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ABSTRACT
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The identification of effective biomarkers for early diagnosis, prognosis, and response to treatments remains
a challenge in ovarian cancer (OC) research. Here, we present an unbiased high-throughput approach to profile
ascitic fluid autoantibodies in order to obtain a tumor-specific antigen signature in OC.

We first reported the reactivity of immunoglobulins (Igs) purified from OC patient ascites towards
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two different OC cell lines. Using a discovery set of Igs, we selected tumor-specific antigens from
a phage display cDNA library. After biopanning, 700 proteins were expressed as fusion protein and
used in protein array to enable large-scale immunoscreening with independent sets of cancer and
noncancerous control. Finally, the selected antigens were validated by ELISA.

The initial screening identified eight antigenic clones: CREB3, MRPL46, EXOSC10, BCOR, HMGN2,
HIP1R, OLFM4, and KIAA1755. These antigens were all validated by ELISA in a study involving ascitic Igs
from 153 patients (69 with OC, 34 with other cancers and 50 without cancer), with CREB3 showing the
highest sensitivity (86.95%) and specificity (98%). Notably, we were able to identify an association
between the tumor-associated (TA) antibody response and the response to a first-line tumor treatment
(platinum-based chemotherapy). A stronger association was found by combining three antigens (BCOR,
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CREB3, and MRLP46) as a single antibody signature.

Measurement of an ascitic fluid antibody response to multiple TA antigens may aid in the identifica-
tion of new prognostic signatures in OC patients and shift attention to new potentially relevant targets.

Introduction

Ovarian cancer (OC) is the primary cause of death among
gynecologic cancers mainly because of diagosis at late
stage and development of chemoresistance! Most OC
patients present with advanced stage disease due to a lack
of specific symptoals, adequate diagnostic tools, and
screening strategies.2 Standard treatment for advanced
stage OC is tumor-debulking surgery followed by adjuvant
platinum-based chemotherapy. Despite a good response
rate to this front-line treatment, the majority of these
patients eventually develop incurable platinum-resistant
disease with a 5-y survival rate below 40%.2 Several new
drugs have now become available for patients with OC;
however, it is difficult to determine the effectiveness of
a given treatment due to a lack of efficient biomarkers for
patient selection, prognosis, and overall outcome.2 Cancer
antigen-125 (CA-125) is the most extensively investigated
OC biomarker,2 but it has a limited ability to detect the
disease at an early stage and is mainly used for monitoring
patients during follow-up procedures® A number of other
biomarkers present in serum, plasma, and urine (such as

HE4, mesothelin, prostasin, kallikreins, and osteopontin)
have been identified” Although none of these markers
meet the clinical standards when considered individually,
the combination of multiple markers as a panel along with
CA-125 has éyeen demonstrated to improve diagnostic
performancest Finding additional biomarkers is therefore
needed not only for diagnosis but also for prognosis and
response to treatment” Cancer cells induce a specific
immune response to aberrantly expressed, mutated or post-
translationally modified proteins or other tumor-associated
(TA) autoantigens and may be enhanced by TA inflamma-
tion or loss of immune self—tolee, resulting in the
production of TA autoantibodies!™ TA autoantibodies
and TA antigens (TAAs) have emerged as clinically u
tools with both diagnostic and prognostic relevance.2t
Measurement of TA autoantibodies by means of their cor-
responding antigens may be of clinical benefit ie early
diagno@s of various solid tumors, including OC,14 breast
cancer,— lung cancer, hep@tocellular carcinoma, @astric
cancer,Y colorectal cancer,”2 and prostate cancer.= The
mechanisms that lead to the production of antibodies as
well as the exact pathological role of the different types of
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antibodies are largely undefined. The heterogeneous nature
of TA antibodies underscore the importance of an innova-
tive and unbiased approach to fully explore the complex
information present in the antibody profile of cancer
patients. By applying recent approaches in the field of
biomarker discovery, it been possible to perform so-
called “seromic profiling”,54 which allows the identification
of TAAs recognized by patients’ antibodies that are directed
against aberrantly expressed, mutated or posttransl@'onally
modified proteins. Using peptid%protein arrays,= two-
dimensional  gel electrophoresis,™ and phage display
technology,® dozens of proteins have been identified as
targets of the patient’s immune response in different
tumors. Body fluids have been shown to be an excellent
medium for biomarker discovery. Accumulation of ascitic
fluid in the peritoneal cavity is an important feature of OC,
and its accessibility over the course of treatment makes it
an excellent alternativurce for biomarker discovery and
translational research PR Malignant ascites typically com-
prise variable proportions of suspended cells that include
tumor cells, mesothelial cells, fibroblasts, macrophages,
white blood cells, red blood cells, and debris. In addition
to the suspended cells, proteins secreted or leaked from
tumor tissue, soluble growth factors that are associated
with invasion and metastasis, factors of the complement
system, chemokines and, above all, antibodies are contained
with ascitic fluid. Ascitic fluids have received very little
attention yet are an invaluable resource for prognostic
and predictive biomarker identification, pharmacodynamic
information, and molecular profiling of OC. Although some
proteomics studies have been performed describing the
thousands of proteins present within the fluid, only a few
of the studies showed limited corrn of the proteins
with clinical features of the disease ) In this study, we
present a systematic and in-depth profile of the antibody
signature in OC ascites. We first showed that OC ascites
contain antibodies targeting proteins expressed in OC cells.
Then, using a high-throughput protein expression and
screening platform that combines phage display and protein
microarray, we assessed the ascitic fluid antibody response
and identified eight new TA autoantibody-binding antigens.
This tumor autoantibody signature is associated and corre-
lated with response to chemotherapy.

