center Institutional Animal Care and Use 
Committee. The mice used in these experiments were 8 – 12 weeks 
old. To produce tumors, mice (n = 10 per group) were injected 
intraperitoneally with 1 × 10 6  SKOV3ip1 or HeyA8-MDR cells 
in 0.2 mL of Hanks balanced saline solution (HBSS; Life 
Technologies Invitrogen, Carlsbad, CA   ) or 2.5 × 10 5  HeyA8-luc 
cells in 0.2 mL of HBSS. The number of tumors was variable 
(usually 1 – 25 nodules in HeyA8-luc, 1 – 26 nodules in SKOV3ip1, 
and 1 – 18 nodules in HeyA8-MDR model). Most of the tumors 
were located in the omentum, pelvis, peritoneum, mesentery, 
bowel wall, porta hepatis, diaphragm, or around the spleen. Mice 
were monitored daily for adverse effects of therapy (eg, weight 
loss, decreased activity, and decreased food or water intake) and 
were killed by cervical dislocation on day 35 (SKOV3ip1) or day 
28 (HeyA8-luc or HeyA8-MDR) after tumor cell injection or 
when any of the mice appeared moribund. Total body weight, 
ascites, tumor weight, locations, and the number of tumor nod-
ules in the abdomen were recorded. The tumor weight from each 
mouse was determined by weighing all of the tumor nodules 
together. Tumors were fixed in formalin and embedded in paraf-
fin or were snap-frozen in optimal cutting temperature (OCT) 
compound (Sakura Finetek USA, Inc, Torrance, CA   ) in liquid 
nitrogen.  

  Immunoconjugate Treatment of Established Tumors in 

Nude Mice 

 Before investigating whether EphA2 immunoconjugates have anti-
tumor activity in our mouse model, we performed preliminary 
time – response experiments for 1C1-mcMMAF. Seventeen days 
after HeyA8-luc cell inoculation (when tumors were palpable), 
mice were injected intraperitoneally once with PBS (as a control) 
or with 1C1-mcMMAF at 3 mg/kg. Randomly selected mice from 
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each group were killed on days 1, 3, 5, or 10 after treatment (n = 3 
on each day), and tumors were collected for Western blot and 
immunohistochemistry analyses to determine the level of EphA2 
expression. 

 To investigate the antitumor activity of the immunoconjugate, 
1.0 × 10 6  SKOV3ip1 cells or 2.5 × 10 5  HeyA8-luc cells were 
injected once intraperitoneally into mice and therapy was initiated 
7 days later with PBS (200  µ L) or with 1C1, IgG-mcMMAF, or 
1C1-mcMMAF (each at 3 mg/kg in 200  µ L of PBS). Weekly intra-
peritoneal injections were given until mice in any group became 
moribund. To evaluate the antitumor activity of the immunocon-
jugates against taxane-resistant tumors, the HeyA8-MDR model 
was used. Briefl y, 1.0 × 10 6  HeyA8-MDR cells were injected intra-
peritoneally into mice, and therapy was initiated 7 days later as 
described above, except that another treatment group that received 
docetaxel (Sanofi -Aventis, Bridgewater, NJ) was included and the 
IgG-mcMMAF treatment was not included. Weekly intraperito-
neal injections were continued until mice in any group became 
moribund.  

  Bioluminescence Imaging of Tumors in Tumor-Bearing 

Mice 

 Mice were injected intraperitoneally with 2.5 × 10 5  HeyA8-luc 
cells per mouse (n = 5 mice per group). After 17 days, mice were 
randomly picked out of the entire pool once a week until the 
first mouse became moribund and assigned to one of four treat-
ment groups: control (200  µ L of PBS) or 1C1, IgG-mcMMAF, 
or 1C1-mcMMAF (each at 3 mg/kg in 200  µ L of PBS). For 
longitudinal assessment, bioluminescence imaging was con-
ducted at 17, 23, 25, 27, and 31 days after tumor cell injection. 
Bioluminescence imaging and data acquisition with the IVIS 
100 imaging system coupled to the Living Image software 
(Xenogen, Alameda, CA   ) were done twice a week, as reported 
previously ( 14 ). Briefly, mice were anesthetized in an acrylic 
chamber with a mixture of 1.5% isoflurane in air and injected 
intraperitoneally with luciferin potassium salt (15 mg/mL) in 
PBS at a dosage of 150 mg/kg of body weight. A digital gray-
scale animal image was acquired followed by acquisition and 
overlay of a pseudocolor image representing the spatial distribu-
tion of detected photons emerging from active luciferase within 
the animal. Signal intensity was expressed as the sum of all 
detected photons per second within the abdominal cavity where 
tumor cells were injected.  

  Immunohistochemistry of EphA2 and Proliferating Cell 

Nuclear Antigen (PCNA) in HeyA8-luc Tumors 

 Immunohistochemical analysis of EphA2 and PCNA to identify 
proliferating tumor cells was conducted on established tumors 
with HeyA8-luc cells that were excised from mice. EphA2 staining 
was performed with the tissue samples used in the time – response 
experiment with 1C1-mcMMAF, and PCNA staining was per-
formed with the tissue samples used in immunoconjugate therapy 
experiments. The immunohistochemistry was performed as 
described previously ( 8 , 21 ). Briefly, formalin-fixed paraffin- 
embedded tissue samples were cut into 8- µ m sections and washed 
sequentially in xylene, 100% ethanol, 95% ethanol, 80% ethanol, 
and PBS. Antigen retrieval was then performed by heating slides 

