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Abstract

A noninvasive screening test would significantly facilitate early detection of epithelial ovarian
cancer. This study used a combination of high-throughput selection and array-based serologic
detection of many antigens indicative of the presence of cancer, thereby using the immune system
as a biosensor. This high-throughput selection involved biopanning of an ovarian cancer phage
display library using serum immunoglobulins from an ovarian cancer patient as bait. Protein
macroarrays containing 480 of these selected antigen clones revealed 65 clones that interacted with
immunoglobulins in sera from 32 ovarian cancer patients but not with sera from 25 healthy women
or 14 patients having other benign or malignant gynecologic diseases. Sequence analysis data of
these 65 clones revealed 62 different antigens. Among the markers, we identified some known
antigens, including RCAS1, signal recognition protein-19, AHNAK-related sequence, nuclear
autoantogenic sperm protein, Nijmegen breakage syndrome 1 (Nibrin), ribosomal protein L4, Homo
sapiens KIAA0419 gene product, eukaryotic initiation factor 5A, and casein kinase 11, as well as
many previously uncharacterized antigenic gene products. Using these 65 antigens on protein
microarrays, we trained neural networks on two-color fluorescent detection of serum 1gG binding
and found an average sensitivity and specificity of 55% and 98%, respectively. In addition, the top
6 of the most specific clones resulted in an average sensitivity and specificity of 32% and 94%,
respectively. This global approach to antigenic profiling, epitomics, has applications to cancer and
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autoimmune diseases for diagnostic and therapeutic studies. Further work with larger panels of
antigens should provide a comprehensive set of markers with sufficient sensitivity and specificity
suitable for clinical testing in high-risk populations.

Introduction

The most extensively investigated biomarker for screening of ovarian cancer is CA-125, whose
serum levels are elevated in 50% of stage | and 90% of stage Il to IV ovarian cancer patients
(1). However, elevated CA-125 levels have also been observed in healthy women during
menstruation and in patients with other gynecologic diseases and other malignancies, which
results in a high false-positive rate for CA-125 (2,3).

In contrast to detection of serum antigens, the detection of serum antibody responses to tumor
antigens may provide a more reliable serum marker for cancer diagnosis (4-7), because serum
antibodies are more stable than serum antigens. Furthermore, antibodies may be more abundant
than antigens, especially at low tumor burdens characteristic of early stages. Thirty percent of
patients with ductal carcinoma in situ in which the proto-oncogene HER-2/neu was
overexpressed had serum antibodies specific to this protein (8,9). In addition, antibodies to p53
have been reported in patients with early-stage ovarian or colorectal cancers (10,11). Changes
in the level of gene expression in cancer (4,8,12,13) and aberrant expression of tissue-restricted
gene products in cancer (14,15) are factors in the development of a humoral immune response
in cancer patients. In this respect, serologic analysis of recombinant cDNA expression libraries
of tumors with autologous serum has identified some relevant tumor antigens, MAGE (16),
SSX2 (17), and NY-ESO-1 (18).

Screening for ovarian cancer at early stage has been reported by Petricoin et al. (19) using
technology based on the generation of proteomic spectra of serum proteins using matrix-
assisted laser desorption and ionization time-of-flight and surface-enhanced laser desorption
and ionization time-of-flight mass spectroscopy. Due to the low prevalence of ovarian cancer
in the general population, specificity of 95% obtained in this proteomic assay is not ready for
a clinical ovarian cancer diagnostic test (20-24). Furthermore, some issues have arisen
regarding the mass spectroscopy technology of protein profiling, as the data are difficult to
reproduce and that they may be biased by artifacts in sample preparation, storage and
processing, and patient selection (25).

This study describes a novel approach to clone and evaluate utility of tumor antigens in high
throughput to detect serum antibodies on protein arrays. Multiple steps of selection of tumor
antigens were used in this process. First, we employed a differential biopanning technique to
screena T7 phage display cDNA library to isolate cDNAs coding for antigenic proteins binding
with antibodies present specifically in the sera of patients with ovarian cancer but not with
antibodies in the sera of healthy women. Then, we conducted macroarray immunoscreenings
to identify potential ovarian cancer biomarkers. Markers identified by macroarrays were
validated on independent samples and other platforms, including two-color fluorescence
microarrays, ELISA, and immunohistochemistry. Our goal was to evaluate the potential of a
large panel of tumor antigens as biomarkers for a serum-based screening test that can detect
the presence of epithelial ovarian cancer.

