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Abstract

Efforts toward deciphering the complexity of the tumor specific proteome by profiling immune
responses generated against tumor associated antigens (TAAs) holds great promise for predicting
the presence of cancer long before the development of clinical symptoms. The immune system is
capable of sensing aberrant expression of certain cellular components involved in tumorigenesis
and the resultant autoantibody response provides insights to the targets that are responsible for
eliciting immunogenicity to these cellular components. Analysis of the cancer-specific humoral
immune response has led to panels of biomarkers that are specific and sensitive biomarkers of
disease. Using multianalyte-based in vitro analytical discovery platforms which can be easily
adapted into clinical diagnostic screening tests, body fluids such as serum, plasma saliva, or urine
can be interrogated to detect autoantibodies against natural or recombinant antigens, which may
possess etiologic significance to cancer. Non-invasive screening tests exhibiting high specificity
and sensitivity to detect early stage cancer in the heterogeneous population of cancer patients
potentially have the greatest impact in decreasing mortality rates. Overall, this review summarizes
different experimental approaches in the development of diagnostic screening tests for the early
detection of cancer and their implementation in the development of clinical multianalyte
biomarker assays.
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1. Introduction

In the evolving field of diagnostic assays for cancer detection, extensive research has
identified a variety of mechanisms by which cancer cells provide molecular markers for
their own detection. Researchers are identifying and studying different classes of analytes in
the body fluids of cancer patients with the objective of developing clinically applicable
assays useful in the detection, diagnosis, and treatment of the disease. We and others are
exploiting the cancer patient's own immune response by evaluating cancer-associated
autoantibodies generated against autologous cellular components produced by an
individual's tumor cells as measurable analytes in blood. These autologous cellular
components generally referred to tumor-associated antigens (TAA) have been recognized
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and evaluated as markers of disease state for decades (see Table 1). Indeed most of the FDA
approved blood based assays for the evaluation of disease state in cancer patients is in the
determination of the serum levels to these TAAs [57]. To distinguish cancer state from non-
cancer, we and others are undertaking the development of serological tests that determine
the presence of autoantibodies to TAAS rather than assessing the level of any particular
TAA in the blood. A review of the current state of this area of research in the development
of cancer biomarkers will be covered as well as a presentation of the potential advantages of
this approach for future of cancer diagnostics.

A central aspect of any assay development is the search for informative biomarkers specific
to the disease state. For this discussion, the definition of a biomarker is any molecule that
indicates an alteration of the physiological state of an individual relevant to a disease state,
drug treatment, toxins, or other environmental stimuli. Implied in this definition is that a
biomarker is not static, but varies over time in relationship to the physiological state that it is
reporting. In this field, cancer associated autoantibodies are being considered as excellent
candidates for cancer biomarkers as they represent biosensors that the immune system
provides, indicative of its response to a developing tumor. The generation of these
autoantibodies in response to autologous cellular antigens would not be static, but would
present as measurable physiological changes that one could relate to the disease state in
question. Immunoglobulins are extremely stable in serum samples and are known to persist
for extended times after the removal of the its antigenic factor [13]. This is a distinct
advantage for their use over other potential markers in body fluids which are usually
comprised of either proteins or polynucleotides. These classes of molecules once released by
tumors are known to be quickly degraded and/or removed from circulation after a related
short duration of time. The lack of long-term stability of non-immunoglobulin associated
tumor markers in samples is a significant technical barrier to their implementation as
biomarkers because of a limit half-life in serum and therefore their limited window of
detectability. Indeed the stability and usefulness of immunoglobins have already been
recognized in the development of laboratory tests for other diseases. There are numerous
commercially available tests designed to indentify human antibodies in serum for various
viral proteins and autoantibodies for autoimmune disease.

The main objective of autoantibody biomarker discovery is to indentify molecular markers
capable of discriminating the “healthy” state from the “disease” state, preferentially in the
asymptomatic, preclinical phase of the cancer, and therefore may improve the patient's
outcome. Early detection of any cancer is generally accepted as the best approach to reduce
mortality rates from cancer [28]. Biomarker screening tests must enhance the diagnostic
value of physical examination, medical tests, or other procedures. As in cancer screening
procedures such as mammaography or screening colonoscopy, asymptomatic patients
undergo such tests to find any initial signs of cancers. An important feature of the study
designs of biomarker research projects is to envision the purpose of the test at the initial
discovery phase, with a strategy to identify analytes that can be readily translated into a
clinical assay. Different strategies have been employed to develop biomarkers often based
on a novel technology with intrinsic technologies that direct and focus the studies to
particular types of analytes and with particular uses [69,113]. At this level, significant
research effort is being directed at the development of assays for the early detection of
cancer. We will refer to markers identified for the early detection as diagnostic markers. The
objective for such diagnostic markers would be to discriminate with adequate classification
performance (sensitivity and specificity) the disease state (malignant or benign) from the
healthy individual within an at risk screening population.