in a steam cooker for 10 minutes in 0.2 M Tris buffer at pH 9.0 
(for EphA2) or in a microwave for 5 minutes in 0.1 M sodium 
citrate buffer at pH 6.0 (for PCNA). After two washes in PBS, 
slides were blocked with 5% normal horse serum and 1% normal 
goat serum in PBS (blocking solution) for 15 minutes at room 
temperature and then incubated with primary antibody against 
PCNA (PC-10, mouse IgG; DakoCytomation, Carpinteria, CA) 
in blocking solution overnight at 4°C. After two washes with PBS, 
the appropriate HRP-conjugated secondary antibody in blocking 
solution was added for 1 hour at room temperature. Slides were 
stained with diaminobenzidine substrate (Phoenix Biotechnologies, 
Huntsville, AL) for 5 minutes, washed, and counterstained with 
Gill No. 3 hematoxylin (Sigma) for 20 seconds. For the analysis of 
EphA2, after the slides were treated to block endogenous peroxi-
dase activity, they were incubated with mouse IgG Fc blocker 
(Jackson Laboratory, Bar Harbor, ME; 0.13  µ g/mL) for 2 hours 
before incubation with the primary antibody (EA5 clone; 
MedImmune). For EphA2 staining, 0.5% blocking reagent was 
used (from the TSA Biotin System kit; PerkinElmer Applied 
Biosystems, Boston, MA), and to visualize antibody binding, it 
was necessary to enhance the signal by treating slides with bioti-
nylated horse anti-mouse antibody (Vector Laboratories; 1.5 
 µ g/mL) for 10 minutes at room temperature, followed by 
streptavidin – HRP (DakoCytomation; 0.75  µ g/mL) for 30 min-
utes. After a PBS wash, diaminobenzidine was added for 7 minutes 
and slides were counterstained with hematoxylin and mounted 
under coverslips.  

  Immunofluorescence Staining for CD31 and Terminal 

Deoxynucleotidyltransferase-Mediated Nick End Labeling 

(TUNEL) in Ovarian Tumors From Mice 

 Established tumors from mice treated with the immunoconjugate 
(3 mg/kg once per week) were excised, placed immediately in 
OCT compound, and frozen rapidly in liquid nitrogen. Frozen 
tissues were used for immunofluorescence staining for CD31 and 
TUNEL as described previously ( 22 ). Briefly, sections were fixed 
in acetone for 5 minutes, in a 1:1 mixture of acetone and chloro-
form (vol/vol) for 5 minutes, and then in acetone for 5 minutes. 
They were then washed with PBS, blocked with 10% fish gelatin 
in PBS for 20 minutes, and exposed to rat anti-CD31 antibody 
(platelet endothelial cell adhesion molecule-1, rat IgG, Pharmin-
gen, San Jose, CA   ; 1:400 dilution) in blocking solution for 18 
hours at 4°C, followed by anti-rat secondary antibody coupled to 
Texas Red (Molecular Probes, Eugene, OR; 1:200 dilution). Slides 
were washed in PBS, fixed again in 4% paraformaldehyde in PBS, 
washed twice in PBS, and incubated with 0.2% Triton X-100 in 
PBS for 15 minutes. After two more washes in PBS, slides were 
incubated for 10 minutes with the equilibration buffer in the 
TUNEL detection kit (Promega, Madison, WI). Equilibration 
buffer was removed, and reaction buffer (consisting of equilibra-
tion buffer in the kit, fluorescein-12-dUTP [where dUTP is 
deoxyribouridine triphosphate], and terminal deoxynucleotidyl-
transferase) was then added. After 1-hour incubation at 37°C in 
the dark, the reaction was stopped by addition of the provided 2× 
standard saline-buffered citrate (8.77 g of NaCl, 4.41 g of sodium 
citrate, and 400 mL of deionized water) for 15 minutes. Excess 
dUTP was removed by washing, and nuclei were stained with 
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Hoechst (Molecular Probes, in PBS; 1.0  µ g/mL) for 10 minutes. 
Slides were covered with propylgallate and coverslips for micro-
scopic evaluation. Microscopy was performed with a Zeiss AxioPlan 
2 microscope, Hamamatsu ORCA-ER digital camera, and 
ImagePro software. The total number of CD31-positive cells (red 
staining) and apoptotic CD31-positive cells (red cells plus green 
nuclei) were counted. Controls included exposure to only second-
ary antibodies, exposure to reaction buffer that did not contain 
terminal deoxynucleotidyltransferase, and exposure to DNase to 
fragment the DNA (positive control). Apoptotic endothelial cells 
were counted in 10 random microscopic fields from each tumor 
(one slide per mouse, five slides per group) at ×200 magnification 
by two investigators in blinded fashion. The results were calcu-
lated, and the data are presented as the mean and 95% confidence 
interval (CI).  

  Statistical Analysis 

 Continuous variables were compared with the two-sample  t  test 
(between two groups) or with analysis of variance (ANOVA; for all 
groups) if normally distributed (as determined by the Kolmogrov –
 Smirnov test), and the Mann – Whitney test was used if distribu-
tions were nonparametric. For in vivo therapy experiments, 10 
mice were randomly assigned to each treatment group. This sam-
ple size gave 80% power to detect a 50% reduction in tumor 
weight at a 5% level of statistical significance. ANOVA for tumor 
weight and the logarithm of tumor weight were used to examine 
interactions between treatments. Survival curves were plotted by 
the Kaplan – Meier method and tested for differences with the log-
rank statistic. A  P  value of less than .05 from a two-tailed statistical 
test was considered statistically significant. All statistical tests were 
two-sided.   