Materials and Methods

Serum samples

Blood samples from ovarian cancer patients (stage 1-1V) and healthy controls were obtained
from the Barbara Ann Karmanos Cancer Institute. Blood samples were centrifuged at 2,500
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rpm at 4°C for 15 minutes and supernatants were stored at —70°C. Additional serum samples
from ovarian cancer patients and patients with benign gynecologic conditions were obtained
from the M. D. Anderson Cancer Center, Weill Medical College of Cornell University, and
Northwestern University Robert H. Lurie Comprehensive Cancer Center. Healthy and diseased
tissue sections were obtained from the Detroit Medical Center/Barbara Ann Karmanos Cancer
Institute Pathology Core Facility and the Gynecologic Oncology Group Tissue Bank, which
is funded by the National Cancer Institute. This study was conducted under protocols approved
by the Wayne State University Human Investigation Committee.

Construction of T7 phage display cDNA library from ovarian cancer cell line (SKOV3) and
isolation of mMRNA from total RNA

Total RNA was prepared from ovarian cancer cells (grown in monolayer culture) using Trizol
reagent according to the manufacturer’s instructions (Invitrogen, Carlsbad, CA). Purification
of polyadenylate mMRNA was done twice following the method as suggested by the
manufacturer (Qiagen, Inc., Valencia, CA). The construction of the ovarian cancer T7 phage
cDNA library was done using Novagen OrientExpress cDNA Synthesis (Random Primer
System) and Cloning System according to the manufacturer’s suggestions (Novagen, Madison,
WI; cDNA manual, TB247; T7Select System, TB178).

Biopanning of T7 phage displayed cDNA libraries with human sera

We did differential biopanning with negative and positive selection using 20 pooled sera from
normal healthy women and serum from late-stage ovarian cancer patient PM2280 according
to the manufacturer’s suggestions (Novagen; T7Select System, TB178). Protein G Plus-
agarose beads were used for serum IgG immobilization. Four rounds of biopanning were done
and the selected phage library was used for macroarray immunoscreening.

Macroarray immunoscreening

Four hundred eighty individual plaques were picked and amplified from biopanning 4 (BP4)
and their lysates were arrayed onto a nitrocellulose membrane using the Beckman (Fullerton,
CA) Biomek 2000 liquid handling robot. This robot, equipped with a 96-pin printing head,
spotted the bacteriophage samples contained in 96-well plates onto nitrocellulose membranes
in a4 x 4 pattern (Fig. 1A). The nitrocellulose membranes were blocked with 5% dry milk for
1 hour at room temperature and incubated with individual patients’ sera (Table 1A, pretreated
with 150 pg bacterial extracts for 2 hours at 4°C) at a dilution of 1:10,000 or 1:3,000 for 1 hour
at room temperature. Bacterial extract was used because some patients and controls displayed
antibody binding to bacterial protein(s). The membranes were washed thrice with 0.24% Tris,
0.8% NaCl, 1% Tween 20 (TBST) for 15 minutes each; incubated with secondary antibody,
goat anti-human IgG horseradish peroxidase (HRP)—conjugated (Pierce, Rockford, IL) at
1:5,000 dilution for 1 hour at room temperature; washed thrice with TBST for 15 minutes each;
and developed with SuperSignal West Pico chemiluminescent substrate (Pierce). The images
were captured on X-ray film. The grid with uniformly low intensity for all the spots in that grid
was chosen as the baseline corresponding to zero reactivity. Intensity of any other clones (in
triplicate) in any grids higher than this the cutoff value (zero baseline) was taken as a positive
reactive clone.

Microarray immunoscreening

We assessed accuracy of the antigen clones selected by macroarrays on a new set of sera (Table
1B) using a different experimental platform, protein microarrays. A set of 65 clones chosen
from the macroarray data were spotted in quintuplicate onto FAST slides (Schleicher &
Schuell, Keene, NH) by a robotic microarrayer, Prosys 5510TL (Cartesian, Inc., Ann Arbor,
MI). T7 monoclonal antibody (Novagen) and goat anti-human IgG (Pierce) were labeled with
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monofunctional NHS ester-activated Cy3 and Cy5 dyes, respectively, following the
manufacturer’s instructions (Amersham Biosciences Corp., Piscataway, NJ). The microarrays
were blocked in 4% milk/PBS/0.1% Tween 20 for 1 hour at room temperature and incubated
with human serum atadilution of 1:300 in PBS at room temperature for 1 hour. The microarrays
were rinsed in PBS and washed thrice in PBS/0.1% Tween 20 for 10 minutes each at room
temperature and then incubated with Cy3-labeled-T7 anti-capsid antibody at a dilution of
1:70,000 and anti-human 1gG labeled with Cy5 at a dilution of 1:3,000 in PBS for 1 hour in
the dark. The microarrays were washed thrice in PBS/0.1% Tween 20 for 2 minutes each and
then twice in PBS for 2 minutes each and air dried.