The hypothesis for autoantibody biomarker research is that the immune system can be
exploited as a biosensor of disease-related changes in the proteome, and by evaluating this
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system's reactivity to human TAAS, diagnostic assays can be created to detect small curable
tumors or that prognostic assays can be developed to predict tumor behavior. The history of
biomarker research has made it clear that tests dependent on single cancer markers are
inadequate to identify tumor bearing patients in an at risk screening population [10,12,14,
15,31,45,50,51,58,71,95,108,109]. Rather, biomarker researchers are convinced that panels
of analytes will be required to produce clinical tests with sufficient sensitivity and specificity
for the early detection of cancer [82]. This lesson was learned from the lack of acceptance of
single biomarkers into clinical practice to distinguish subjects with cancer from those
without cancer. The objective of the autoantibody approach is to develop whole proteome-
based technologies to accurately identify those protein biomarkers recognized by the cancer-
specific immune system. The methods being applied in this field vary from candidate tumor-
specific protein analytes to totally undirected TAA biomarker identification.

1.1. Immunologic response to cancer: Basics of the immune response

The two arms of the immune system, the humoral and cell-mediated immunity, are the
integral parts of the body's defense mechanism that protects us from microbial infections.
Both of these parts are known to be actively involved in the body's own response to cancer.
The autologous cellular components that are aberrantly expressed in cancer and present
reactive epitopes to immune system consist almost entirely of intracellular self-antigens
[19]. The proteins presenting these epitopes that are evoking the production of cancer-
specific autoantibodies predominately function in cell cycle regulation, DNA repair and
replication, and RNA processing. The immune system has great potential in sensing these
aberrant expressed TAAs. The most important contributor to this enormous bio-sensory
power of immune system is the immune effector, the T-cell. These cells encounter the tumor
generated self-antigens presented by antigen presenting cells (APC), and in combination
with MHC, become activated to perform their immunological regulatory role. The immune
response to cancer has been extensively studied not only with the objective of understanding
the disease, but also with the possible hopes of developing immunotherapies to combat the
illness. This has lead to a wealth of knowledge which is being utilized towards the detection
of the disease.

It is now known that a number of different changes can occur in the structure or expression
pattern of certain cellular components during tumorigenesis triggering the immune system to
recognize self antigens as non-self/foreign. First, endogenous self-antigens have been shown
to exhibit immunogenicity when they are overexpressed during tumorigenesis [26].
Although T-cells encounter most of the self antigens due to promiscuous gene expression by
medullary thymic epithelial cells [47] during their maturation in thymus and get tolerized,
growing evidence still supports the presence of self-reactive T-cells in the T-cell repertoire.
Studies have shown that only properly processed self-antigen determinants are able to
tolerize T-cells. However, self-antigens may have ‘subdominant’ or “cryptic’ determinants
that are poorly processed from native molecule and inefficiently presented to T cells [20].
When these self-antigens are overexpressed in cancer, the cryptic determinants are
eventually presented to T-cells in a co-stimulatory environment thus eliciting immunological
responses [65]. Second, genetic mutations leading to the formation of structurally altered
proteins bearing MHC class Il-restricted immunogenic determinants are highly predominant
in cancer cells. For example, autoantibodies against p53 bearing missense mutations in lung
cancer has been documented [104]. Immunological responses against frame-shift mutations
have been also detected in colorectal cancer patients [53, 75, 81]. Reports from different
studies showed that fusion proteins produced by chromosomal translocations in cancer may
bear immunogenic HLA class Il-restricted epitopes that can activate CD4+ T-cells in cancer
patients. For example, BCR-ABL fusion protein produced by t(9;22) is expressed in most
cases of chronic myelogenous leukemia (CML). Presentation of BCR-ABL derived peptides
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by CML-derived dentritic cells (DC) have been shown to activate fusion peptide specific
CD4+ T lymphocytes in an HLA class-11 restricted manner [107]. Third, alternative splicing
of pre-messenger RNA is a key molecular mechanism resulting in the formation of different
MRNA variants that encode different polypeptides endowed with different biological
functions and thus could have a profound impact on tumor development and progression
[85,97]. Both mutations in cis-acting splicing elements and changes in expression pattern of
effector molecules involved in splicing regulatory network, severely affect splicing profile
of many cancer-related genes. Bourdon et al. showed that different isoforms of p53 that
originate through alternative splicing are expressed in a tissue-dependent manner and that
their expression pattern is altered in human breast tumors [9]. Line et al. identified an
alternatively spliced isoform known as transforming acidic coiled—coli proteinl (TACC1) in
gastric cancer using SEREX technology [52]. Fourth, translation of mRNA from alternative
open reading frame (AORF) can lead to the generation of proteins bearing immunogenic
determinants that can trigger humoral immune responses in cancer patients. For example,
antigenic peptides encoded from AORF of NY-ESO-1, a cancer testis (CT) antigen, have
been shown to elicit immunological responses in cancer patients [19,98]. Another CT
antigen, CAMEL, has been shown to be translated from AORF of the LAGE gene that is
highly homologous to NY-ESO-1 gene [19, 98]. Studies have shown the existence of
CAMEL specific CD4+ T-cell clones in melanoma patients [84]. Several mechanisms have
been put forward that result in the translation from AORFs: i) Kozak et al. reported the
leaky-scanning model that describes the malfunction of poor KOZAK sequence in recruiting
the ribosomes to a downstream AUG instead of the correct 5" AUG translation start site
[44]; ii) Weiss et al. suggested a ribosomal frame-shifting mechanism in which the ribosome
is allowed to change the reading frame because of the presence of a “slippery site” in the
middle of translation [102]; and iii) termination read-through is a mechanism that allows
ribosome to continue translation even after encountering stop signal [8]. Fifth, post-
translational modifications of the expressed antigens such as changes in glycosylation [38],
phosphorylation [27] can affect antigen processing, binding of processed antigen with MHC
molecule, and interaction of antigen-MHC complex with the T-cell receptor. Aberrant
glycosylation has been observed in many cancers presenting these modified glycosyl
epitopes as TAAs that can override tolerance and induce humoral immunity in cancer
patients. Tarp et al. reported the presence of immunodominant epitopes on GalNAceo 1-O-
Ser/Thr and Neu Acoo 2-6GalNAco 1-O-Ser/Thr glycosyl moieties of MUC1, which can
induce humoral immunity in MUC-transgenic mice [87]. Deregulated phosphorylation of
many oncogenes is a major event in malignant transformation. Protein phosphorylation
generally occurs on tyrosine, serine or threonine residues by different cellular protein
kinases and the phosphopeptide antigen derived from these phosphorylated oncogenes have
been shown to be recognized by class | MHC-restricted T-cells [2].