  Results 
  Antibody Binding, Internalization, and Degradation 

Assay of EphA2 Immunoconjugates 

 The immunoconjugate was assembled by use of monoclonal anti-
body 1C1 against EphA2, a noncleavable linker maleimidocaproyl 
(mc) to couple the antibody to the chemotherapeutic agent, and 
a chemotherapeutic agent, monomethyl auristatin phenylalanine 
(MMAF   ). Immunofluorescence studies showed both 1C1 monoclo-
nal antibodies and 1C1-mcMMAF immunoconjugates specifically 
bound to EphA2-positive HeyA8 cells, but neither bound to EphA2-
negative SKMel28 cells. The binding affinities (as assessed by the 
dissociation constant) of europium-labeled 1C1 and 1C1-mcMMAF 
to cell surface EphA2 were evaluated and found to range from 0.98 
to 1.52 nM across human, rat, and cynomolgus monkey EphA2. The 
binding affinities of 1C1 and 1C1-mcMMAF for recombinant 
mouse, human, rat and cynomolgus monkey EphA2 ranged from 
0.43 to 0.96 nM. For human EphA2, the dissociation constants were 
0.43 nM (95% CI = 0.38 to 0.48 nM) for 1C1 and 0.59 nM (95% 
CI = 0.48 to 0.70 nM) for 1C1-mcMMAF. Thus, the addition of the 
linker and chemotherapeutic agent (ie, mcMMAF) did not reduce 
the binding affinity of the monoclonal antibody 1C1 for recombinant 
EphA2 and native EphA2 expressed on cell surface ( Figure 1, A ). The 
ability of HeyA8 cells to internalize the immunoconjugate 
1C1-mcMMAF was shown by immunofluorescence ( Figure 1, B ). In 

addition, incubation of HeyA8 cells with 1C1 monoclonal antibodies 
or 1C1-mcMMAF immunoconjugate decreased EphA2 levels in a 
time-dependent manner, whereas incubation with control IgG or 
IgG-mcMMAF did not ( Figure 1, C ). These results indicate that the 
1C1 antibody has agonist properties, with the treatment of cells with 
1C1 leading to EphA2 degradation ( 8 ).      

  Sensitivity of Ovarian Cancer Cell Lines to 1C1-mcMMAF 

Immunoconjugates 

 We first examined apoptosis as assessed by cell morphology by 
phase-contrast microscopy. EphA2-positive HeyA8-luc cells were 
incubated for 48 or 72 hours alone (control) or with the anti-
EphA2 monoclonal antibody 1C1, the control immunoconjugate 
IgG-mcMMAF, or the immunoconjugate 1C1-mcMMAF (each at 
100 ng/mL). Apoptotic cells displayed cell shrinkage, a rounded 
morphology, and increased detachment ( Figure 2, A ). More apop-
totic cells were found in cultures treated with 1C1-mcMMAF for 
48 or 72 hours than in control (no treatment) cultures or in those 
treated with 1C1 or IgG-mcMMAF. We tested the cytotoxicity of 
1C1-mcMMAF in EphA2-positive HeyA8-luc ovarian cancer cells 
at doses ranging from 1.0 to 5000 ng/mL by assessing cell survival. 
After incubation for 48 or 72 hours with 1C1-mcMMAF, cell 
survival was reduced in a dose-dependent manner compared with 
that of controls (1C1 or IgG-mcMMAF) ( Figure 2, B ). For exam-
ple, after a 72-hour treatment with 1C1-mcMMAF at 100 ng/mL, 
reduced survival of HeyA8-luc cells (28.5%) was observed com-
pared with that after treatment with 1C1 at 100 ng/mL (98.7%; 
difference = 70.2%, 95% CI = 66.3% to 74.0%;  P  < .001) or with 
IgG-mcMMAF at 100 ng/mL (99.6%; difference = 71.1%, 95% 
CI = 67.3% to 83.1%;  P  < .001). When apoptosis was assessed in 
cells stained with Annexin V – coupled FITC and propidium iodide 
by flow cytometry, statistically significantly more HeyA8-luc cells 
treated with 1C1-mcMMAF were apoptotic than those treated 
with the PBS control, 1C1, or IgG-mcMMAF ( Figure 1, C and D  
and   Supplementary   Figure   1  , available online). For example, the 
mean percentage of apoptotic cells after 72 hours of treatment 
with 1C1-mcMMAF was 30.1% compared with 4.9% after con-
trol treatment (difference = 25.2%, 95% CI = 24.8% to 25.5%; 
 P  < .001).      

  EphA2 Expression After Treatment of Ovarian Cancer Cell 

Lines or Tumors With 1C1-mcMMAF 

 Most ovarian cancer cell lines examined expressed medium to high 
levels of EphA2, as shown by Western blot analysis (  Supplementary  
 Figure   2  , available online). Because    anti-EphA2 antibodies can 
cause the internalization and degradation of EphA2, we investi-
gated whether treatment with 1C1-mcMMAF would affect the 
levels of EphA2. In EphA2-positive HeyA8-luc cells, EphA2 ex -
pression was lower after treatment with 1C1 and 1C1-mcMMAF 
than after control treatment with PBS or IgG-mcMMAF for up 
to 48 hours, and by 72 hours, EphA2 expression had recovered to 
the levels in control cells ( Figure 3, A ). A similar pattern was 
observed in SKOV3ip1 cells (  Supplementary   Figure   3  , available 
online).     