The arrays were scanned in an Axon Laboratories 4100A scanner (Palo Alto, CA) using 532
and 635 nm lasers. The ratio of anti-T7 capsid and anti-human 1gG was determined by
comparing the fluorescence intensities in the Cy3- and Cy5-specific channels at each spot using
ImaGene software (Biodiscovery, Inc., El Segundo, CA).

Statistical analysis of microarray

Microarray data normalization and calculation of receiver operating characteristic (ROC) curve
summary measures were conducted in R environment version 2.0.1 (26), with LIMMA (27),
ROC (28), and NNET (VR bundle; ref. 29) packages for data input, ROC curve, and neural
network, respectively; marker selection and utility calculation were conducted with SPSS
version 13.0.1 (SPSS, Inc., Chicago, IL). The microarray data were preprocessed and
normalized using local background subtraction of the raw spot signals. The red over green
channel intensity ratios were log transformed and the data were normalized to the print-tip
group median within each array. Mean of spot replicates (quintuplicate) was taken.

We validated the biomarkers by splitting the data into training and testing sets. The 129 sera
were divided randomly into two partitions: a training set containing 2/3 of the samples (85
sera) and a testing set containing 1/3 of the samples (44 sera). This process was repeated 10
times in a stratified way (i.e., each training and testing set had the same proportion of healthy
people and people with early-stage or late-stage ovarian cancer). The selection of clones and
development of models were conducted on each training set and the performance evaluations
were conducted on the respective testing set. Because an effective screening test for ovarian
cancer should be highly specific, the threshold with highest specificity was chosen on each
testing set ROC curve. The performance variables of the models were averaged across these
10 trials.

The models were built using neural networks. A feed-forward neural network architecture with
65 input nodes, 4 hidden nodes, and 1 output node was trained by error back propagation using
the data in each training set. Missing values were substituted by the mean value of that attribute
on the training and test set independently.

As a single marker may not be specific enough to be clinically meaningful and a very large
number of markers may not be practical, a combination of several markers with the best utility
was assessed to select markers with the highest accuracy. Conventional statistical tests
sometimes fail to rank properly highly specific markers (30). Partial area under the ROC curve
(pPAUC) is a robust nonparametric estimator and may be a more accurate summary measure of
biomarker utility compared with statistics assessing mean differences (30,31). We ranked
clones in each of 10 training sets on total AUC and pAUC using a false-positive fraction to
0.3. To select clones that were both highly specific and had good overall utility we used the
mean of these two ranks for each clone. Six markers (4H4, 5B12, 2F7, 2A3, 5H8, and 5C12)
were selected for evaluation because they were among the top 10 most specific markers in at
least 9 of 10 training sets. Feed-forward neural networks with six input nodes, two hidden
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nodes, and one output node were trained by error back propagation (one model for each training
set) to assess utility of these markers.

ELISA macroarray analysis

Six stage I to IV clones, printed in triplicate, were arrayed on nitrocellulose membranes, which
were processed similarly as described in macroarray immunoscreening using patient or control
serum at dilutions of 1:1,000, 1:3,000, 1:10,000, and 1:30,000. As a control, these macroarrays
were also processed with a monoclonal antibody to the NH, terminus of the T7 gene 10 protein
at 1:10,000 dilution (Novagen). The intensity of each spot was measured using ImaGene
software with background subtraction. Serum antibody binding was normalized to an empty
vector phage capsid protein.

Sequencing of phage cDNA clones

Individual phage clones were PCR amplified using forward primer 5'-
GTTCTATCCGCAACGTTATGG-3' and reverse primer 5'-
GGAGGAAAGTCGTTTTTTGGGG-3' and sequenced using forward primer by Wayne State
University DNA Sequencing Core Facility.

Immunohistochemistry

Results

For the assessment of expression levels of RCASL, eukaryotic initiation factor 5A (elF-5A),
and Nijmegen breakage syndrome 1 (Nibrin), immunohistochemical staining was done on 4-
um sections from formalin-fixed, paraffin-embedded tissue with antibodies to RCAS1
(Medical and Biological Laboratoires Co. Ltd., Woburn, MA), elF-5A (Abcam, Inc.,
Cambridge, MA), and Nibrin (Abcam). These experiments were carried out using standard
procedures by the Karmanos Cancer Institute Pathology Core (32). Each sample was scored
for intensity of staining and percent positive cells by a clinical gynecologic pathologist.