Results
Project strategy

To identify the antigenic targets of antibodies detectable in OC
ascites, we applied the research pipeline described in Figure 1.
Initially, a total of 153 ascitic samples from OC patients and
control subjects (without OC) were obtained, and immunoglo-
bulins (Igs) were affinity purified. Validation of the hypothesis
that OC ascites contain tumor antigen-targeting antibodies was
verified by Western blot, immunofluorescence and ELISA per-
formed with a smaller subset of the initial sample group ((i) 28
OC ascitic fluids collected from patients with stage I-VI diseases
who were either platinum sensitive or platinum resistant (grade
ranging from G1-G3), (ii) 18 ascitic fluids collected from patients

with other types of cancer and (iii) 28 ascitic fluids from indivi-
duals without cancer). This step allows the identification of
a “discovery set” of Igs that are used as bait for a phage display
cDNA library on the basis of their reactivity on the OC cell lines.
Specific biomarkers are then identified by screening protein
microarrays, and the selected antigens are produced and purified
as recombinant proteins before evaluation with ELISA on the
complete sample set of ascite Igs to validate the protein anti-
genicity. Correlations between the ELISA signal, gene expression
profile and clinical data were simultaneously explored.

Samples and controls used

In this study, 153 different ascitic fluids were collected from
patients diagnosed with OC (N = 69), other cancers (N = 34)
and noncancerous conditions (N = 50). The patients’ clinico-
pathological characteristics are summarized in Table 1. Igs from
all samples were affinity purified with protein A agarose beads.
Samples were checked by SDS-PAGE before and after purifica-
tion, and the concentration of purified Igs was determined
(Supplementary Figure 1). The median ascites Ig levels in samples
from patients with OC, other types of cancer and noncancerous
conditions were 2.97 pg/ul, 2.79 pg/pl and é86 ug/ul, respectively,
which is in agreement with previous data.

Ascites from OC contain antibodies targeting tumor cell
antigens

To detect the presence of antibodies directed against
antigens associated with OC, reactivity of purified Ig
samples from ascitic fluids was tested on two different
OC cell lines (OVCAR-3 and SKOV-3). This initial test
was performed by Western blotting assay, in which nor-
malized Ig samples from four distinct OC-derived ascites
and four controls were used as a source of primary anti-
bodies and challenged on the two cell lysates. We
observed that the OC-derived samples generated distinct
recognition patterns with a high number of proteins over
a large range of molecular weights in lysates from both
cell lines (Figure 2(a), upper and lower panels, lanes a-d).
Notably, in the same experimental conditions, antibodies
from noncancerous controls failed to clearly detect pro-
teins with comparable frequency, specificity and intensity
(Figure 2(a), upper and lower panels, lanes e-h). Equal
loading of cell lysate was confirmed by probing the mem-
brane strips with a-tubulin antibody. The presence of
a specific response to cell antigens was further confirmed
by immunofluorescence, the representative results of
which are shown in Figure 2(b). As seen in Western
blotting, a variable pattern of recognition was detected
using different OC cell lines, and Igs from ascites of
different OC patients were able to clearly stain cells in
the different subcellular compartments of OVCAR-3 cells,
including plasma membrane (panel a), nucleus (panel b),
and cytoplasm (panel c). Cells stained with antibodies
from noncancerous patients fail to produce detectable
signals, confirming the Western blot results (panel d).
The same pattern of recognition was obtained in
a different OC cell line, SKOV-3; Igs purified from an
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Figure 1. Workflow of the project.

WB = IF "

8 samples

Preliminary Assays OC Lysate & Live cell ELISA

- + 2 OC cell lines

8 samples

74 samples

human cDNA OREF library

i
A ASORRIL

Selected clones

7 samples
4. X S ° Protein
% P2l microarray
700 rhGST-proteins T m
17 samples
€ ¥ .
®* |y .
Fal 2 Indirect
8 rhGST-proteins . 4&5& ety ELISA

153 samples

58 samples + 1800 samples

Scheme of the project workflow and the main techniques used: 1) reactivity of antibodies from patients’ ascitic fluids against OC antigens was initially tested using
a small group of samples, on two OC cell lines, by Western blot, ELISA, and immunofluorescence. 2) Antigens were identified by performing rounds of selection of an
Open Reading Frame (ORF) fragments library displayed on the filamentous phage. Selection was performed with Igs from seven OC ascites. 3) Reactivity against
selected putative antigens was further verified by protein microarray on 13 OC, two noncancerous, and two control samples. 4) Antigenicity validation was done by
ELISA using the whole cohort of 153 ascites samples. 5) Clinical correlation of novel putative antigens to antibody titer and gene expression was performed, both on

internal and external datasets.

OC ascite with cytoplasmic reactivity, clearly stained also
SKOV-3 cells at cytoplasmic level (Figure 2(b) panel e)
while Igs from a noncancerous control failed to give any
signal (Figure 2(b) panel f).

To quantitatively confirm the presence of specific antibo-
dies in OC-derived ascites, ELISA was performed using
OVCAR-3 and SKOV-3 cells as a source of antigenic pro-
teins. Purified antibodies from ascitic fluids from patients
with OC (n = 28), other cancers (n = 18) or noncancerous
(n = 28) were incubated either with fixed whole OVCAR-3
or SKOV-3 cells (Figure 3(a)) or with total cell lysate from
OVCAR-3 or SKOV-3 cells (Figure 3(b)) to detect antibodies
to cellular antigens. As expected, the ELISA results indicated
the presence of a high level of tumor antigen-binding anti-
bodies in OC ascites compared to that in ascites from
patients with other cancers or with a noncancerous condi-
tion, confirming data obtained by immunofluorescence pre-
liminary characterization.

Reactivity of OC ascites and that of noncancerous controls
was further compared by indirect immunofluorescence assay

on HEp-2 cells, a human laryngeal carcinoma cell line routi-
nely used to evaluate autoantibody response in the context of
different systemic autoimmune diseases. The assay was per-
formed with purified antibodies from ascitic fluids from
patients with OC (n = 15) and noncancerous (n = 14), results
showed an overrepresentation of antibodies reacting against
both nuclear and/or cytoplasmic antigens expressed by cancer
cells (Supplementary Table 1). The data, supporting the pre-
sence of an immune response in OC patients, detectable in
OC ascitic samples, were in line with what previously demon-
strated by other group on OC using sera samples.