 For orthotopic ovarian tumors, we used the HeyA8-luc model 
and fi rst examined EphA2 protein levels in tumors at 1 – 10 days 
after treatment with 1C1-mcMMAF by Western blot analysis and 
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  Figure 1  .    Characterization of anti-EphA2 immunoconjugates for recep-
tor binding, internalization, and degradation.  A ) Binding activity of 
immunoconjugates. Binding activity of 1C1-mcMMAF (an immuno-
conjugate in which 1C1 is linked to a chemotherapeutic agent monom-
ethyl auristatin phenylalanine [MMAF] by a noncleavable linker 
maleimidocaproyl [mc]), 1C1 (an anti-EphA2 monoclonal antibody), 
control IgG, and control IgG-mcMMAF was assessed by use of EphA2-
expressing ovarian cell lines and recombinant EphA2 from various 
species.  Top ) Immunoconjugate binding activity to EphA2-expressing 
HeyA8 and EphA2-negative SKMel28 cells. Cell binding activity was 
assessed with a europium (Eu)-labeled antibody (Ab) binding assay. 
Eu-labeled antibodies and immunoconjugates examined were 1C1, 
1C1-mcMMAF, an isotype control IgG, and control immunoconjugate 
IgG-mcMMAF. Error bars = 95% confi dence intervals (CIs).  Bottom ) 
Comparison of the binding affi nities (presented as dissociation con-
stants [Kd] expressed in nanomolar) for 1C1 and 1C1-mcMMAF with 
recombinant EphA2 from various species. Data are the mean dissocia-
tion constants and 95% CIs. Experiments were preformed two times, 
with similar results in both experiments.  B ) Internalization of immuno-
conjugate by HeyA8 cells. Cells were immunostained for EphA2 with 
phosphate-buffered saline (PBS) containing the 1C1-mcMMAF or IgG-
mcMMAF (each at 5  µ g) and then incubated for 30 minutes at 4°C. 

immunohistochemistry. Treatment with a single dose of 
1C1-mcMMAF at 3 mg/kg reduced the expression of EphA2 pro-
tein in a time-dependent manner for up to 5 days. By day 10, 
EphA2 expression had recovered in at least one tumor ( Figure 3, B 
and C ). From this experiment, 1C1-mcMMAF dose of 3 mg/kg 
once a week was selected for subsequent experiments.  

  Treatment With 1C1-mcMMAF and Weight of Ovarian 

Carcinomas in Mice 

 To examine whether treatment of tumor-bearing mice with 1C1-
mcMMAF affects tumor weight, we used three orthotopic mod-
els of ovarian cancer. Mice that were injected with either 
HeyA8-luc or SKOV3ip1 ovarian cancer cells were randomly 
assigned to one of the following four treatment groups (n = 10 
mice per group), each receiving treatment once a week: PBS, 
1C1, IgG-mcMMAF, or 1C1-mcMMAF (each at 3 mg/kg). After 
3 – 5 weeks of therapy, the mice were killed by cervical dislocation 
and necropsy was performed. After 3 weeks of 1C1-mcMMAF 
treatment, the weight of HeyA8-luc tumors (0.05 g) was statisti-
cally significantly lower than the weight of tumors treated with 
PBS (1.03 g; difference = 0.98 g, 95% CI = 0.40 to 1.58 g;  P  = .001), 
1C1 (0.67 g; difference = 0.62 g, 95% CI = 0.03 to 1.22 g; 
 P  = .037), or IgG-mcMMAF (0.85 g; difference = 0.81 g, 95% 
CI = 0.21 to 1.40 g;  P  = .006). After 5 weeks of 1C1-mcMMAF 
treatment, the weight of SKOV3ip1 tumors (0.10 g) was statisti-
cally significantly lower than the weight of tumors treated with 
PBS (0.65 g; difference = 0.55 g, 95% CI = 0.21 to 0.89 g; 
 P  = .001), 1C1 (0.42 g; difference = 0.32 g, 95% CI = 0.02 to 0.67 g; 
 P  = .045), or IgG-mcMMAF (0.54 g; difference = 0.44 g, 95% 
CI = 0.10 to 0.78 g;  P  = .008) ( Figure 4, A and B ). The route of 
immunoconjugate delivery (ie, intravenous vs intraperitoneal) 
was not associated with SKOV3ip1 tumor weight (  Supplementary  
 Figure   4  , available online).     

 We also examined the taxane-resistant HeyA8-MDR tumor 
model because resistance to chemotherapy is common among 
patients with ovarian cancer. Mice injected with HeyA8-MDR 
cells were randomly assigned to one of the following four treat-
ment groups (n = 10 mice per group): PBS, docetaxel at 50  µ g 
per mouse once a week ( 15 ), 1C1 at 3 mg/kg once a week, or 

Cells were then washed twice with PBS, and cell surface – bound 
immunoconjugates were allowed to internalize by resuspending the 
cells in 100  µ L of growth medium (ie, RPMI 1640 medium and 10% 
fetal bovine serum) and incubation at 37°C in an atmosphere of 5% 
CO 2  and 95% air    for 30 minutes or on ice as negative control (labeled 
30 and 0 minutes, respectively). After this incubation, cells were fi xed 
in 4% paraformaldehyde in 1× PBS for 20 minutes at room tempera-
ture and permeabilized in 0.5% Triton X-100 in 1× PBS for 5 minutes 
at room temperature. Cells were incubated with 1  µ g of AlexaFluor 
488-labeled goat anti-human IgG antibody (Biosource) in 100  µ L of 
PBS containing 2% fetal bovine serum for 30 minutes at 4°C.  C ) 
Degradation of EphA2 receptors after immunoconjugate treatment. 
HeyA8 cells were treated with control IgG, control IgG-mcMMAF, 1C1, 
or 1C1-mcMMAF (each at 100 ng/mL) for 20 minutes, 6 hours, or 24 
hours. Cell lysates were prepared and subjected to Western blot analy-
sis with anti-EphA2 antibody to assess the total level of EphA2. 
Antibody binding was detected by incubating blots with horseradish 
peroxidase (HRP) – conjugated horse anti-mouse IgG or horse anti-
rabbit IgG. HRP was visualized by use of an enhanced chemilumines-
cence detection kit. Experiments were preformed two times, with 
similar results in both experiments.     
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  Figure 2  .    Cytotoxicity of immunoconjugate treatment. 1C1-mcMMAF is 
an immunoconjugate in which 1C1 (an anti-EphA2 monoclonal antibody) 
monoclonal antibody is linked to a chemotherapeutic agent monomethyl 
auristatin phenylalanine (MMAF) by a noncleavable linker maleimido-
caproyl (mc).  A ) Apoptosis as assessed by cell morphology. EphA2-
positive HeyA8-luc cells were incubated for 48 or 72 hours alone (control) 
or with 1C1, control immunoconjugate IgG-mcMMAF, or 1C1-mcMMAF 
(each at 100 ng/mL). Cell morphology was assessed by phase-contrast 
microscopy. Scale bar = 50  µ m.  B ) Viability of cultured HeyA8-luc cells 
after immunoconjugate treatment. Viability was assessed with the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay at 48 and 72 
hours after treatment with 1C1, control IgG-mcMMAF, or 1C1-mcMMAF 
(each at 1.0 – 5000 ng/mL). The experiment was performed three times, 
and each sample was repeated three times. Figure showed the data from 

