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Abstract

Background—Plasma tumor biomarkers are widely used clinically for monitoring response to
therapy and detecting cancer recurrence. However, only a limited number of them have been
effectively used for the early detection of cancer.

Objective—To review plasma tumor markers used clinically for the early detection of cancer and
to provide expert opinion about future directions.

Methods—L.terature review, as well as our expert opinion, of plasma tumor markers that have been
widely accepted for the early detection of cancer.

Results—In the United States, only prostate specific antigen (PSA), cancer antigen 125 (CA125),
and alpha-fetoprotein (AFP) have been clinically used for the early detection of prostate, ovarian,
and liver cancers, respectively. Both analytical and clinical issues related to the use of these three
markers were discussed.

Conclusion—Few plasma tumor markers have been used effectively for the early detection of
cancer, mainly due to their limited sensitivity and/or specificity. Multiple approaches have been
developed to improve the clinical performance of tumor markers for the early detection of cancer.
Metrological traceability and antibody specificity are important issues to ensure comparability of
immunoassays for the measurement of plasma tumor markers.
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1. Introduction

Currently, one in four deaths in the United States is due to cancer[1]. Despite significant funding
in cancer research, poor survival is common for advanced disease due to the lack of effective
treatment options[2]. The 5-year relative survival rates among patients who are diagnosed with
either advanced lung, colorectal, or breast cancer are only 3%, 10%, and 27%, respectively
[1]. By contrast, survival is much better when cancers are diagnosed at an early stage. The 5-
year relative survival rates among patients diagnosed with localized lung, colorectal or breast
cancers are significantly higher at 50%, 90%, and 98%, respectively[1]. Based on these
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statistics, diagnosing cancer at an early stage before they metastasize and become incurable -
the concept of early detection-will have a significant impact on cancer survival.

Various tests and imaging tools have been recommended for early detection of cancer.
Examples are annual mammograms for the early detection of breast cancer, fecal occult blood
test (FOBT) and colonoscopy for colorectal cancer, prostate specific antigen (PSA) and digital
rectal exam (DRE) for prostate cancer, and Papanicolaou smear test for cervical cancer[3]. An
important approach to early detection is to measure plasma tumor markers since plasma is
readily available and most human tumors produce a variety of factors which, if they pass into
the blood, may serve as plasma tumor markers. These biomarkers, either produced by the tumor
itself or in response to the tumor, can be used to determine the presence of cancer based on
measurement in blood samples.

An ideal plasma tumor marker for the early detection of cancer should have several properties.
It should be sensitive enough to detect small tumors at an early stage. It should be specific for
a given type of cancer, not present in non-cancer (healthy and benign) conditions, and released
only in response to cancer. Currently, most plasma tumor markers are neither sensitive nor
specific enough for this purpose. As a result, only three plasma tumor markers are typically
used clinically for early detection in the United States: PSA, CA-125 and AFP. PSA is the only
marker that has been approved by the United States Food and Drug Administration (FDA) for
early detection (in conjunction with digital rectal examination). Nevertheless, CA-125 and
alpha fetoprotein (AFP) are used in populations at high risk for cancer. CA-125 is used with
transvaginal ultrasound for ovarian cancer screening in women at high risk and AFP is used
for screening hepatocellular carcinoma (HCC) in populations at high risk. In this review, we
will only discuss these three tumor biomarkers, which are measured using immunoassays, for
the early detection of cancer. We use the terms plasma and serum interchangeably. In fact,
most immunoassays for tumor markers use serum, not plasma. Although these three markers
can also be used for evaluating cancer progression after initial therapy and monitoring response
to treatment, these clinical applications will be not discussed.

PSA is a 237-amino acid single chain serine protease. Synthesized in the ductal epithelium and
prostatic acini and secreted into the lumina of the prostatic ducts, PSA is a major protein in
both the prostatic lumen and seminal plasma. Although PSA reaches the blood after diffusion
from luminal cells through the epithelial basement membrane and prostatic stroma, under
normal physiological conditions, PSA concentrations in the blood are low[4]. The mechanism
of PSA elevation in blood is not clear. It is hypothesized that prostatic diseases (e.g., prostate
cancer, prostatitis, benign prostatic hyperplasia (BPH), and prostatic intraepithelial neoplasia)
breach the barriers (e.g., epithelial basement membrane and prostatic stroma) between the
prostate lumen and capillaries[5]. As a result, the elevated PSA levels in blood can be used as
amarker for prostate cancer. However, because other prostatic diseases could also elevate PSA
in blood, PSA is not cancer-specific.