Selection and identification of antigens by phage display
and protein microarray

To identify the antigens recognized by the antibodies pre-
sent in OC ascites, highly immunoreactive affinity-purified
Igs were selected from the initially tested 28 OC-derived
samples. This so-called “discovery set” was made by seven



Table 1. Clinicopathological characteristics of patients included in the study.

Patient disease No. %
Chemo-naive ovarian cancer Age, y
(69) Mean, median 57, 60

Range 32-85
Histology
Serous 47 68
Nonserous 22 32
Stage (FIGO)
Il 2 3
1]l 45 65
v 21 31
Missing Information 1 1
Grade
1, Well differentiated 1 1
2, Moderately differentiated 8 12
3, Poorly differentiated 60 87
Amount of residual disease
NED 15 22
<1 ¢cm, mRD 11 16
>1 ¢cm, GRD 41 59
Missing information 2 3
Response to Platinum
treatment
Sensitive 24 35
Partially sensitive 16 23
Resistant 28* 41
Missing information 1 1

Other cancers (34)* Cancer of the lung, liver, colon, breast,
gallbladder, pancreas and stomach rectum;
lymphoma; mesothelioma

Cirrhosis caused by various pathologies,
pulmonary fibrosis, cholestatic liver diseases,
pneumonia, side effects from

transplantations.

Noncancerous conditions (50)

FIGO = International Federation of Gynecology and Obstetrics; NED = not
evident disease; mRD = minimal residual disease; GRD = gross residual
disease. * Includes four refractory patients. * These controls include ascites
recovered from nonovarian tumors but in some cases presenting peritoneal
diffusion similar to that observed in OC.

Ig samples purified from OC ascites of patients with differ-
ent clinicopathological features and presents a distinct pat-
tern of immunorecognition on both OVCAR-3 and SKOV-3
cellular antigens (Supplementary Table 2). Each of these
seven samples was independently used as bait for two con-
secutive cycles of Open I@ading Frame (ORF) cDNA phage
display library selection™ to enrich for immunoreactive
antigenic clones. Following biopanning, positive clones
were identified using a protein microarray with the selected
antigens expressed as GST-fusion proteins. One hundred
clones from the final round of each of the seven selections
were randomly picked, and recombinant proteins were
expressed and affinity purified, yielding approximately 700
independent GST-fusion proteins. Protein microarrays were
created by spotting purified proteins onto nitrocellulose
slides along with controls and calibrator IgGs. Array quality
control was performed with an anti-GST antibody
(Supplementary Figure 2A), which indicated the correct
printing and concentration range of more than 90% of the
selected antigens. Each array was then challenged individu-
ally with purified antibodies from 17 different ascites repre-
senting patients with OC (n = 13, including the 7 used for
selection), other cancer (n = 2) or noncancerous condition
(n = 2). Antibodies from the noncancerous control subjects
were given a limited number of positive staining spots
(Supplementary Figure 2B), while arrays exhibited signifi-
cantly increased immune recognition when incubated with

Igs purified from OC ascites (Supplementary Figure 2C).
Following spot signal quantification, 73 distinct clones were
found to have increased immunogenicity towards one or
more OC ascites IgG samples compared to noncancer
ascites samples. Antigens were ranked according to the
frequency of positive OC reactivity, and a subset of eight
clones were identified as specifically recognized by all 13
tested OC samples but not from either type of control
sample (i.e., other cancer and noncancerous). These clones
were recovered, and proteins were identified by DNA
sequencing. A total of eight different proteins were identi-
fied (Table 2): Cyclic AMP-responsive element-binding pro-
tein 3 (CREB3); Mitochondrial ribosomal protein L46
(MRPL46); Exosome component 10 (EXOSC10), BCL-6 cor-
epressor (BCOR), High mobility group nucleosomal binding
domain 2 (HMGN2), Huntingtin-interacting protein 1
related (HIP1R); Olfactomedin 4 (OLFM4) and the unchar-
acterized protein KIAA1755.

Validation of protein immunoreactivity by ELISA

To confirm the antigenicity of the selected proteins,
recombinant proteins were produced to serve as antigens
in an indirect ELISA to evaluate the reactivity of purified
antibodies from patients and controls cohorts. Each
selected ORF fragment was cloned in frame with the
GST and the FLAG sequences at their N- and C-termini,
respectively. The expected molecular weights of each
recombinant GST-fusion product and the relative full-
length protein are indicated in Supplementary Figure 3A.
The quality of the affinity-purified GST-fused proteins was
assessed by Coomassie staining (Supplementary Figure 3B)
and by Western blotting performed with anti-GST and
anti-FLAG antibodies (Supplementary Figure 3C and
3D). Preliminary set-up experiments were performed to
establish the antigen coating concentration as well as the
appropriate antibody dilution. Finally, each antigen was
tested by ELISA against the full set of antibodies purified
from the 153 ascites samples. As expected, ELISA reactiv-
ity towards the eight antigens was not homogenous, show-
ing a wide range of immunorecognition (Figure 4). In
general, antibodies from the control ascites samples
showed no or very low reactivity towards all the antigens,
resulting in a specificity higher than 94% for all proteins
tested (see Supplementary Tables 3 and 4). Ascites samples
from patients with other cancers showed a large degree of
variability in recognition, while OC-derived ascites sam-
ples were highly reactive against all antigens tested.
CREB3 showed a sensitivity of 87% (60 positive out of
69 total samples); MRPL46 and BCOR showed a sensitivity
of approximately 73%, and EXOSCI0 had a sensitivity of
56%. HMGN2 was the less sensitive among the antigenic
panel, as only 13 of the 69 OC samples were positive
(Supplementary Tables 3 and 4). When the antigens were
used to identify differences in the three sample groups, the
analyses showed that for all eight antigens, there was
a statistically significant difference in immunoreactivity
between the OC and noncancerous control ascites.
Interestingly, three antigens, namely, CREB3, MRPLA46,
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Figure 2. Antibodies from OC ascitic fluids react with tumor cells.