one experiment, and the data of two others have similar results. Error 
bars = 95% confi dence intervals (CIs).  C ) Apoptosis as detected by fl ow 
cytometry. HeyA8-luc cells were incubated alone (control) or with 1C1, 
IgG-mcMMAF, or 1C1-mcMMAF (each at 100 ng/mL) for 24 – 72 hours. 
Cells were stained with Annexin V coupled to fl uorescein isothiocyanate 
(FITC) to identify apoptotic cells and propidium iodide (PI) to identify cell 
nuclei and then subjected to fl ow cytometry. In each panel, early apop-
totic cells are shown in the upper right and late apoptotic cells are shown 
in the lower right.  D ) Percentage of apoptotic cells after immunoconju-
gate treatment. Data are from the fl ow cytometry experiment in ( C ). The 
percentage of cells that were positive for Annexin V staining was calcu-
lated. The experiment was repeated three times, with triplicates for each 
data point. Data are the mean. Error bars = 95% CIs. * P  < .001, compared 
with control, 1C1, or IgG-mcMMAF. All statistical tests were two-sided.     

1C1-mcMMAF at 3 mg/kg once a week. After 3 weeks of 1C1-
mcMMAF treatment, the weight of HeyA8-MDR tumor was 
statistically signifi cantly lower (0.42 g) than the weight of tumors 
treated with PBS (1.83 g; difference = 1.41 g, 95% CI = 0.36 to 
2.46 g;  P  = .006) or docetaxel (1.33 g; difference = 0.91 g, 95% 
CI = 0.14 to 1.96 g;  P  = .018), but it was not statistically signifi -
cantly lower than the weight of tumors treated with 1C1 (mean 
tumor weight = 1.07 g; difference = 0.65 g, 95% CI = 0.40 to 1.70 g; 
 P  = .185) ( Figure 4, C ). 

 We used body weight changes as an indication of cytotoxic side 
effects. No substantial difference in the body weight of mice across 
treatment groups (1C1, IgG-mcMMAF, or 1C1-mcMMAF immu-
noconjugate) was observed. 

 Although the models described above recapitulate disease pat-
terns of patients with small ovarian tumors, many patients with 
ovarian cancer whose disease has relapsed have a larger tumor 
burden. Therefore, we also used in vivo bioluminescence imaging 

to determine whether treatment with 1C1-mcMMAF could 
reduce the volume of larger tumors. Nude mice were intraperito-
neally injected with HeyA8-luc cells, and 17 days later, treatment 
with 1C1-mcMMAF and bioluminescence imaging was initiated. 
Bioluminescence imaging was then performed at 3- to 4-day inter-
vals thereafter. By day 21 after tumor cell injection, the volume of 
1C1-mcMMAF – treated tumors had begun to decrease and con-
tinued to decrease through day 28 ( Figure 5, A and B ). Moreover, 
the 1C1-mcMMAF treatment (mean = 60.6 days) was associated 
with the higher survival than the control treatments with PBS 
(mean = 29.4 days; difference = 31.2 days, 95% CI = 27.6 to 31.2 
days), 1C1 (mean = 29.8 days; difference = 30.8 days, 95% CI = 
28.1 to 31.5 days), or IgG control-mcMMAF (mean = 30.8 days; 
difference = 29.8 days, 95% CI = 27.3 to 34.3 days). Survival in the 
1C1-mcMMAF treatment group was statistically signifi cantly dif-
ferent than that in the PBS, 1C1, or IgG-mcMMAF groups (each 
 P  = .002) ( Figure 5, C ).      
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    Figure 3  .    EphA2 expression after immunoconjugate treatment of 
HeyA8-luc cells or tumors. 1C1-mcMMAF is an immunoconjugate, in 
which 1C1 (an anti-EphA2 monoclonal antibody) is linked to the che-
motherapeutic agent monomethyl auristatin phenylalanine (MMAF) by 
a noncleavable linker maleimidocaproyl (mc).  A ) EphA2 protein 
expression in cultured HeyA8-luc ovarian cancer cells after immuno-
conjugate treatment. Cells were treated with 1C1, control IgG-
mcMMAF, or 1C1-mcMMAF (each at 100 ng/mL) for 24, 48, or 72 hours. 
Control at each time point represents the baseline expression of 
EphA2 at that point. Cell lysates were prepared and subjected to 
Western blot analysis with anti-EphA2 antibody to assess the total 
level of EphA2. Antibody binding was detected with horseradish per-
oxidase (HRP) – conjugated horse anti-mouse IgG or horse anti-rabbit 
IgG. HRP was visualized by use of an enhanced chemiluminescence 
detection kit. This experiment was repeated three times, each with 
similar results.  B ) EphA2 expression in HeyA8-luc tumors after immu-
noconjugate treatment. Mice were injected with HeyA8-luc cells and 
then 17 days later, when palpable intraperitoneal tumors were 
detected, were injected intraperitoneally once with 1C1-mcMMAF at 3 
mg/kg or with phosphate-buffered saline (PBS) as control. Mice were 
killed at 1, 3, 5, or 10 days; tumors were collected; and tumor lysates 
were subjected to Western blot analysis for EphA2. Each lane contains 
tumor lysate from one mouse. Results were confi rmed with a dupli-
cate experiment. Tx = treatment.  C ) Immunohistochemistry of EphA2 
expression in immunoconjugate-treated tumors. Tumor-bearing mice 
were treated with PBS (control) or with 1C1-mcMMAF at 3 mg/kg for 3, 
5, or 10 days (n = 3) and then killed by cervical dislocation. Tumors 
were excised and sectioned. Sections were incubated with anti-EphA2 
antibody, with biotinylated horse anti-mouse antibody, and then with 
streptavidin – HRP. Positive staining is shown by  brown  color.  Inset ) 
Negative control. Tissue section was incubated with only secondary 
antibody (Ab). This experiment was performed two times; results from 
both experiments were similar. Micrographs were taken at an original 
magnifi cation of ×200. Scale bar = 50  µ m.     