Unfortunately, in many instances, the generation of tumor autoantibodies to many of the
overexpressed proteins or other cellular abnormalities can be inhibited by several
mechanisms. As example, one of the first serum cancer biomarkers described, CEA [33,34],
typically does not elicit an autoimmune response. The elevated levels of this protein are
associated with the prognosis of multiple cancers yet rarely are naturally occurring human
antibody to the CEA protein found [90]. One mechanism that naturally inhibits generation of
self-antigen recognitions is due to the promiscuous gene expression in thymus. Several
TAAs such as melanoma antigen [MAGE] or differentiation antigens have been shown to be
expressed in medullary thymic epithelial cells (nTECSs) beside their normal expression that
is restricted to male germ cells in the testis. Although melanoma antigens are being used
clinically for immunotherapy, they probably impose some degree of tolerance due to their
expression in mTECs thus lowering the effectiveness of immune responses in cancer
patients [36]. There are also several other mechanisms by which tumors can evade immune
responses-i) down-regulation of the antigen-processing machinery such as MHC class |

Cancer Biomark. Author manuscript; available in PMC 2013 October 07.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Dudas et al.

Page 5

molecules has been observed in different cancers like breast, prostate and lung cancer [61];
ii) down-regulation of the transporter associated with antigen presentation (TAP) genes as
well as components of the immunoproteosome such as LMP-2 and LMP-7 have likewise
been documented in a number of tumor types [42,76]; iii) tumors and/or their surrounding
stroma may produce immunosuppressive factors like TGF-£, 1L-10 and vascular endothelial
growth factor (VEGF) that can induce production of immature myeloid cells and regulatory
T-cells (Tregs) that inhibits dendritic cell maturation and activation of T-cells in a tumor-
specific immune response [46]; iv) lack of expression of co-stimulatory molecules on the
tumor cells can lead to anergy of tumor reactive T-cells [17]; v) tumor cells express FasL
that bind to Fas receptors on T-cells leading to T-cell apoptosis thereby providing
immunologic resistance with consequent tumor growth [37].

1.2. Autoimmune disease and lessons learned

Autoimmune diseases are characterized by the activation of body's immune responses
directed against its own tissues due to breakdown of immune tolerance to specific self-
antigens causing prolonged inflammation and subsequent tissue destruction. This is
associated with the production of increased concentration of antibodies to
ribonucleoproteins, double-stranded DNA, phospholipids and other cellular constituents as
observed in patients diagnosed with systemic lupus erythematosus (SLE) which provoke
pro-inflammatory responses [6]. The autoantibodies most frequently detected in RA patients
are rheumatoid factor (RF) and antibodies directed toward citrullinated peptides (antiCCP)
[80,91]. The humoral immune response to TAAs elicited in cancer patients has many
parallels to the autoimmune disease response [55]. Most of cancer-associated autoantibodies
are directed toward similar classes of tumor induced self-antigens. Reports from different
studies indicate that repertoire of tumor autoantibodies overlaps to a significant extent with
the typical patients with autoimmune diseases. For example, antinuclear antibodies
associated with RA, SLE are more prevalent in patients with cancer than in healthy
individuals [30]. Antibodies to single- and double-stranded DNA, the Ro antigen, the La
antigen, and the small ribo-nuclear protein particle have been observed both in cancer
patients and in patients with autoimmune diseases [32, 59,110]. Thus, patients with
malignancies may develop autoimmune, SLE or rheumatic manifestations. Therefore, a
panel of good candidate TAAs for cancer immunotherapy should be chosen in such as way
that the activation of the immune responses against those antigens promotes a favorable
clinical outcome without the development of autoimmunity.