(a) Western blot of lysates from OVCAR-3 (upper panel) and SKOV-3 (lower panel) cells. Each sample was incubated with equal amount of Igs purified from ascites
from OC patients (a-d) or from noncancerous controls (e-h). Inmunoreactivity was detected with HRP-conjugated anti-human secondary antibody. After detection of
ascitic IgG immunoreactivity, the membranes were stripped and probed with anti-a-tubulin antibody to assess the loading of lysate among the samples. (b)
Immunofluorescence of OVCAR-3 and SKOV-3 cells with Igs purified from ascites. The cellular localization of TAAs was detected with Cy5-conjugated anti-human IgG
(green). Nuclei were stained with propidium iodide (red). (a-d) Representative images of OVCAR-3 cells incubated with (a-c) Igs from OC ascites (a) without cell
permeabilization, showing surface staining; (b) after cell fixation, showing nuclear staining; and (c) after permeabilization, showing cytoplasmic staining; (d) image of
fixed and permeabilized OVCAR-3 cells incubated with Igs from noncancerous controls, showing a lack of any detectable signal. (e, f) Inmunofluorescence analysis of
fixed and permeabilized SKOV-3 cells incubated with Igs from ascites from patients with (e) OC and (f) noncancerous conditions, confirming the difference in

reactivity.

and EXOSCI10, were able to significantly differentiate OC
samples from samples derived from other cancers, thereby
confirming the isolation of antigens specific for TA anti-
bodies in OC ascites (Supplementary Table 4). When the
immunoreactivity of each patient against the eight pro-
teins was compared, we observed that 71% of the OC
patients (49/69) showed reactivity against these three anti-
gens, while positivity was observed for only 53% of
patients with other cancers and none of noncancerous
control subjects (Supplementary Figure 4).

Specific antibody response correlates with chemotherapy
response in OC patients

We then analyzed whether the signal intensity of the TA anti-
body response to specific antigens correlated with clinical data.
None of the clinicopathological characteristics except response
to platinum-based therapy correlated with the antibody signal.
Patients were stratified according to the response to treatment as

follows: (i) ‘platinum-resistant’ (28 patients) with disease pro-
gression within 6 months from the end of therapy; (ii) *partially
platinum-sensitive’ (16 patients) with progression between 6 and
12 months; and (iii) ‘platinum-sensitive’ (24 patients) with pro-
gression after 12 months. The distribution of the ELISA signal
values obtained from the individual antigens was then compared
within the three classes of chemotherapy responses. For all eight
antigens, there was no difference between the signals when the
‘platinum-resistant’ and ’partially platinum-sensitive’ classes
were compared (Figure 5 and Supplementary Figure 5).
Notably, when comparing ‘platinum-resistant’ and ‘platinum-
sensitive’ patients, the BCOR antigen showed a statistically sig-
nificant (p < .05) difference in TA autoantibody response with
sensitive patients exhibiting a higher level of specific antibody
(Figure 5(a)). No significant difference was observed for the
other antigens (Figure 5(a) and Supplementary Figure 5); how-
ever, MRLP46 and CREB3 antigens showed a trend towards an
increase in TA autoantibody response from resistant to sensitive
patients, albeit not significant (Figure 5(a)). Furthermore, when
BCOR, MRPL46, and CREB3 were combined as a single
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Figure 3. Antibodies from OC ascitic fluids react with tumor cells.
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(a) OC whole-cell ELISA. Fixed and permeabilized OVCAR-3 or SKOV-3 cells at 80% confluence were incubated with 20 pg/ml Igs purified from ascites from patients
with OC, other cancers or noncancerous conditions. (b) ELISA of OC cell lysate. OVCAR-3 or SKOV-3 cell lysates were prepared under nondenaturing conditions and
used to coat the microtiter plates, which were subsequently incubated with 20 pg/ml Igs purified from ascites from patients with OC, other cancers or noncancerous
conditions. Dotted lines represent cut-off levels calculated as the cumulative mean of the arbitrary units (AU) from noncancerous control wells. Light gray shaded
areas indicate positive OC samples. Groups were compared by two-tailed unpaired t-test, and p-values are reported. p-Value<0.05 is considered significant.

antibody signature (Figure 5(b,c)), a stronger association
between higher levels of antibody and platinum sensitivity was
observed, with a p-value reaching 6 x 1073,

Antibodies to OC antigens only partially correlate with
increased gene expression

The presence of high levels of TA autoantibodies to BCOR,
CREB3, and MRLP46 in ascites from OC patients and the
correlation of these high levels to platinum sensitivity prompted
us to analyze the expression levels of the corresponding genes
and their possible clinical impact; this was done with a curated

collection of 23 datasets, including gene expression and clinical
data from OC patients™? (see Supplementary Table 5).

More than 1800 OC patients with a 10-y follow-up were
stratified for gene expression. We found that the correlation
between gene expression of the identified antigens and patients’
overall survival (OS) was more complex than that seen with
antibody levels and response to treatment. In fact, although the
levels of anti-BCOR antibody had the most significant concor-
dance between higher signal and platinum sensitivity, we found
no significant correlation between high BCOR gene expression
and longer OS (Figure 6(a)). By contrast, for both CREB3
(Figure 6(b)) and MRLP46 (Figure 6(c)), higher gene expression
significantly correlated with longer OS. Interestingly, although



Table 2. List of identified antigens.