PSA has both free and complexed forms. Released into blood, PSA binds with major
extracellular antiproteases such as alpha-1-antichymotrypsin (ACT) and alpha-2-
macroglobulin (AMG) and forms PSA-ACT and PSA-AMG complexes. Although molar
concentrations of these antiproteases are 1,000 fold higher than that of PSA, 5-45% of PSA
in blood is still in free form, unreactive with the excessive ACT and AMG.

Existence of both free and complexed forms of PSA in blood has important implications for
the design of immunoassays. First, assays for different forms of PSA (e.g., total, free, and
complexed) have been developed. The total PSA assay measures both free and complexed
PSA. Because AMG engulfs PSA, blocking access of PSA to antibodies[6], the total PSA assay
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essentially measures only free PSA and the PSA-ACT complex. Second, total, free, and
complexed assays use PSA antibodies with different specificities.

The design of these immunoassays has important implications for comparability. In fact, not
all the PSA immunoassays-either total or free- give the same results. The comparability issue
lies on two fundamental principles of immunoassays: metrological traceability and antibody
specificity[7]. Metrological traceability requires use of International Standards for PSA so that
analytical results from different PSA immunoassays can be traced back to these standards.
Historically, total PSA assays were calibrated using the conventional Hybritech standards from
Beckman Coulter. These standards are different from the WHO standards (96/670: 90% PSA-
ACT complex and 10% free PSA and 96/668: free PSA only)[8,9]. Therefore, the clinical
decision level of total PSA at 4 ng/mL established for the early detection of prostate cancer
using the Hybritech standards is different than that of 3 ng/mL established using these WHO
standards[10].

While metrological traceability reduces immunoassay discrepancies, it will not achieve the
goal of interchangeability unless antibody specificity is also considered. Antibody specificity
determines not only antigen binding sites on the PSA molecule but also the binding affinity.
Some antibodies bind more strongly to either free PSA or the PSA-ACT complex. Based on
their relative abilities to detect free and the PSA-ACT complex, total PSA assays among
different manufacturers are divided into two groups: non-equimolar and equimolar. Non-
equimolar assays may respond to free PSA more strongly than to the PSA-ACT complex or
vice-versa. When proportions of free PSA increase, non-equimolar assays overestimate free
PSA and thus overestimate the total PSA concentration. Equimolar total PSA assays, on the
other hand, detect free PSA and the PSA-ACT complex equally, unbiased by their proportions
[11]. Because of the existence of different proportions of free PSA in blood, equimolarity is
essential to compare total PSA results among different laboratories and assay manufacturers

[71.

Since analytical results of PSA assays affect clinical outcomes of patients, efforts have been
made to improve the comparability of PSA immunoassays. According to the 2009 College of
American Pathologists (CAP) survey, the variation of total PSA levels among different
manufacturers is 10%, greatly reduced from 62% in the 1997 CAP survey[12]. Nevertheless,
this variation among different immunoassays still exists. Therefore, keeping in mind that assay
variation may be one potential source of discrepant total PSA results will be helpful in
interpretation of patients’ results.

2.1 Total PSA for early detection

Recently published results from two randomized controlled trials for evaluating the efficacy
of PSA screening using serum total PSA measurements and/or digital rectal examination (DRE)
has spurred speculation on whether PSA should be used for the early detection of prostate
cancer[13,14]. One found that although screening does diagnose more prostate cancer, finding
those cancers early does not reduce the risk of dying from the disease after 7 to 10 years of
follow-up[14]. The other showed that screening reduced the mortality rate by 20% but was
associated with a high risk of overdiagnosis[13]. Thus, the controversy of PSA screening for
prostate cancer continues[15].