1.3. Autoantibodies as reporters of early carcinogenesis

The role of tumor autoantibodies as reporters of early carcinogenesis has been well
documented. It has been reported that anti-p53 antibodies may develop months to years
before the clinical diagnosis of cancer [1]. Anti-p53 antibodies have been detected in the
sera of workers exposed to vinyl chloride who developed angiosarcoma of the liver and in
the sera of heavy smokers who developed lung cancer [56]. In uranium workers who are
also at high risk for lung cancer, anti-p53 antibodies were detected long before clinical
manifestations of a tumor [21]. The collateral benefits of the surrogate role of these
autoantibodies as reporters in identifying TAAs that are involved in carcinogenesis may
improve survival rates in cancer patients as a result of earlier diagnosis.

1.4. Prognostic utility of tumor autoantibodies

Reliable predictive parameters of the disease course are essential particularly in therapeutic
decision making to treat cancer at early stage. Cai et al. reported that monitoring of the
change of serum p53 antibodies before and after treatment of patients diagnosed with
esophageal carcinoma (EC) with radiotherapy can be useful for evaluating the response to
the treatment and prognosis of EC patients. Their study showed that the positive rate of p53-
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antibodies in patients with EC was related to histological grade, stage of the disease, lymph
node metastasis but not to age, sex and site of tumor formation. There was a significant
difference in the level of serum p53 antibodies before and after radiotherapy treatment. The
positive rate of p53 antibodies in EC patients who responded to radiotherapy was much
lower than the patients who did not respond to radiotherapy [11]. Unfortunately in their
study, a correlation between serum p53 antibodies in EC patients and the presence of
mutations in p53 gene was not performed. The study by Shimada et al. showed that sero-
positive esophageal squamous cell carcinoma patients, whose serumanti-p53 titer did not
decrease after surgery, showed worse prognosis than patients who showed sero-conversion
[83]. Pallasch et al. [67] reported the detection of autoantibodies against 3 different glioma
SEREX antigens, namely, GLEA1, GLEA2 and PHD-finger protein3 (PHF3). Their study
showed that patients who had autoantibodies against GLEA2 and PHF3 have significant
survival compared to patients who did not have GLEA2 and PHF3 antibodies [67]. Thus, a
correlative study between the level of tumor autoantibodies and the overall survival outcome
of cancer patients (reflected in the change in tumor status or tumor burden related to the
therapy) could be extremely informative for evaluating therapeutic interventions.

1.5. Methods for the identification of tumor-specific autoantibodies

As mentioned earlier, a validated set of diagnostic markers will be needed to meet the
performance criteria of adequate specificity and sensitivity to discriminate between the
“healthy” state from a beginning “disease” state to form the basis for a clinically valuable
screening test. A variety of research approaches are currently being used that have the
potential to meet these objectives. High throughput approaches have the ability to identify
large numbers of tumor associated autoantibodies and are able to relatively easily and
inexpensively evaluate large numbers of patient sera. At the initial discovery stage, this
ability to multiplex autoantibody detection is critical for the development of complex panels
of autoantigens for reliable assays. As with any developing research area, the present work
has evolved from previous efforts. Initially most of the methods dealing with self-antigen/
autoantibody systems were not developed for this particular objective. Indeed, most of the
literature dealing with this field represents the extensive effort that has identified hundreds
of TAAs and many of which have not been evaluated for diagnostic efficacy in large,
controlled cohorts or in combination with other markers.

In a recent review covering spontaneous humoral immune responses to tumor associated
self-antigens, the number of confirmed responses to TAAs is rather limited [75]. A search
through the existing literature and reviewing over 3,600 articles reporting evidence of
humoral response in cancer patients identified only 107 different tumor antigens. This
review did exclude most TAAs found via SEREX or SERPA studies and only citing those
that were confirmed upon subsequence independent immunoassays. The detection frequency
of tumor-associated autoantibodies seen in patients' blood taken at the time of diagnosis was
typically low. This resulted from the technical limitation of SEREX antigens i.e. single
TAA/autoantibody pairs as diagnostic markers. The frequency range for even the most
extensively studied TAA, p53, has been reported in as little as 7% in some cancers (though
it is also been reported to be up to 60% in esophageal cancer [75]. The general estimate even
for the best tumor antigens is that they may evoke humoral response in only 5-10% of
patients.