  1C1-mcMMAF Treatment and Cell Proliferation, 

Apoptosis, and Angiogenesis 

 To investigate potential mechanisms of 1C1-mcMMAF antitu-
mor activity, we used the SKOV3ip1 tumor model to examine 
proliferation of tumor and endothelial cells. Proliferation was 
assessed by using PCNA staining. In tumors treated with 1C1-
mcMMAF, 44.1% of nuclei were positive for PCNA compared 
with 55.8% in PBS-treated control tumors (difference = 11.7%, 
95% CI = 2.45% to 20.9%;  P  = .01), 59.1% in 1C1-treated 
tumors (difference = 15%, 95% CI = 5.91% to 24.07%;  P =  
.001), and 62.4% in control IgG-mcMMAF – treated tumors (dif-
ference = 18%, 95% CI = 9.17% to 27.33%;  P  < .001) ( Figure 6, 
A ). Similar patterns were observed in the HeyA8-luc and HeyA8-
MDR tumor models (  Supplementary   Figure   5 ,  A   and   B  , available 
online).     

 Apoptosis was investigated by use of the TUNEL assay. 
Treatment with 1C1-mcMMAF also resulted in increased tumor 
cell apoptosis across all three mouse tumor models examined. For 
example, in SKOV3ip1 tumors treated with 1C1-mcMMAF, 8.6% 
of the tumor cells were positive for TUNEL compared with 0.9% 
in PBS-treated control tumors (difference = 7.7%, 95% CI = 3.8% 
to 11.7%;  P  < .001), 0.9% in 1C1-treated tumors (difference = 
7.7%, 95% CI = 4.0% to 11.5%;  P  < .001), and 1.3% in control 
IgG-mcMMAF – treated tumors (difference = 7.3%, 95% CI = 
3.6% to 11.1%;  P  < .001) (  Supplementary   Figures   5 ,  A   and   B   and 
  6 ,  B  , available online). 

 To determine if 1C1-mcMMAF treatment directly affected 
mouse ovarian endothelial cells ( 23 ), these cells were cultured and 
treated with 1C1-mcMMAF, 1C1, or IgG-mcMMAF for 48 or 72 
hours and their survival was assessed by the MTT uptake assay. 
Survival of cells treated with 1C1-mcMMAF was lower than that 
of cells treated with 1C1 or IgG-mcMMAF (  Supplementary  
 Figure   6 ,  A   and   B  , available online). Because EphA2 is expressed 
on both tumor cells and endothelial cells in tumor angiogenic 
blood vessels, we also examined whether tumor vasculature was 
affected by treatment with 1C1-mcMMAF by assessing the viabil-
ity of mouse endothelial cells in SKOV3ip1, HeyA8-luc, and 
HeyA8-MDR ovarian tumors. When we used TUNEL staining to 
identify apoptotic cells and CD31 staining to identify endothelial 
cells in tumors, tumors treated with 1C1-mcMMAF had more 
apoptotic endothelial cells (2.8%) than tumors treated with PBS 
(0.4%; difference = 2.4%, 95% CI = 0.1% to 4.6%;  P  = .034), 1C1 
(0.4%; difference = 2.4%, 95% CI = 0.3% to 4.5%;  P  = .021), or 
IgG-mcMMAF (0.1%; difference = 2.7%, 95% CI = 0.6% to 
4.8%;  P  = .007) ( Figure 6, C ) (  Supplementary   Figure   5 ,  A   [HeyA8-
luc] and 5, B [HeyA8-MDR], available online). Thus, treatment of 
ovarian tumor – bearing mice with 1C1-mcMMAF appears to 
induce tumor regression by increasing the level of apoptosis in 
both tumor cells and endothelial cells.   