Protein
HUGO  Length
Protein Name Name (aa) Protein Function References
Cyclic AMP- CREB3 395  Transcription factor B4B5
responsive
element-binding
protein 3
39S ribosomal MRPL46 279 Structural B6,B7
protein L46, constituent of
mitochondrial ribosome
Exosome component EXOSC10 885  rRNA Processing Bg
10
BCL6 corepressor BCOR 1755  Transcriptional BIAQ
corepressor
Non-histone HMGN2 90  Nucleosomal DNA B3HT]
chromosomal binding
protein HMG-17
Huntingtin- HIP1R 1068  Component of 243
interacting clathrin-coated pits
protein 1-related and vesicles,
protein
Olfactomedin-4 OLFM4 510  Cell adhesion B4 /5
Uncharacterized KIAA1755 1200  Unknown

protein KIAA1755
Identified tumor-associated antigens, their length and known main functions.

the BCOR expression data alone did not show a significant
correlation with OS, when the gene expression data of all three
genes were combined into a novel gene signature (Figure 6(d))
(as done for the antibody), the level of significance was higher,

reaching a p-value of 1.9 x 10 and thus identifying a novel
prognostic gene signature, at least based on univariate analysis.

Discussion

Effective detection and monitoring of OC using biomarkers
still holds great promise as an approach to reduce OC-related
mortality. This study focuses on a systematic analysis of the
OC antibody profile in ascites. We used a high-throughput
proteomic-based technological platform that combines selec-
tion of a phage display cDNA library followed by a protein
microarray,™2 and we identified a final set of eight proteins
whose recognition was unique in OC patients compared to
control subjects. Ascitic fluids are accessible and an ideal
source for analyzing both the cellular components of tumors
and the secretome from tumor and nontumor cells. This
unique specimen represents a still largely unexplored source
for the identification (@possible diagnostic, prognostic and
predictive biomarkers™ This study has the potential to
enhance our insight into personalized cancer medicine and
the development of effective targeted th%apeutic strategies by
providing an accurate molecular profile.= Proteomic methods
such as matrix-assisted laser desorption and ionization
(MALDI), surface enhanced laser desorption and ionization
(SELDI), and ld chromatography followed by mass spec-
trometry (MS) have been used to elucidate the protein
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Figure 4. Validation of antigenic protein recognition by ELISA.

Each antigen was challenged with a 1:50 dilution of Igs purified from ascites from patients with OC, other cancers or noncancerous conditions. Immunoreactivity was
assessed by measuring the amount of bound secondary anti-human IgG antibody and expressed as AU. Dotted lines represent cut-off levels. Differences between
groups were calculated using Fisher's exact test, and p-values are indicated. Difference was considered significant for a p-value<0.05.
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Figure 5. Antibody titer and correlation to clinical data.

OC patients were stratified in three groups according to their response to platinum-based treatment: ‘resistant’ (28 patients); ‘partially sensitive’ (16 patients) and
‘sensitive’ (24 patients). (a) Immunoreactivity in the different patients’ subgroups for BCOR, CREB3, and MRPL46; the values are expressed as AU. (b) immunoreactivity
for the antibody signature comprising the combination of BCOR, CREB3 and MRPL46 signals in the different patient subgroups; the 3-gene signature is defined as the
mean of the normalized values of the ELISA signal of the three genes. (c) p-values referring to ELISA signal comparisons for reactivity against the eight antigens or for
the 3-protein signature between resistant vs. partially sensitive or resistant vs. sensitive patients (Mann-Whitney test). Statistically significance values are indicated in

bold.

profile of malignant ascites and associated cells. In addition,
automated high-throughput arrgy-based proteomics techni-
ques such as protein microarrays™ and reverse phase protein
arrays (RPPAs) can be used to elucidate the diff@ential
expression of proteins in ascites from OC patients.> Our
initial strategy was aimed at identifying a unique antibody
signature in ascitic fluid from OC patients. As a proximal
fluid, ascites contain cancer-associated soluble factors, includ-
ing TA antibodies, at concentrations much higher than those
in serum. Ascites from various disease conditions were char-
acterized for their antibody response against OC cellular anti-
gens, and, although the level of antibody response was not
homogenous within OC patients, it was considerably higher
than that of patients with other types of cancer or that of
patients with a noncancerous condition. The 8 proteins we
identified following selection of an ORF cDNA phage display
library and protein array screening produced a statistically
significant difference in immunoreactivity when challenged
with antibodies purified from ascites of OC patients compared

to ascites from patients with noncancerous conditions and, to
a lesser extent, to ascites from patients with other cancers. In
fact, not surprisingly, some of the identified proteins have
been previoy associated with various cancer-related
pathologies, suggesting that these antigens share
common pathways in various disease conditions. A recent
study found that most TA autoantigens are overexpressed or
mutated, of which 42% were cytoplasmic, 26% were nucleg

22% were membrane bound, and 10% were extracellular 12
Our results showed that although the first screening per-
formed on OC cells identified a complex recognition pattern
with immunofluorescence showing both intracellular (nuclear
and cytoplasmic) and membrane staining, seven of the eight
identified proteins were intracellular antigens. Tumor cell
lysis and the induction of inflammation in the tumor micro-
environment has been suggested to facilitate the release of
intracellular antigens resulting in the abnormal levels of auto-
logous antigens presentation to the immune system, which
may explain a vast number of autoantibodies produced
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b)

CREB3

1.00
>
=
'_5 0.75
1]
Qo
o
Q. 050
©
2
s 0.25
(7]
0.00
0 25 5 75 10
Time
Number at risk
Low expression {943 481 169 53 16
- High expression 888 488 183 53 18
0 25 5 75 10
Time

d)

3 Genes Signature

1.00
>
&=
o
© 0.75
-
[
S
E 0.50
2
-
0.25
(2] p = 0.00019
0.00
0 25 5 75 10
Time
Number at risk
Low expression {e19 441 148 45 13
= High expression 910 528 174 61 21
0 25 5 75 10
Time