Selection of candidate TAA/autoantibody markers through these technologies has allowed
for the evaluation of extensive portions of the proteome or epitome with multiple candidate
analytes being examined as single assays for cancer diagnosis or prognosis. Nevertheless,
the process for the discovery and evaluation of diagnostic markers has not been entirely
reliable or reproducible in subsequent validation studies [72]. The three methodologies
initially presented here represent high throughput discovery platforms capable of evaluating
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large numbers of potential TAAs in combination with large sample numbers. We do not
include a review of the numerous other approaches and strategies that have been successful
in identifying cancer autoantibodies. Though in a number of these studies the TAA/
autoantibodies pairs found were successfully employed in classification assays, secondarily
to the discovery phase. The distinction of the high throughput approaches from other
methodologies is that within the experimental design these technologies have the ability to
discover new candidate markers and simultaneously conduct classification analyses.

1.5.1. Natural protein microarrays: 2-D liquid chromatography antigen
microarrays—Initially, natural protein microarray immunoassays require
multidimensional protein fractionation of cell line extracts. Printed protein arrays containing
around a thousand individual fractions of proteins are then interrogated with sera from
cohorts of cancer patients and controls to identify protein antigens reactive with
immunoglobulins. Of the methods reviewed, this approach exploits the ability to present the
native autologous cellular antigens as a target antigen for autoantibody studies. Arrays
printed with cellular proteins retain native conformations and post-translational
modifications. Also, this approach captures altered or aberrant proteins which may be due to
disease related mutations such as translocations or frameshifts that are represented among
the possible epitope repertoire as well as post-translational modifications.

By way of example for this technique, two recent studies that applied this approach, detected
autoantibodies in either pre-diagnostic lung cancer sera [71] or sera from pancreatic cancer
patients [68]. This approach has also been used in other studies [10, 60, 64]. In both the lung
and pancreatic cancer studies, candidate target TAAs were fractionated from human cancer
cell lines lysates (human lung adenocarcinoma cell lines A549; Panc-1 pancreatic
adenocarcinoma cell line) by two-dimensional liquid chromatography. Proteins were
separated in the first dimension either by anion exchange or according to their isoelectric
point via high-performance liquid chromatography followed by a second separation by
reverse-phase chromatography. Protein fractions were printed in replicates onto
nitrocellulose slides to identify candidate antigens. In the lung study, fractions were printed
without further treatment, whereas in the pancreatic study, the fractions were further treated
with a cyanogen-bromide digestion before printing to expose additional epitopes.
Microarrays of natural proteins were generated and interrogated with multiple serum
samples. In lung, a series of 85 lung cancer sera and 85 matched controls were applied to
individual microarray immunoassays. For the pancreatic studies, a series of 10 normal
controls, 10 chronic pancreatitis and 10 pancreatic cancer cases were used. Detection of the
autoantibodies was performed using an indirect immunofluorescence with Alexa 647-
labeledanti-humanimmunoglobulinG (IgG). In both cases, certain spotted fractions that
exhibited high reactivity to immunoglobulins in cancer sera were further analyzed by mass
spectrometry (MS) for protein identification.

1.5.2. Phage display antigen microarrays (Epitomics)—Phage display antigen
microarrays have recently been developed as a high throughput modification of the basic
SEREX approach but allowing for the screening of thousands of antigens as monoclonal
cDNA phage display clones simultaneously using only a minimal amount of sera on a
microarray with fluorescent detection using scanning technology and advanced
bioinformatics to analyze the results. The central strategy is a non-directed approach to
isolate TAAs by screening cDNA expression libraries using serum IgGs from cancer
patients as probes, and sequencing immuoreactive antigen clones. The SEREX technique
was initially described by Sahin et al. in 1995 [78]. Epitomics employs cDNAs libraries
prepared from mRNA from cancer cell lines or fresh tumor specimens using T7 phage
display cloning technology in which each library contains approximately 107 original
random-primed protein expression clones. Using a random-primed cDNA library permits
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representation of N- and C-terminal epitopes in the library. In the SEREX protocol, primary
discovery screenings are performed with plaque lifts on nitrocellulose membranes using
single autologous patient for tissue based libraries or small heterogeneous sera groups for
cell line derived cDNA libraries. The high throughput epitomics approach altered this
strategy by conducting a liquid-phase subtractive biopanning of the phage library with
heterogeneous immunoglobulins from normal sera to remove non-specific clones and cancer
serum derived immunoglobulins to enrich for the specific clones. Next 1-5 x 102 phage are
picked after serological enrichment of antigen clones. Individual antigen clones are then
printed on microarrays allowing the analyses with minimum sample volume < 10 /A,
multiple sera, and thousands of candidate antigens. As with SEREX; this epitomic approach
affords the ability to rapidly determine TAA identity through DNA sequencing of the
selected antigen clones that specifically binds to patients' 1gGs. This approach has been
employed for the identification of biomarkers in ovarian [16], head and neck [51], breast
[31], prostate [99] and lung cancers [111, 112].