The total PSA test has been recommended by the American Cancer Society for the early
detection of prostate cancer in combination with DRE annually, starting at age 50 years, for
men who have a life expectancy of at least ten years[3]. When total PSA levels and/or DRE
results are abnormal, prostate biopsy may be performed and used to diagnose cancer. Total
PSA levels in serum have been classified into three categories: 0-4.0 ng/mL, 4.0-10.0 ng/mL,
and > 10.0ng/mL. The risk of prostate cancer and the necessity of a biopsy are assessed based
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on these categories. When the total PSA level is less than 4.0 ng/mL, the risk of cancer is
considered to be low. However, a recent study showed that up to 27% of men with the total
PSA in the 3.1-4.0 ng/mL range had cancer[16]. When the total PSA is greater than 10 ng/mL,
40-50% of patients have cancer[17]; and biopsy is typically performed. When the total PSA
level is in the 4.0-10.0 ng/mL range, however, only 25-35% of patients have cancer based on
biopsy[17]; therefore this range is referred as the diagnostic gray zone of total PSA[5].

As discussed before, elevation of PSA in serum is prostate-specific, but not cancer-specific. It
rises in the context of cancer and other non-malignant pathological changes in prostate.
Multiple approaches have been attempted to improve the cancer specificity of PSA. These
approaches include measurements of free PSA, complexed PSA, and free PSA isoforms,
calculations of PSA density and velocity, and use of age-specific PSA cut offs. Free PSA and
PSA velocity are the two most successful approaches among them. Here we will review the
impact that these two approaches have had on the early detection of prostate cancer.

2.2 Percent Free PSA for early detection

Percent free PSA (free PSA/total PSA x100) is recommended for the risk assessment of prostate
cancer when total PSA concentrations are between 4-10 ng/mL. A % free PSA of >25%
indicates a low risk of cancer (e.g. probability = 8%) whereas a %free PSA of <10% suggests
a high risk (e.g. probability = 56%)[5]. Percent free PSA has significantly increased efficacy
of the early detection of prostate cancer by reducing unnecessary biopsies. A cut off of 25%
detected 95% of cancers and reduced the biopsy rate by 20% when total PSA levels were
between 4-10 ng/mL[18].

However, percent free PSA is not perfect. Both analytical and biological problems exist. The
analytical problems are several-fold. First, because percent free PSA is calculated using the
free PSA to total PSA ratio, problems exist for making a generalized recommendation on the
cut off of %free PSA because of the lack of comparability of free PSA immunoassays among
manufacturers. Examination of the 2009 CAP survey of PSA ratio indicated that %free PSA
results between methods on the same survey material ranged from 20% to 33%. As a result,
%free PSA cut offs are method-dependent. It is recommended that the percent free PSA be
calculated using free and total PSA immunoassays from the same manufacturer. Second, lack
of a commonly accepted pre-analytical sample handling procedure affects in vitro stability of
different forms of PSA and therefore the %free PSA cut offs[19,20]. After storage for 7 days
at4°C, serum of patients with prostate cancer or BPH, and elderly men without known prostate
disease showed significant decreases of percent free PSA[20]. Therefore, samples that are to
be retained for longer than 24 hours should be frozen and samples stored for extended periods
should be kept at =70 °C[19]. Interpretation of the percent free PSA results should be done
with caution if the sampling and storage conditions are unknown. Lastly, high analytical
precision is important for free PSA, especially at low levels, to reduce overlaps between men
with and without cancer.

Biologically speaking, measurements of free and total PSA should be avoided during the first
48 —72 hours after prostatic manipulation, because it increases free PSA. In addition,
differences in percent free PSA between men with and without cancer diminish with increasing
total prostate volume[21]. When prostate volume is less than 35cc, a cut off of 14% is applied;
when prostate volume is larger than 35cc, a cut off of 25% should be used[22].

2.3 PSA velocity

PSA velocity calculates changes in total PSA levels over time. The rationale for PSA velocity
is based on the assumption that prostate cancer increases PSA levels in blood faster than other
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benign prostatic conditions do. There are many ways to calculate PSA velocity.[23] Carter et
al used the equation as follows[24]:

(PSA2 = PSA1) 1 (PSA3 - PSA2)

1
PSA velocity== X
veoay=s Timel 2 Time2

PSAL1 is the first total PSA measurement, PSA2 the second, and PSA3 the third in a two-year
period or at least 12 to 18 months apart. Time 1 and Time 2 are differences in time expressed
in years.