Differential biopanning of T7 phage display cDNA expression libraries employing sera
obtained from women with ovarian cancer and healthy controls

To isolate a large panel of antigen biomarkers, we did differential biopanning of a T7 phage
display cDNA library prepared from an ovarian cancer cell line, SKOV3, using a late-stage
ovarian cancer patient’s serum (PM2280) as the bait to isolate tumor-specific antigens
(Materials and Methods). Each antigen is expressed as a fusion protein in frame with T7 gene
10 phage capsid protein. Because ~35% of the selected phage clones interacted with PM2280
serum IgG after the fourth round of biopanning (data not shown), further biopanning was not
done to avoid reducing the diversity of antigen clone set.

Serologic detection of antibodies using macroarrays

A set of 480 clones from the fourth round of biopanning was robotically spotted on
nitrocellulose membranes. The binding of the cloned antigens with the 1gG in patients’ sera
was done at a dilution of 1:10,000. The strong positive interactions observed with the PM2280
serum indicated a relatively high titer of the IgG molecules that bound with the PM2280 clones
(Fig. 1A). Although 480 clones were identified from the biopanning with PM2280 serum as
the bait, not all 480 clones bound to IgG in the PM2280 serum (Fig. 1A). This may have been
due to a nonspecific binding with phage clones and the protein G* beads bearing the serum
antibodies in the biopanning. When the 1gG binding from sera of other patients (honself
reaction) was analyzed using replicates of these robotically spotted macroarrays, cross-
reactivity was observed in most patients at a dilution of 1:10,000 (Fig. 1B-E). Sera from other
patients required either 1:3,000 or 1:30,000 dilution to unambiguously detect positive clones.
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Binding was scored positive only when all three of the triplicates had similar intensity and
when the intensity was significantly higher than the background intensity of other spots within
the same patch. We tested sera from 71 women, including 8 with stage I invasive ovarian
cancer, 3 with stage I borderline ovarian cancer, 21 with late-stage ovarian cancer, 10 with
benign gynecologic diseases, and 4 with endometrial cancer as well as 25 sera from healthy
female controls. Tumor histology and stage of all the patients used for the study are listed in
Table 1A. Late-stage patients PM0044 and PM2314 bound more intensely than the stage |
patients PM2133 and PM2126 (Fig. 1B-E), possibly indicative of differences in their antibody
titers to the antigens. As expected, a fraction of the 480 phage clones on the macroarrays
interacted with ~10% of the controls. All clones that interacted with the control sera were
eliminated from further consideration. One hundred forty-nine clones interacted with sera from
stage | to IV ovarian cancer patients but not with any of the 25 control sera. Forty-eight of 149
clones interacted specifically with 1gG in these stage | to IV sera (Table 2A). The remaining
101 clones interacted with sera from women who had benign tumors, endometrial cancers, or
other gynecologic diseases and may represent biomarkers of gynecologic disease. These clones
were excluded because these conditions are a common source of false-positive results in
CA-125 clinical testing. A matrix summarizing the binding of the 48 stage | to IV selected
antigen clones to sera from patients and controls is shown in Table 2A. The derivation of this
matrix was based on an agreement between two observers who analyzed the data
independently, with 87% concordance. Only the concordant results are reported.

Only 2 of 48 selected clones, 2G4 and 3B12, bound with PM2280 serum IgG, although T7
cDNA library was biopanned with PM2280 serum as the bait. A large number of clones
interacting with the PM2280 serum were eliminated because they bound with either healthy
controls or patients having benign or other gynecologic diseases. The best markers are those
interacting with the most patients; these include such clones as 2H9 (13 of 32), 2G2 (13 of 32),
2B4 (12 of 32), and 2G4 (12 of 32) that had the highest frequency of IgG binding with sera
from ovarian cancer patients. Three antigens, 2F7/2B4, 5C3/2G4, and 2E1/4A3, were found
in multiple clones resulting in a panel of 45 markers binding with IgG in stage I to IV ovarian
cancer sera (Table 2A).

A second group of 17 clones was found to interact with sera from 15 of 21 late-stage patients
(Table 2B) but not with sera from early-stage patients, sera from 25 healthy women, or sera
from 14 patients having either benign tumors, endometrial cancers, or other gynecologic
diseases. Although 6 late-stage patients were not detected by these 17 clones (Table 2B), they
were detected by 48 stage | to IV clones (Table 2A). Among these 17 clones, antigen 5A2
interacted with the greatest number of patients’ sera (8 of 21), clone 2G11 with 5 of 21, and
clones 2C12 and 4C5 with 4 of 21 sera. Although these clones did not detect women with early-
stage ovarian cancer, future analyses may show that they are useful as markers of recurrence.
Again, only the concordant results obtained by independent analysis of two observers are
reported.