1.5.3. Protein microarrays—Protein microarrays are a recently developed proteomic
approach that uses a high-throughput technology which allow for the screening of thousands
of known proteins in TAA/autoantibody detection systems. These arrays employ known
candidates as the spotted proteins often selected by literature searches and then generated by
in vitro translation systems. Again, proteins are arrayed on slides and interrogated with
serum immunoglobulins to determine immunoreactivity of any candidate antigens. This
system was initially described in the identification of autoantigens of autoimmune diseases
[77]. The disadvantage of protein microarrays is that the identity of each of the printed
proteins used as potential TAAs is known and thus missing as yet undiscovered mutated,
translocated, or AORF proteins. The identity of any sero-reactive antigen to autoantibodies
is immediately known without further analysis. Also, as a microarray platform, thousands of
protein spots can be interrogated simultaneously with a minimal volume of serum. This
technology has been applied in the detection of TAA/autoantibodies reactivity in ovarian
cancer [40] and breast cancer [3].

1.6. Development of clinically applicable detection assays

Appropriate cancer biomarker-based screening tests should be minimally invasive and
reproducible. In addition, screening technology must be sufficiently sensitive to detect
cancer at an early or even precancerous stage but specific enough to classify individuals
without cancer as being free of disease. Comparison with other conventional technologies,
such as ELISA, has indicated that microbead-based immunoassays (Luminex) are reliable,
accurate, cost-effective, highly sensitive and have rapid turn around time for results. While
there are advantages to these diagnostic platforms, there are still challenges or pitfalls that
must be addressed before their acceptance as a technology platform in the routine clinical
diagnostic laboratory one being that individual sera can have nonspecific background
readings and that there are wide variations in the coupling efficiency of the antigen proteins
to the beads.

1.6.1. Multiplex ELISA approach—The ELISA is the most commonly used antibody
detection method. This technology has been applied by Imafuku et al. for the detection
tumor autoantibodies in cancer patients [41]. Multiplex ELISA can be performed in 96, 384
or 1536-well microtiter plates for high-throughput screening. The avid protein-binding
surface of individual wells of the microtiter plates are coated with bait molecules for the
capture and detection of circulating analytes of interest in patient sera. After immunobinding
of autoantibodies, a substrate-conjugated anti-human IgG is used to generate signal
measured with colorimetric, chemiluminescent or fluorescent assays. The advantages of this
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multiplex ELISA technology are the easy automaton and the feasibility of measuring the
autoantibody titers in patient's serum.

A high throughput version of multiplex ELISA approach is the Reverse Capture Antibody
Microarray. This platform is based on the dual-antibody sandwich immunoassay of enzyme-
linked immunosorbent assay in which tumor or healthy tissue-derived native antigens are
allowed to bind with 500 monoclonal antibodies that are spotted on the array surface. The
antigen-antibody arrays are next incubated with fluorescently-labeled 1gG from cancer and
control samples. Another set of microarrays incubation is carried on simultaneously by
swapping the dyes (used to label cancer and control 1gGs) to include the dye-effects. The
microarrays are next washed, analyzed in a fluorescence microarray scanner and statistical
analyses are performed on scanned images. The reverse capture antibody array platform uses
native proteins as bait and the autoantibody responses against post-translational
modifications of native proteins are readily detectable on this array platform making it
superior to other protein microarrays that use recombinant proteins. Tang et al. has applied
this technology for the discovery of biomarkers that are involved in pathophysiologic
pathways in mucinous ovarian cancer [86].

1.6.2. Bead assays (Luminex-xMAP)—In Luminex technology molecular reactions
take place on the surface of microsphere bead sets that are dyed with differing
concentrations of two fluorophores to generate distinct bead sets. Each bead set is coated
with capture antibody specific for one analyte [43]. Using this method, 100 different
microsphere beads each with different analytes can be created and potentially analyzed in
parallel. During an assay, capture antibodies covalently bound to the surface of the beads
immobilize the analytes of interest. After a washing step to remove unbound materials,
detector antibodies are reacted with the beads, followed by addition of an R-phycoerythrin
(RPE) conjugate that labels the immune complexes on the beads. The spectral properties of
the beads are then monitored with the Luminex® xMAP® instrument where they pass
through two lasers that excite the internal dyes identifying each microsphere bead, and the
reporter dye (RPE) captured during the assay. Statistical analyses are next performed on the
readings as each bead set contains a different antigen. The bead-based suspension array
technology allows simultaneous analysis of serum antibodies or proteins with specificities
for up to 100 different proteins. Luminex assays have been applied to demonstrate high
levels of cytokines in cancer patients with the advantage of low serum consumption [35].
Using this technology Visintin et al. reported that a combination of 6 biomarkers namely,
leptin, prolactin, osteopontin, insulin-like growth factor 11, macrophage inhibitory factor,
and CA-125 was able to detect OV-CA with a sensitivity of 95.3% and a specificity of
99.4% respectively [62]. Luminex technology has its own limitation because human sera
contain antibodies that can directly bind to the beads, thereby increasing non-specific
background [101].