Kaplan-Meier analysis of overall survival (OS) of OC patients according to the normalized mean expression of the genes of interest categorized as low (red lines) or
high (blue lines). Gene expression levels of BCOR, CREB3, MRPL46 as well as the combined gene signature of these three antigens were measured in OC patients with
10 y of follow-up data. BCOR gene expression (a) shows no correlation with OS (y). Higher gene expression of CREB3 (b) and MRLP46 (c) is significantly associated
with longer OS time (y). A much higher correlation was observed for combined signature of the expression data for all three genes as a novel gene signature (d). Log-

rank p-values are reported. Shaded colors represent confidence intervals.

against intracellular antigens in cancer patients. We cannot
exclude the possibility that other TA antibodies directed
against surface antigens or glycosylated antigens are present
in ascitic fluids from OC patients. Nevertheless, the autoanti-
body response to intracellular antigens is well known.
A response to an intracellular antigen such as p53 has been
detectable in OC patients as a result of a spontaneous and
early humoral immune response of the host against the accu-
mulation of an antigenic mutant p53 protein in tumor
cells.2P% Tn addition to their detection in serum, these anti-
bodies can be detected in tissues, ascites, and other body
fluids. We are aware that from a diagnostic point of view,
assays relying on the detection of TA antibodies in serum
rather than in ascites may be more useful for the early detec-
tion of OC. Indeed, the serum response of OC patients has
been profiled to identify the signatures of proteins useful for

disease detection. However, the added value of the selected
TA antibodies as markers for the eag@letection of OC with
the use of CA-125 remained limited.

Tumor antibodies in OC have been explored as biomarkers
not only for early diagnosis but also for predicting prognos@
and recurrence as well as developing therapeutic approaches.
The possibility of correlating the level of tumor autoantibodies
with the clinical outcome of cancer patients might permit
patient stratification into prognostic categories, which would
help in the selection of second-line therapeutic treatments
following primary debulking surgery and platinum-based first-
line chemotherapy. The identification of patients most likely to
respond to first-line treatment is still a clinically urgent need. In
fact, after presenting an initial responsee majority of OC
patients experience disease recurrence.””£J We showed an
association between the TA antibody signature in ascites from



OC patients and their response to first-line treatment. OC
patients who are sensitive to platinum treatment (either com-
plete or partial) showed a higher production of anti-TA anti-
bodies to the identified antigens than did patients who are
resistant to platinum. Our data show a correlation between
the presence of a treatment response with a higher immune
response against BCOR, MRPL46 and CREB3 both individu-
ally and as a combined profile. This finding suggests higher
levels of these antigens in particular subgroups of patients.
However, the level of TA antibodies is the result of a complex
and multistep activation of the immune system response,
which does not always directly correlate with the gene expres-
sion level of the target antigens. Therefore, the level of gene
expression of target antigens may not necessarily correlate with
the patients’ prognosis.

To explore if the expression of genes, whose proteins we
found to be able to induce an antibody response, was asso-
ciated with a better prognosis, we analyzed publicly available
OC gene expression profiles. The association of gene expres-
sion with patients’ prognosis was confirmed for CREB3 and
MRPL46, but not for BCOR. However, as for the TA anti-
body, the combined signature of BCOR with CREB3 and
MRPL46 gene expression levels had a greater prognostic
impact than each of them individually.

The interest in relying on TA antibodies against TAAs as
biomarkers for the diagnosis and prognosis of cancer is driven
by the notion that these antibodies are generally absent or
present in very low levels in hea]thy individuals and in people
with noncancerous conditions.

Furthermore, as antibodies represent biologically amplified
markers, they circulate at higher concentrations than their coi
responding antigen and demonstrate higher stability over time.3

The persistence and stability of anti-TAA antibodies in the
body fluids of cancer patients is an advantage over other poten-
tial markers, including the TAAs themselves, which are released
by tumors but rapidly degraded or cleared.™ Furthermore, the
widespread availability of methods and reagents to detect auto-
antibodies facilitates their characterization in cancer patients. In
conclusion, the strategy proposed in this work - systematically
profiling OC ascites by coupling phage display and high-
throughput screening technologies — could be a new valuable
tool to select TAAs with potential diagnostic/prognostic rele-
vance in any pathology involving autoantibodies and their cor-
responding antigens. The information obtained from these
analyses can then be used to validate the impact of the identified
molecules on patients’ sera.

Materials and methods
Patient samples and cell lines

Ascites from OC patients were collected at the Fondazione
IRCCS Istituto Nazionale dei Tumori, Milan, while ascites
from patients with nonovarian tumors or nononcological
diseases were collected at the University of Torino. Ascites
fluid was obtained with informed consent and approval from
the institutional ethical committees. All our studies involving
human subjects were conducted in compliance with the prin-
ciples of the Declaration of Helsinki. Ascites were collected
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from 153 female patients with various disease conditions,
including OC (n = 69), nonovarian tumors (n = 34), and
noncancerous conditions (n 50), the characteristics of
whom are summarized in Table 1. All ascites from OC
patients were collected during primary surgery. The amount
of ascites collected was variable, ranging from centiliters to
several liters. Fluids were transferred to 50 ml tubes and
centrifuged at 2000 x g for 15 min at 4°C to remove cell
debris, and the supernatant was stored at —80°C until use.
The cellular composition of ascites from OC patients was
determined by cytological evaluation. The presence of tumor
cells in the 69 ascites samples from patients with OC was
quantified as follows: absent (7/69), rare/some (19/69), and
numerous (42/69); for one sample, the information was not
available.

The human ovarian adenocarcinoma cell lines OVCAR-3
(ATCC® HTB-161™) and SKOV-3 (ATCC® HTB-77™) were
grown in RPMI 1640 medium containing 10% fetal calf
serum and 1% penicillin/streptomycin. Cells were maintained
at 37°C in a humidified atmosphere containing CO,. Cells
were routinely tested for mycoplasma contamination and
confirmed by an STR profile.