Serologic detection of antibodies using microarrays

To independently evaluate the utility of these antigen biomarkers, we employed robotically
prepared microarrays with each clone spotted each in quintuplicate. The set of 65 clones was
immunoscreened on microarrays to evaluate their utility as biomarkers (Fig. 2). We tested sera
from 129 women, including 20 with stage | invasive ovarian cancer, 3 with borderline ovarian
cancer, 46 with late-stage ovarian cancer, and 60 healthy female controls. The average
sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV)
of neural network models with 65 markers are shown in Table 3. Seven of 10 models had a
threshold for specificity of 100%, thus providing 100% PPV. The predictive values were
estimated with Bayes’ theorem (33). The prevalence of ovarian, fallopian tube, and peritoneal
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cancer over 10 years found among Jewish women with family history of ovarian cancer (any
age) or breast cancer (age <50 years) in first-degree or second-degree relatives was 8 of 290
(2.76%). Estimated PPV and NPV were 43.8% and 98.7%, respectively, for average sensitivity
and specificity of 65 markers. Prevalence of people with ovarian cancer among BRCA1
mutation carriers in this group of Jewish women was 7 of 31 (22.6%). Estimated PPV and NPV
were 88.9% and 88.2%, respectively. Overall, these results provide a validation of the clones
selected by macroarrays and their accuracy for detection of ovarian cancer (34).

To implement autoantigen biomarkers on current clinical platforms, we may need to reduce
the number of features that we analyze. To assess predictive value of the fewest clones with
the highest utility, we selected the top 6 clones based on pAUC and AUC and built neural
network models on the training sets. The average sensitivity specificity, PPV, and NPV
obtained with six clones on the testing sets are shown in Table 3. These top 6 markers resulted
in an average sensitivity and specificity of 32% and 94%, respectively. This indicates that a
reduced panel can be developed that could retain significant accuracy once larger panels of
markers are available.

To assess the false-positive fraction when testing sera from patients with other cancers, we
conducted an experiment with the same protocol to evaluate the ability of these markers to
distinguish ovarian cancer from people with breast cancer (BRCA; 10 samples) or head and
neck cancer (HNSCC; 10 samples; 80% males). The neural networks using of 65 and 6 markers
built for ovarian cancer were tested on these data. Using the BRCA and HNSCC groups
together as controls and ovarian cancer as the case group, average false-positive fractions for
65 and 6 markers were 17% (range, 0-40%) and 5% (range, 0-20%), respectively. Ten models
with six markers classified all HNSCC and 9 of 10 of the BRCA serum samples correctly as
nonovarian cancer. These results indicate that our approach using multiple antigen biomarkers
has the potential to distinguish ovarian cancer from other cancers.

ELISA macroarray analysis

To show the utility of the six clone set on a commonly used experimental platform, ELISA-
like assay, these clones were robaotically printed on nitrocellulose membranes. The binding of
serum IgG to these antigens decreased with increasing dilutions of serum. Four of the six clones
are presented in ELISA analysis in order of their accuracy Fig. 3A-D. Serum antibody binding
was normalized to a clone containing an empty vector phage. This showed that the interaction
of antigen clones with patients’ sera was a titerable antigen-antibody interaction and indicates
the potential to use these markers in typical ELISA-based clinical tests.

Phage-coded antigen sequence analysis

To identify the selected gene products, phage DNAs were PCR amplified and sequenced. The
DNA sequences were analyzed for homology to mMRNA and genomic entries in the Genbank
databases using BLASTn. We also determined the predicted amino acids in-frame with the T7
gene 10 capsid protein. Twelve gene products represented known gene products in the reading
frame of the T7 gene 10 capsid protein, indicating that the serum IgG binding region was
localized to a portion of the natural open reading frame of the protein (Supplementary Table
S1). Of the remaining 36 clones, 14 clones contained an open reading frame with the T7 10B
gene with a frameshift within the natural reading frame of the gene, 9 clones contained portions
of either 5’ or 3’ untranslated regions of known genes, and 13 clones contained segments of
genomic sequences (Supplementary Table S2). This in turn resulted in the formation of
recombinant fusion proteins in which the predicted amino acid of the in-frame fusion with the
T7 10B protein was not similar to the original protein coded by the gene. The size of the
additional peptide sequences ranged from 5 to 48 amino acids. It is likely that the recombinant
gene products of these clones are coding for proteins that mimic some other natural antigens
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and hence can be termed mimotopes (Supplementary Table S2). BLASTp search of the
SWISSPROT database for homology to each in-frame mimotope identified entries that these
proteins are mimicking.