1.7. Challenges of assay development

Serum levels of non-tumor associated antibodies also exist due to immunological responses
to other diseases. Many of the antigen/antibodies reactions seen during the discovery phase
will have little utility in the development of serological assays for cancer detection.
Appropriate study designs must be implemented for these high-throughput approaches to
truly distinguish TAA/autoantibody responses that are informative in profiling of class
outcome (healthy verse disease) from the non-informative TAA/autoantibody responses as
well as detectable non-informative disease related antigen/antibody responses. Non-
informative immune signals will confound the subsequent analysis and critical selection of
discovery cohorts is necessary. This requires the generation of study populations that are
well documented and representative of a screening population. The samples of such a cohort
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should be collected at clinics in standardized protocols. Also, the sample population should
represent a targeted population consistent to that of the eventual diagnostic test. Reduction
of confounding variables due to inappropriate study cohort characteristics is essential to the
validity of experimental results. In addition, these novel technologies must be paired with
appropriate computational methods capable of analyzing high-dimensional data generated
from large scale biomarker discovery projects. These computational methods are necessary
to reduce large analyte panels to smaller ones more suitable for clinical diagnostics.

2. Conclusion

Preliminary results in the development of serological diagnostic assays have demonstrated
that the basic experimental tools to accomplish this goal exist. In the future, autoantibody
patterns against tumor-specific proteins may achieve high specificity and sensitivity to
diagnose disease in screening populations. Each of the technologies presented in this review
has inherent limitations in its ability to present inclusive spectra of all possible relevant
epitopes for a specific gene. Limitations are due to either the initial selection of candidate
target antigens using a non-representative or few cancer sera, the antigens represent only a
segment of the entire protein, and/or that the antigen is generated in a non-mammalian/non-
malignant system. Individually, these limitations constrain the available spectrum of
epitopes available to each approach. A diagnostic panel of antigen biomarkers useful in a
large spectrum of any particular type of cancer patient may require taking the best of
antigens from each of several technologies. This would not only increase possible
representation of different conformations of a protein of interest, but increase the
representation of relevant tumor specific genes. Regardless of the initial source of target
TAAs, the eventual selection of the required minimum number of TAAs to construct
definitive panel of biomarkers will come from balancing the biological studies of these
heterogeneous diseases with statistical models and industrial requirements for possible
clinical applicable platforms.

We and others have shown that autoantibody signatures in cancer patients' sera do allow
discrimination of various cancers from healthy patients and those with related benign
diseases even in these early studies. The quest for accurate panels of biomarkers requires the
need for robust assays that are both reliable and reproducible that can be taken to the next
phase of large scale validation studies. These studies are employing novel technologies for
autoantigen biomarker discovery have focused on the goal of the development of diagnostic
tests that can be implemented in a true clinical setting. Understanding the nature of the
autoimmune response in cancer has helped to establish the tools that will permit detecting
tumor specific autoantibodies for cancer diagnosis. These approaches are versatile to not
only identify panels of screening diagnostic markers, but may be extended to determine
prognostic markers for disease staging, monitoring the efficacy of therapeutic response as
well as the identification of potential targets for personalized immunotherapy.
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Table 1
Timeline of diagnostic technologies used for the detection of tumor autoantibodiesin
cancer
Year of invention  Technology for tumor autoantibody detection Application in cancer diagnostics References
1965 Radioiodination of serum antibody This technology was applied to determine the /in [24]
vivolocalization of radioantibodies in human
brain tumors using animal models.
1966 Passive haemagglutination Tumor autoantibodies were detected in patients [94]
with colonic cancer or other diseases.
1968 Immunofluorescence Presence of tumor autoantibodies against [63]
malignant human melanoma was demonstrated
in this study.
1970 Compliment fixation method and Passive agglutination  Autoantibodies against T like antigen were [88]
technique detected in breast carcinoma.
1975 Indirect Immunofluoresence Tumor autoantibodies were detected in patients [100]
with breast carcinoma.
1979 Radioiodination of Staphylococcus protein A (SPA) This assay was employed for the detection of [66]
antibodies in melanoma and colon carcinoma
patients.
1982 Immunoprecipitation and sodium dodecy! poly- Autoantibodies against cellular p53 were [22]
acrylamide gel (SDS-PAGE) detected in the sera obtained from patients with
breast cancer.
1985 Immunoelectrophoresis and radioimmunoelec- Autoantibodies against CEA were detected in [90]
trophoresis In conjunction with 1-125 labeled CEA the serum of colonic cancer patients.
1986 Polyethylene glycol (PEG) and C1q solid-phase Circulating immune complexes were detected in [18]
microassay (C1g-SPMA) sera or ascites of patients with hepatocellular
carcinoma.
1989 Adapted immunoenzymatic assay (ELISA method) This technolgoy was applied for the detection of [29]
autoan-tibodies against membrane
phospholipids such as, phosphatidylinositol,
phosphatidylserine, phosphatidylcholine,
phosphatidylethanolamine, ganglioslides,
sphingomyelin, sph-ingosin, and cardiolipin in
the serum of patients with malignant tumors.
1990 Avidin-biotin immunoperoxidase method and highly Anti-Hu antibodies were detected in the serum [23]
sensitive quantitative western blot analysis of patients diagnosed with small cell lung
cancer.
1994 Recombinant baculovirus containing tumor Ag and Autoantibodies to Her2/neu were detected in [25]
western blot breast cancer patients.
1995 Enzyme linked immunosorbent assay (ELISA) This technology was used for the detection of [48,103]
serum p53 antibodies in patients with benign or
malignant pancreatic and biliary diseases.
Another group reported the detection of p53
antibodies in the sera of lung cancer patients in
the same year.
1995 SEREX technology? Circulating autoantibodies against melanoma [78]
antigens, renal carcinoma antigens, brain tumor
antigens, antigens expressed in Hodgin diseases
were detected in serum of cancer patients.
1996 This methodology was basedonthe preparation of Autoantibodies directed against L-myc [106]
bacterially synthesized glutathione S-transferase oncogene products were detected in the sera of
(GST)-tumor Ag fusion proteins and western blot patients with lung cancer.
analysis
1996 Time-resolved immunofluorometric procedure Circulating p53 antibdies were detected in [5]
patients with ovarian carcinoma.
1997 SEREX technology Autoantibodies against cancer testis antigen [19]