Characterization of ascitic fluid based on autoantibody
response

Igs were affinity purified using Protein A-agarose (Roche,
Basel, Switzerland) according to the manufacturer’s instruc-
tions. To compare the antibody-mediated immune
responses in the different samples, the Ig concentrations
in all 153 purified ascitic fluids were set to 1 pg/pl and
used as the standard starting concentrations for all experi-
ments. Furthermore, we focused our analysis on the IgG-
specific immune response by using specific anti-human IgG
secondary antibodies. Affinity-purified Igs obtained from
patients’ ascites were characterized for their reactivity
using OVCAR-3 and SKOV-3 OC cell lines as described
below.

Western blotting of cell extracts

Proteins from OVCAR-3 and SKOV-3 cells were extracted
under denaturing conditions using 8M Urea, resolved by SDS-
PAGE and transferred to nitrocellulose membranes, which
were then blocked for 1 hr with 4% milk in PBS-Tween 20
buffer (MPBST) and incubated with Igs purified from ascites
as the primary antibody source (diluted 1:50 in 2% milk in
PBST) for 90 min. Immunoreactive bands were detected after
the membranes were incubated with an HRP-conjugated anti-
Human IgG (Thermo Fischer Scientific, Waltham, MA USA)
for 1 hr at room temperature. Membrane strips were then
stripped and reprobed with anti-tubulin antibody (Santa Cruz
Biotechnology, CA, USA) followed by anti-mouse HRP-
conjugated secondary antibody as protein loading control.
Western blots were developed via chemiluminescence with
a VersaDoc Imaging System (Biorad, Milano, Italy).

Immunofluorescence
OVCAR-3 and SKOV-3 cells were grown on glass coverslips to
80% confluence and subjected to immunofluorescence staining



afterward. Images were obtained with a Leica DMIRE2 confocal
fluorescence microscope (Leica Microsystems) equipped with
Leica Confocal Software v.2.61. For intracellular staining, cells
were washed twice with PBS, fixed with 4% paraformaldehyde
(in PBS, 4% sucrose) and permeabilized with 0.2% Triton
X-100. Fixed cells were blocked with 2% BSA and incubated
for 2 hr at 37°C with a 1:10 dilution of Igs purified from ascites.
Slides were then incubated with an anti-human IgG Cy5-
conjugated secondary antibody (1:200 dilution; Jackson
Immuno Research, Cambridgeshire, UK), and cell nuclei were
counterstained with propidium iodide. For surface staining,
cells grown on coverslips were washed with serum-free RPMI
medium and incubated for 2 hr with the Igs purified from
ascites (diluted 1:10 in blocking buffer (5% BSA in serum-free
RPMI medium)). All incubation steps were carried out at 4°C to
prevent cellular uptake of antibodies. After washing, bound Igs
were revealed by incubation with the secondary antibody. The
washed cells were fixed, permeabilized and counterstained as
described above.

Whole-cell ELISA

OVCAR-3 and SKOV-3 cells were seeded in 96-well culture
plates (10* cells/well) and allowed to adhere overnight (O/N).
The cells were then washed with blocking buffer, fixed with
methanol and incubated at 4°C for 90 min with Igs from
ascites (diluted 1:50 in blocking buffer). Next, the cells were
treated with a peroxidase-conjugated secondary antibody
(Dako Cytomation) for 1 hr at 4°C. Immunocomplexes were
revealed with 3,3',5,5'-tetramethylbenzidine (TMB), and the
plates were read at a wavelength of 450 nm. Experiments were
performed in triplicate. The positive cut-off value for each
antigen was calculated as the cumulative mean of the ODys
value obtained with Igs from ascites from noncancerous con-
trols plus 2 standard deviations (SD).

Cell lysate ELISA

Confluent OVCAR-3 and SKOV-3 cells grown on 100 mm
dishes were washed with ice-cold PBS and lysed with
a nondenaturing extraction buffer (100 mM Tris, 150 mM
NaCl, 1 mM EGTA, 1 mM EDTA, 1% IGEPAL CA-630,
protease inhibitors; pH 7.4). Cell lysates were incubated on
ice for 15-30 min and then briefly sonicated. The soluble
material was recovered after centrifugation at 13000 rpm for
10 min at 4°C, and the protein concentration was determined
with the BCA assay. To perform cell lysate ELISAs, microtiter
plates were coated O/N with 3.2 pg of cell extract and then
blocked with 2% BSA in PBST (0.05%) for 1 hr at 30°C. The
plates were then incubated for 90 min at 30°C with Igs
purified from ascites (1:50 dilution). Immunocomplexes
were detected as described above.

Indirect immunofluorescence on HEp-2 cells

ANA reactivity was evaluated on HEp-2 ANA Slides (Inova
Diagnostics, Inc., San Diego, CA, USA) following manufac-
turer’s instructions with Igs from OC (n = 15) and noncan-
cerous controls (n = 14) ascites. Results were visually scored
as negative or positive, and positive samples furthermore
classified as cytoplasmic or nuclear or both nuclear and cyto-
plasmic by visual inspection of the fluorescence signal.
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Samples were acquired with a Leica DMIRE2 confocal fluor-
escence microscope (Leica Microsystems, Wetzlar, Germany)
equipped with Leica Confocal Software v.2.61.

Construction and selection of the open reading frame
cDNA phage display library

The human ORF ¢cDNA phage display library was prepared
from mRN@ derived from different tissues as described by Di
Niro et al™ The biopanning of the library was performed
with negative and positive selections using healthy control
sera followed by independent selections using ascites from 7
different patients diagnosed with OC representing stage II-IV
disease that had already been identified as the most reactive
based on the initial immunological assays. Two successive
rounds of selection using Igs purified from ascites and cap-
tured on protein G-coated magnetic beads (Dynabeads)
(Thermo Fisclér Scientific), were performed as described by
Di Niro et al®™ Each cycle was preceded by a “pre-clearing
step” done using antibodies from healthy donors to remove
common or polyreactive clones.