Of the 17 stage Il to IV clones (Table 2B), 1 clone represented known gene products in the
correct orientation and in the correct reading frame with the T7 gene 10B capsid protein and
the remaining 16 clones represented mimotopes (Supplementary Tables S3 and S4).

Overexpression of RCAS1, elF-5A, and Nibrin in serous ovarian carcinomas

Our original hypothesis was that the humoral response to tumor-associated antigens resulted
from overexpression or mutation of the protein. To address this point, we tested by
immunohistochemical staining whether Nibrin, RCAS1, and elF-5A were overexpressed in
ovarian tissue using 69 ovarian carcinoma tissue blocks (30 stage | and 39 late-stage) and 20
tissue sections from normal ovaries. We assessed expression levels using a combined score
based on staining intensity and percentage of cells stained. Staining intensity was scored as 0
(negative), 1+ (weak), 2+ (medium), or 3+ (strong). A combined value based on the staining
intensity and the percentage of stained cells was used as the final score. Overexpression was
defined as an intensity of 2 or 3 and >10% stained cells or an intensity of 1, 2, or 3 and >50%
stained cells (32). We found that RCAS1 (clone 1F6) was highly expressed in 22 of 30 stage
I tumors, 26 of 39 late-stage tumors, but only 1 of 20 normal ovary tissues. Likewise, another
antigen biomarker elF-5A (clone 2G4) was highly expressed in 16 of 30 stage | tumors, 32 of
39 late-stage tumors, and 9 of 20 normal ovary tissues. Overexpression of Nibrin was observed
in 1 of 30 stage | tumors, 13 of 39 late-stage tumors, and 0 of 20 normal ovary tissues.
Interestingly, the one stage | patient who was positive for staining with an antibody to Nibrin
was a stage IC patient who was never in remission dying 2.5 years after diagnosis, indicating
that her cancer had spread at the time of diagnosis. These data confirm that the antigenicity of
these proteins is due to overexpression in ovarian tumors. Clearly, our approach identifies
overexpressed proteins that can be useful as stage-specific tissue biomarkers.

Discussion

The early detection of ovarian cancer is a significant challenge in clinical oncology and
detecting ovarian cancer at stage | could result in a cure rate of 90%. To this end, we have
devised an approach of high-throughput selection of antigen biomarkers using phage display
libraries and marker selection using a highly parallel analysis on protein arrays. We began with
a representative sample of 480 cloned markers from biopanning an ovarian cancer T7 phage
display cDNA library with one patient’s serum. We first showed that these clones bound to
IgG molecules found in the sera of patients other than the one used for antigen selection. Forty-
five unique antigen biomarkers bound to IgG in the sera of early-stage and late-stage ovarian
cancer patients and exhibited no binding to 1gG in sera from women having benign gynecologic
syndromes, such as ovarian cysts and endometrial fibroids, or sera from women with
endometrial cancer. Because stage | tumors can elicit a detectable immune response in this
assay, thistechnology is sensitive to small tumor burdens. Although we have cloned our antigen
markers using serum from a patient having the most common histologic type of ovarian cancer,
serous adenocarcinoma, these antigen biomarkers are capable of detecting other histologic
types of ovarian cancer, including endometrioid and clear cell tumors as well (Table 2A). Using
sera from patients with other cancers (breast and head and neck), we were able to show that
these markers were fairly specific to ovarian cancer. Larger studies with additional antigen
biomarkers in these and other populations will be needed to verify whether the rate of diagnostic
misclassification with this approach is sufficiently low to justify their use in a clinical setting
as screening test for ovarian cancer.
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Knowledge regarding the immunogenicity and expression pattern of serologically defined
tumor antigens is critical in assessing the therapeutic and diagnostic potential of those antigens.
The present study shows that the use of T7 phage display selected clones is an effective
technique for molecular profiling of the humoral immune response in ovarian cancer. Within
this initial panel of 48 biomarkers, 10 contained large portions of open reading frames of the
parental proteins: 1F6, receptor-binding cancer antigen expressed on SiSo cells (human uterine
adenocarcinoma cell line; RCASL; ref. 35); 3A9, signal recognition protein-19 (36); 5C11,
AHNAK-related sequence (37); 2B4, nuclear autoantogenic sperm protein (NASP; ref. 38);
3C11, ribosomal protein L4 (39); 4H3, Nibrin (40); 2G4, elF-5A (41,42); and 5F8, Homo
sapiens KIAA0419 gene product (43). With the exception of clone 4A11, the H. sapiens
chromodomain helicase DNA-binding protein 1, and 2B3, H. sapiens cDNA FLJ11029 (44),
all of the aforementioned gene products have a known or suspected association with cancer.
Using two-dimensional followed by mass spectrometry, autoantibodies against elF-5A were
detected in sera from patients having lung adenocarcinoma (45). RCASL is overexpressed in
many cancers, such as uterine, breast, and pancreatic cancers (35,46,47). As indicated by the
broad overexpression of RCAS1 in human cancers, some of the antigens we have identified
may not be specific to ovarian cancer. Indeed, when we tested the expression level of three
antigens, RCAS1, elF-5A, and Nibrin, using immunohistochemical staining, we found that
RCASL1 and elF-5A were highly expressed in both early-stage and late-stage tumors. Elevated
expression of Nibrin was specific to late-stage cancer and may discriminate between early-
stage and late-stage ovarian cancer as a tissue biomarker elevated due to differences in the
levels of DNA damage at these stages of ovarian cancer. This indicated that our epitomics
profiling of the humoral immune response in cancer patients could identify serum antibody
markers that are relevant to the etiology of their cancer (e.g., overexpressed or mutated).