  Discussion 
 The key finding from this study is that EphA2-targeted chemo-
therapy appears to be a feasible and effective therapeutic approach 
for ovarian cancer. Delivery to ovarian cancer cells of MMAF 
conjugated with an EphA2-targeted monoclonal antibody via the 
noncleavable mc linker occurs in an EphA2-selective manner. 
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 Figure 4  .    Tumor weight after immunoconjugate 
treatment. 1C1-mcMMAF is an immunoconjugate, 
in which 1C1 (an anti-EphA2 monoclonal antibody) 
is linked to a chemotherapeutic agent monomethyl 
auristatin phenylalanine (MMAF) by a noncleavable 
linker maleimidocaproyl (mc).  A ) HeyA8-luc tumors. 
 B ) SKOV3ip1 tumors.  C ) Taxane-resistant HeyA8-
MDR tumors. Mice were inoculated with HeyA8-luc, 
SKOV3ip1, or HeyA8-MDR cells and then 1 week 
later were treated with phosphate-buffered saline 
(PBS) (control) or with 1C1, IgG-mcMMAF, or 1C1-
mcMMAF (each at 3 mg/kg). For HeyA8-MDR tumors, 
an additional group of mice were treated with doc-
etaxel (50  µ g per mouse, once a week). Mice in all 
groups were killed by cervical dislocation when 
control animals became moribund (3 – 5 weeks after 
initiating therapy, depending on the cell line used). 
All tumors were harvested; the tumor weight and 
number of tumor nodules were recorded. The 
tumors were located in the omentum, pelvis, perito-
neum, mesentery, bowel wall, porta hepatis, dia-
phragm, or around the spleen. All of tumor nodules 
were analyzed (usually 1 – 25 nodules in HeyA8-luc, 
1 – 26 nodules in SKOV3ip1, and 1 – 18 nodules in 
HeyA8-MDR model). Mean tumor weights with 95% 
confi dence intervals and the weights of individual 
tumors are shown. Each treatment group contains 
10 mice. There were 40 mice for each cell line. 
Statistical analysis for tumor weights was per-
formed by two-sided Student  t  test (between two 
groups) and two-sided analysis of variance (multiple 
groups) because tumor weights were normally dis-
tributed (as determined by Kolmogrov – Smirnov 
test). All statistical tests were two-sided.    

Moreover, this conjugate demonstrates therapeutic efficacy in 
models of small-volume and bulkier disease. 

 EphA2    is an attractive target for such an immunoconjugate 
approach because of its high expression in cancer tissues and its 
absence or low-level expression in epithelial tissues including kid-
ney, lung, colon, and bladder ( 10 ). Landen et al. ( 8 ) reported that 
treatment with the EphA2 agonist antibody, EA5, resulted in mod-
erate inhibition of tumor growth in orthotopic ovarian cancer 
models via regulation of angiogenesis factors. As expected, the 1C1 
antibody did not demonstrate direct cytotoxicity in ovarian cancer 
or endothelial cells in vitro but allowed highly specifi c delivery of 
a cytotoxic payload ( 8 ). 

 In addition to the selection of a suitable chemotherapeutic 
agent and exploitation of a highly specifi c antibody, the linker 
chemistry is also important to ensure that the immunoconjugate is 
stable and can successfully deliver the drug to the target cell 
( 24 , 25 ). Various linkers that are expected to be relatively stable 
outside the cells (in the blood) but to be labile inside cells have 
been designed. For example, dolastatins have been conjugated to 
CD30, CD70, or CD79 via peptide linkers containing valine –
 lysine sequence or  � -glucuronic acid and found to be stable in 

blood but to be degraded in lysosomes, presumably by cathepsin B 
or  � -glucuronidase ( 26  –  29 ). 

 To date, efforts to improve the cytotoxic actions of monoclo-
nal antibodies and consequently their therapeutic effectiveness 
have focused on conjugates with highly toxic substances, includ-
ing cytotoxic agents and radioisotopes ( 30  –  32 ). These conjugates 
can deliver a toxic payload selectively to the tumor site, while 
normal tissues are generally spared. Two radioimmunoconju-
gates including ibritumomab tiuxetan (Zevalin; Biogen Idec Inc, 
Cambridge, MA) and tositumomab (Bexxar; GlaxoSmithKline, 
Research Triangle Park, NC) have been approved in the United 
States for use in relapsed or refractory non-Hodgkin lymphoma 
( 33 , 34 ). Both agents are murine monoclonal antibodies that tar-
get the CD20 antigen on B-cell lymphoma cells. An example of a 
cytotoxic agent conjugated to a monoclonal antibody is gemtu-
zumab ozogamicin (Mylotarg; Wyeth Pharmaceuticals Inc, 
Philadelphia, PA), which was approved in the United States in 
2000 for treatment of acute myelogenous leukemia. This human-
ized IgG4 monoclonal antibody targets the CD33 antigen 
expressed on acute myelogenous leukemia blast cells and contains 
a calicheamicin  � 1 derivative as the therapeutic agent that is 
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 Figure 5  .    Immunoconjugate treatment of 
established ovarian carcinomas in mice. 
1C1-mcMMAF is an immunoconjugate, in 
which 1C1 (an anti-EphA2 monoclonal anti-
body) is linked to a chemotherapeutic agent 
monomethyl auristatin phenylalanine 
(MMAF) by a noncleavable linker maleimi-
docaproyl (mc).  A ) Images of tumors in mice   . 
Mice were injected intraperitoneally with 
HeyA8-luc cells and 17 days later were ran-
domly assigned to treatment with PBS (con-
trol) or with 1C1, control IgG-mcMMAF, 
or 1C1-mcMMAF (each at 3 mg/kg). Bio-
luminescence imaging of each mouse was 
conducted at 3- to 4-day intervals. Data from 
days 17, 21, 24, 28, and 31 after cell injection 
are shown. The same mouse from each 
group is shown at each time point. The total 
number of mice was 20, and the number of 
mice per treatment group was fi ve.  B )    Photon 
measurements from bioluminescence. Data 
are from the mice used in the experiment 
shown in ( A ). Signal intensity was quantifi ed 
as the sum of all detected photons (p) within 
the region of interest per second (×10 8 ). Error 
bars = 95% confi dence intervals for the 
means.  C )    Survival of HeyA8-luc tumor-
bearing mice after treatment. Mice used in 
bioluminescence experiment in ( A ) were 
used for the survival analysis. Survival 
was analyzed by the Kaplan – Meier method 
( P  = .001). Mice treated with 1C1-mcMMAF 
(mean = 60.6 days) had the longest survival 
compared with those treated with PBS con-
trol (mean = 29.4 days; difference = 31.2 
days, 95% CI = 27.6 to 31.2), 1C1 (mean = 29.8 
days; difference = 30.8 days, 95% CI = 28.1 to 
31.5 days), or IgG-mcMMAF (mean = 30.8 
days; difference = 29.8 days, 95% CI = 27.3 to 
34.3 days) (each  P  = .002   ).    