ORF ¢DNA fragments from the second round of selection
were subcloned from phagemid DNA into a modified pGEX-
4T expression vector (GE-Healthcare, Chicago, IL, USA) to
yield GST-fusion products with a C-terminal FLAG tag and
transformed into the E. coli strain BL21 (DE3) RIPL for
enhanced protein production. Approximately 700 individual
clones were randomly picked (96 clones from each of the
seven selections), and recombinant GST-fusion protein pro-
duction was carried out in a 96-well format with the aut%
inducing medium ZYMsgs, as described by Studier et al.
Cells were grown under constant air supply @sing a custom-
built air-well sparging minifermenter system.™2 Proteins were
affinity-purified using glutathione magnetic beads (Promega,
Madison, WI, USA) and analyzed for their quantity and
quality by Coomassie staining.

Protein microarrays and ORF sequencing

GST-fusion proteins were printed onto nitrocellulose-
coated slides wusing a BioOdissey  Calligrapher
MiniArrayer (Biorad). The arraéed slides were processed
as described by D’Angelo et al™ The slides blocked with
3% milk in PBST were incubated individually with affi-
nity-purified antibodies from 17 ascites samples (including
OC, other cancer and noncancerous condition) as the
source of primary antibodies (1:200 dilution in binding
buffer (2% milk in PBST)). Bound antibodies were
detected by incubating the slides with a Cy5-conjugated
anti-human IgG secondary antibody (Jackson Immuno
Research; 1:200 dilution) for 1 hr. Fluorescent signals
were measured with a ScanArray Gx° (PerkinElmer,
Waltham, MA, USA) and analyzed with ScanArray expres-
sion software (PerkinElmer). Arrays were normalized with
a 2-step protocol. The background response was evaluated
using the signal generated from each tested ascites sample
against a reference GST protein, and a set of serial dilu-
tions of purified IgG printed on each array was used to
generate a calibration curve of arbitrary IgG units. Positive



proteins were identified by comparing the frequency of
reactive ascites samples. The proteins with a significant
difference in reactivity between ascites samples from OC
patients and those from noncancerous control subjects
were identified as putative candidates for further analysis.
The most immunoreactive clones in the microarray ana-
lysis were amplified by PCR using pGEX sense (5
GGGCTGGCAAGCCACGTTTGGTG 3’) and antisense
primers (5 GGTGAAAACCTCTGACACATGCAGCT
CCCGG 3'). The purified PCR products were sequenced
in an ABI PRISM® 3100 Genetic Analyzer (Thermo Fischer
Scientific) using BigDye Terminator v1.1 Cycle Sequencing
Kit (Thermo Fischer Scientific).

Indirect ELISA

Recombinant GST-fused proteins were diluted in PBS to 10
pg/ml, and 100 pl incubated in the ELISA wells (Sigma
Aldrich, St. Louis, MO, USA) O/N at 4°C. Wells were washed
with PBS, and 200 ul of blocking solution (2% BSA in PBST)
was added to each well for 1 hr at RT. Affinity-purified and
normalized ascites Igs from 153 patients (1:50 dilution in
blocking buffer) were used as primary antibodies and incu-
bated for 90 min at 30°C. Extensive washes of the wells were
performed with PBST and PBS to remove unbound primary
antibodies. Then, the wells were incubated with a 1:3000
dilution of peroxidase-conjugated anti-human-IgG secondary
antibody (Dako Cytomation) in blocking buffer at 30°C for 1
hr. After extensive washing, immunocomplexes were revealed
with TMB, and the plate was read in a microplate reader at
a wavelength of 450 nm. A cut-off value for positivity for each
antigen was calculated independently as the mean ODygs
value obtained with Igs from noncancerous ascites samples
plus 2 SD.

Statistical analysis

The ELISA data were analyzed to test for differences in the
presence of antibodies targeting the identified antigens among
the three patient groups. Depending on the expected value of
each cell in the cross-tabulation Chi-square or Fisher’s exact
test was first performed to infer the statistical significance in
the overall comparison among OC patients, other cancer
patients and noncancerous control subjects and then when
separately comparing OC vs. other tumors or vs. healthy
subjects. ROC analyses were performed to evaluate the per-
formances, including the AUC estimates with their 95% con-
fidence limits, of each antigen in correctly classifying the
disease condition. All tests were two-sided, and the level of
statistical significance was set as p-values <0.05. All analyses
were performed using Statistical Software Packages SPSS
(IBM Corp. Released 2013. IBM SPSS Statistics for
Windows, Version 22.0. Armonk, NY: IBM Corp).

Survival analysis of the internal dataset

The clinical correlation between the presence of a TA anti-
body and the patients’ response to treatment was assessed by
the Mann-Whitney test; patients were stratified into three
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groups based on their treatment response (resistant, relapse
occurring within 6 months after treatment completion; par-
tially sensitive, relapse occurring between 6 and 12 months
after treatment completion; and sensitive, relapse occurring
after 12 months after treatment completion). All analyses
were performed in the R/Bioconductor environment. For all
analyses, differences were considered significant at
p-values <0.05.

Survival analysis of the external dataset

The prognostic value of the expression levels of the genes of
interest was analyzed in a dataset comprising more than 1800
OC patients from 23 studies with curated and documented
clinical metadata.t? The curated Ovarian Data package pro-
vides data for gene expression analysis in patients with OC,
and we selected samples for which OS information was avail-
able. Patients were classified as low or high according to the
normalized mean expression of the genes of interest.
A Mantel-Haenszel test was applied, and Kaplan-Meier sur-
vival curves were obtained and compared with the log-rank
test. All analyses were performed in the R/Bioconductor
environment using the survival package.
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