The remaining 36 clones are mimotopes, defined as peptides capable of binding to the paratope
of an antibody but unrelated in sequence to the natural protein that the antibody actually
recognizes (48). Peptide mimotopes can potentially be used as a novel form of immunotherapy
to induce a beneficial antitumor response (49). The homology of the 17 stage Il to IV clones
with other known antigens is described in Supplementary Tables S3 and S4.

Prevalence of ovarian cancer in general population is ~0.04%. Because of this low prevalence,
an effective screening test for ovarian cancer should have an extremely low false-positive rate
to avoid costly and invasive follow-up procedures. A screening test with sensitivity and
specificity of 90% is not sufficiently accurate for ovarian cancer because of relatively low
specificity. Thus, a useful screening test for ovarian cancer must have very high specificity
even at a cost of lower sensitivity. Most of our neural network models were 100% specific and
had PPV of 100%. Because predictive values depend on sensitivity, specificity, and prevalence,
they represent a more meaningful measurement of screening utility compared with sensitivity
and specificity alone. Thus, given that our estimates of sensitivity and specificity are true at
the population level and one of our 100% specific models is reliable, a positive result on a
screening test would indicate a very high likelihood that a subject has ovarian cancer.

These results are promising but should be interpreted with caution. The top 6 highly specific
markers are short (7-28 amino acids) mimotopes with novel immunogenicity. These six
markers taken individually may not be very accurate biomarkers—only their combination has
some utility. Our results obtained with neural network models may overestimate the true utility
of these clones at the population level. The validity of these markers will need to be evaluated
on a larger sample and also using other experimental platforms. Nonetheless, these results
indicate the potential of high-throughput antigen cloning and detection on microarrays to
identify biomarkers for ovarian cancer.
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The antigens identified with microarrays have diagnostic value with additional potential for
development of therapeutic vaccines, tissue biomarkers, or imaging reagents. Because the host
immune system can unravel molecular events (overexpression or mutation) critical to the
genesis of ovarian cancer, this novel proteomics technology can also identify genes with
mechanistic involvement in the etiology of the disease.

In conclusion, using a combination of high-throughput selection and array-based serologic
profiling that we call epitomics (50), we isolated a panel of 65 antigens that could provide
useful diagnostic markers for the early detection of ovarian cancer especially in high-risk
populations. Interestingly, 11 of the 13 known protein antigens that we found were associated
previously with cancer although not necessarily as tumor antigens. Further work with larger
panels of antigens analyzed on microarrays should provide a comprehensive set of markers
that can be evaluated using sera from other conditions, benign and malignant, to further evaluate
the specificity of an ovarian cancer test.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Filter macroarray. Five plates of amplified 96 phage clones from BP4 were spotted on

Page 13

nitrocellulose filters using Biomek robot with 96-pin print head. Filters were treated as a
Western blot using patient sera or control sera as the primary antibody and antibody binding
was detected using HRP-conjugated anti-human 1gG antibody. A, filter was processed with
PM2280 serum. The pattern consisted of 96 (4 x 4) patches. Each of the plates was spotted in
triplicate and indicated by the same number 1, 2, 3, 4, or 5 (refer to box diagram at the right ).
The outer four corners of the 96 sets of spots (A1, Al12, H1, and H12) were spotted with a
1:10,000 dilution of human serum in the last spot of the 16 for orientation purposes (arrows).
Note: In the diagram of the patch indicated by the box, clones from plates 1, 3, and 4 bound to

Cancer Res. Author manuscript; available in PMC 2008 September 22.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Chatterjee et al.