NY-ESO-1 were detected in osephageal
squamous cell carcinoma patients.
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Year of invention  Technology for tumor autoantibody detection Application in cancer diagnostics References
1998 SEREX technology Forty eight human colon cancer antigens (NY- [79]
CO-1-NYCO-48) were identified by SEREX
analysis in patients with colon cancer.
1998 ELISA (PEM.C1g) employed a 60 mer MUC1 peptide  Circulating antibodies to polymorphic epithelial [93]
conjugated to bovine serum albumin and peroxidase- mucin (MUC1) were detected in breast and
labeled antihuman immunoglobulin G or M antibodies  ovarian carcinoma patients.
2000 Indirect immunofluorescence test (IFT) Antineural and antinuclear autoantibodies were [7]
detected in patients with non-small cell lung
cancer.
2000 SDS-PAGE and western blot analysis This technology was applied for the detection of [73]
antibodies against endostatin in patients with
multifocal glioblastoma.
2001 Two dimensional (2D) PAGE, western blotting, and Occurrence of autoantibodies against novel [49]
Matrix-assisted laser desorption ionization-time of tumor antigen RS/DJ-1were detected in breast
flight (MALDI-TOF) cancer patients.

2002 ELISA, immunoblot and indirect fluorescence. p53 antibodies were detected in breast cancer. [92]
2003 Two dimensional liquid chromatography and protein The study showed that microarrays of [10]
microarrays fractionated proteins could be a powerful tool

for tumor antigen discovery and cancer
diagnosis.
2005 Expression of recombinant tumor antigen, SDS-PAGE,  Increased level of Fas (CD95) autoantibodies [74]
western blotting and ELISA was detected during colon carcinogenesis.
2006 Expression of recombinant His-tagged tumor Ag, and Circulating autoantibodies of cancer testis [89]
ELISA antigen NY-ESO-1 were detected in lung cancer
patients.
2006 SEREX and Luminex technology Autoantibodies against IL-8 were [54]
elevatedinpatients with ovarian cancer.
2006 Epitomics: Combination of phage display cloning of Autoantibodies directed against 65 tumor [16]
tumor Ag, differential biopanning and protein antigens were detected in patients with ovarian
microarray cancer.
2006 Reverse capture autoantibody microarray This technology was applied for antigen- [70]
autoantibdy profiling with sera from prostate
cancer and benign prostate hyperplasia.
2007 Serological proteome profiling (SERPA) Autoantibodies signatures produced in response [39]
to the breast or colorectal cancer was reported.
2008 Nucleic acid programmable protein microarray This technology reported that of 1705 [3]
(NAPPA) and ELISA nonreduntant expressed antigens, dominant
antibodies were detected in patients diagnosed
with melanoma, breast and ovarian cancer.
2008 Luminex bead array technology This technology allowed rapid detection of [105]
tumor autoantibody repertoire in the serum of
cancer patients using /n7 vitro expressed epitope-
tagged tumor Ag (either GST or FLAG tagged)
that were captured later onto anti-epitope
coupled Luminex SeroMap beads.
2010 Chemoenzymatic synthesis of O-glycopeptides and O-  Autoantibody signatures to aberrant O- [96]
Glycopeptide array print glycopeptide epitopes in the serum of cancer
patients were reported.
2010 RAPID ELISA Autoantibodies to p53 were detected in 42% of [4]

patients with advanced serous ovarian cancer.

3

SEREX database can be found at their web site (http://ludwig-sun5.unil.ch/CancerimmunomeDB/).
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