attached via a bifunctional linker ( 35 ). Other conjugates of 
monoclonal antibodies with cytotoxic toxins are under clinical 
evaluation ( 36 ). Immuno conjugates that contain auristatins 
induce cell cycle arrest at the G 2  – M border, microtubule disrup-
tion, and apoptosis induction. Several    immunoconjugates con-
taining auristatin analogs targeted to cell surface markers such as 
CD20, CD30, and prostate specifi c membrane antigen have 
already shown promise in preclinical and clinical studies 
( 12 , 24 , 26 , 37  –  43 ). 

 Work with tumor-based models suggests potential roles for 
EphA2 in the regulation of cell growth, survival, migration, and 
angiogenesis ( 44  –  48 ). EphA2 expression is frequently elevated 
in breast ( 49  –  51 ), colon ( 45 ), prostate ( 52 ), and non – small cell 
lung cancers ( 53 ), and aggressive melanomas ( 54 ). Whereas the 
expression of EphA2 receptor in human cancer has been well 
established, little is known about its role in normal adult tissues. 
The expression of EphA2 mRNA and protein has been described 
in adult rat kidney and lung epithelial cells ( 9 ). Similar analysis has 
detected EphA2 mRNA in adult human tissues of the kidney and 
lung, as well as in colon and bladder ( 55 ). However, imaging stud-
ies using a radiolabeled version of the highly selective antibody 

1C1 revealed preferential distribution to tumors with no accumu-
lation in any normal mouse or rat tissues ( 56 ), suggesting that 
targeting of the immunoconjugate to normal mouse tissues is 
minimal. 

 Our study had several potential limitations. First, although we 
found that 1C1-mcMMAF could decrease the tumor volume in 
bulkier tumor model with HeyA8-luc-luc, we have not evaluated 
the actual delivery of this immunoconjugate into the solid tumor 
mass. Second, in spite of the safety of 1C1-mcMMAF in preclinical 
experiments, unexpected toxicities may be identifi ed in future 
research, especially to EphA2-expressing normal tissues or cells. 
Further preclinical safety evaluation will be needed before clinical 
development. Third, analyses in this report were done in cultured 
cell lines and in mouse models that used immunodefi cient mice, 
and so results may not necessarily translate into human patients 
with ovarian cancer. 

 In summary, the fi ndings herein provide a novel EphA2-
targeted immunoconjugate with potent antitumor activity 
in ovarian carcinoma. Further preclinical and clinical develop-
ment of the 1C1-mcMMAF immunoconjugate appears to be 
warranted.  
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 Figure 6  .    Proliferation and apoptosis of tumor or endothelial cells in 
SKOV3ip1 tumors after immunoconjugate treatment. 1C1-mcMMAF is 
an immunoconjugate, in which 1C1 (an anti-EphA2 monoclonal anti-
body) is linked to a chemotherapeutic agent monomethyl auristatin 
phenylalanine (MMAF) by a noncleavable linker maleimidocaproyl 
(mc). Mice bearing SKOV3ip1 ovarian tumors were treated with phos-
phate-buffered saline (PBS), 1C1, control IgG-mcMMAF, or 1C1-
mcMMAF. When control mice became moribund, all mice in that 
treatment group were killed by cervical dislocation. Tumors were fi xed 
in formalin and embedded in paraffi n or were snap-frozen in optimal 
cutting temperature compound in liquid nitrogen.  A ) Tumor cell prolif-
eration as assessed by proliferating cell nuclear antigen (PCNA). PCNA 
was detected with antibody against PNCA followed by horseradish 
peroxidase – conjugated secondary antibody and visualized with diamin-
obenzidine as the substrate ( brown ). PCNA-positive cells were counted, 

and the percentage of total cells was plotted in the histogram at the 
right. Five samples were used from each group, and results were con-
fi rmed with a duplicate experiment. Error bars = 95% confi dence inter-
vals.  B ) Apoptosis as assessed by deoxynucleotidyltransferase-mediated 
nick end labeling (TUNEL). Tumor sections were stained with both 
oechst ( blue ) to identify nuclei and TUNEL ( green ) to identify apoptotic 
cells and viewed under double immunofl uorescence microscopy. 
Apoptotic cells were counted, and the percentage of total cells was plot-
ted in the histogram at the right.  C ) Apoptosis in mouse endothelial 
cells in the SKOV3ip1 tumors after treatment. Tumor sections were 
stained with CD31 ( red ) to identify mouse endothelial cells and TUNEL 
( green ) to identify apoptotic cells and visualized under double immuno-
fl uorescence microscopy. Endothelial cells undergoing apoptosis 
appear  yellow . Original magnifi cations: ( A ) = ×100; ( B ) and ( C ) = ×200. 
Black scale bar = 100  µ m; white scale bar = 50  µ m.    
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