Page 14

the 1gG in the patient’s serum; in this case, it is PM2280. B and C, filters were processed with
late-stage patients’ sera, PM0044 and PM2314. D and E, filters showing antigen binding with
IgG in the serum of stage | ovarian cancer patients, PM2133 and PM2126. F and G, filters
labeled with Con PM0217 and Con PM0136 were treated with healthy control serum. Refer
to Table 1A for tumor histology and stage of patients’ sera used.
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Figure 2.

Antigen microarrays on biochip. Sixty-five clones in quintuplicate were robotically arrayed on
biochip (FAST slides). Binding of antigens first with serum IgG from ovarian cancer patient
and normal healthy individual and next with Cy3-labeled T7 anti-capsid antibody and Cy5-
labeled anti-human 1gG was done as described in Materials and Methods. The arrays were
scanned at 532 and 635 nm lasers in an Axon Laboratories 4100A scanner. A, microarrays
processed with serum IgG from control individual PM0574. A small section of the entire
biochip. Arrows, five replicates of a particular clone; the location of the five replicates has been
designated as r1_c2, r5 c¢2,r9_c2,rl3 c2,and r17_c2 (r, row; ¢, column). B, microarrays
processed with serum IgG from ovarian cancer patient PMO175. Arrows, five replicates of the
same clone as shown in (A).
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Figure 3.

Determination of a titerable antigen-antibody binding in ELISA macroarray analysis. The
clones were spotted on a set of four different nitrocellulose membranes that were later processed
with four different dilutions (1:1,000, 1:3,000, 1:10,000, and 1:30,000) of either healthy control
serum or patients serum (both stage | and 111). Refer to Table 1A for tumor histology and stage
of patients’ sera used. A set of four filters was also processed with T7 antibody at 1:10,000
dilution. Phage binding to serum 1gG was detected with HRP-conjugated anti-human 1gG, and
intensity of each spot corresponding to a particular phage clone was determined as described
in Materials and Methods. The intensity ratio of the four clones 4H4 (A), 5B12 (B), 2F7 (C),
and 2A3 (D) were plotted against dilutions of serum obtained from healthy controls and
patients. Intensity ratio = (mean signal intensity of a phage clone reacting with patient’s serum) /
(mean signal intensity of that phage clone reacting with T7 antibody) — (mean signal intensity
of blank phage clone reacting with patient’s serum) / (mean signal intensity of that blank phage
clone reacting with T7 antibody). The intensity ratio versus serum concentration was plotted
for each antigen clone.

Cancer Res. Author manuscript; available in PMC 2008 September 22.



Page 17

Chatterjee et al.

NIH-PA Author Manuscript

69

TTOOoOMN~NMLWLW
™

43

T

oA <

[exoL

8 9 z
4
4 6¢
T
€ z
T z
1
1
z 9T €
T € T
T 1T z
z
Al 8be1s 111 8be1s 11 8bers

~N

MO ONNNOM™M

—
—

M AT N

| ebe1s

|eloL
pal419ads 3SIMISLI0 10U BLIOUIDIEI0USPE URLIBAQ
192UBD UBLIBAO SN0JS
J192UBD UBLIBAO SNOUIdN|A|
189UBD URLIRAO [e1jayda paxIA
192UEBD UBLIBAO plolijawopus
J132UBD URLIBAO |[39 Jes|D
192UBD UBLIBAO SNOJSS auljJapiog
AelreondlN g
lelol
pal419ads 3SIMISLI0 10U BLIOUIDIEI0USPE URLIBAQ
192UBD UBLIBAO SN0JBS
1a2ued URLIBAO [e1jayNda paxIN
192UBD UBLIBAO ploLIaWwopuy
180UBD UBLIRAO |[99 Jes|D
132UeD UBLIBAO SNOJSS auljJapiog

AelireolsoeN v

ABojoisiH

190U UeLIBAO JO BulusaIds 10} pasn eiss Jo abels pue ABojolsiy Jown

Ta|qeL
NIH-PA Author Manuscript

NIH-PA Author Manuscript

Cancer Res. Author manuscript; available in PMC 2008 September 22.



1duasnue Joyiny vd-HIN

Chatterjee et al. Page 18

Stage I sera

Table 2
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Late-stage sera, stage (II-1V)

A. Binding of 48 Clones with Late Stage and Stage | Ovarian Cancer Patient Sera
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