PSA velocity has significantly improved the cancer specificity of PSA especially in
differentiating between cancer and BPH[25]. In addition, PSA velocity helps identify those
men who would benefit from prostate cancer diagnosis at PSA levels associated with curable
disease. When PSA levels are in the range of 2—4 ng/mL in which most men have curable
disease, a PSA velocity greater than 0.35 ng/mL/year (10 to 15 years before diagnosis) was
associated with a five-fold risk of death from prostate cancer 15 or more years later compared
to a PSA velocity of 0.35 ng/mL/year or less[26]. Greater PSA velocity cut offs (e.g. 0.75 ng/
mL/year) might be more appropriate for risk assessment in men with PSA levels in the range
of 4-10 ng/mL[27].PSA velocity is unlikely to be incrementally useful among men with PSA
levels greater than 10 ng/mL[28].

Caveats of using PSA velocity are several. First, intra-individual day-to-day PSA levels vary
significantly. A total PSA increase of less than 20-46% is more likely due to biological and
assay variations. Second, PSA elevations (e.g., due to inflammation) may affect velocity
calculations performed over short periods of time[29]. So PSA velocity should be calculated
over a two-year period or with PSA measurements at least 12 to 18 months apart. Finally, the
same PSA assays should be used for the velocity calculation because of the incomparability
of PSA results among different manufacturers. Despite these limitations, PSA velocity is still
useful in assessing the need for a prostate biopsy in patients with a total PSA below 10 ng/mL
and unremarkable DRE.

2.4 Other approaches

Other approaches to improve the cancer specificity of PSA include PSA density, age specific
PSA reference ranges, complexed PSA, and free PSA isoforms. PSA density divides total PSA
levels by the prostate volume determined by transrectal ultrasound (TRUS). It is based on the
observation of a positive relationship between PSA levels in blood and prostate volumes.
However, PSA density is not useful in the early detection of prostate cancer because (i) the
volume determination by TRUS is examiner-dependent and (ii) the ratio of stroma and
epithelial tissues is different in individual prostates. This ratio affects PSA density since only
prostate epithelial tissues produce PSA[30].

The rationale of age-specific reference ranges for PSA is that (i) the prostate increases in size
with age and (ii) younger men have lower normal PSA levels than older men[31]. Therefore,
age specific PSA could improve the sensitivity of prostate cancer detection in younger aged
men and spare unnecessary biopsies in older men. However, recent studies that compared age
specific PSA cut offs to the standard cut off of 4 ng/mL showed conflicting results: one showed
that age specific cut offs increased cancer detection by 8% in men below age 59 and spared
21% biopsies in men older than 60 while missing 4% of organ-confined cancers[32]; the other
showed that the standard cut off of 4ng/mL was optimal for all age groups[33].

Prostate cancer influences the proportions of the PSA-ACT complex in blood. Recent
development of a FDA-approved complexed PSA (cPSA) immunoassay has facilitated
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studying the early detection of prostate cancer using the PSA-ACT complex. Although many
of the studies conducted to date have shown improved cancer specificity of cPSA over total
PSA, there is no improvement over percent free PSA[34].

Free PSA has distinct isoforms, analysis of which has shown encouraging results for improving
the cancer specificity of PSA. BPSA is an internally cleaved, nicked, or multi-chain free PSA
that is cleaved at Lys;gp-Serqgs positions. A BPSA immunoassay demonstrated significant
levels of BPSA in serum of men with BPH but undetectable in normal men. [-2]proPSA is a
truncated precursor form of free PSA that has two additional amino acids in a pro-leader
sequence. Recently an automated immunoassay for [-2]proPSA was developed and employed
in a multi-center study, which showed that %[—2]proPSA ([-2]proPSA /free PSA) was a better
predictor of prostate cancer than percent free PSA, particularly in the 2-10ng/mL total PSA
range[35]. Despite these promising results, further evaluation and additional characterization
of these free isoforms is needed to assess their potential for the early detection of prostate
cancer.

CA125isaheavily glycosylated mucin (MUC16). Recent cloning of the peptide core of CA125
revealed that it has a 156-amino-acid tandem repeat region in the N-terminus, and a possible
transmembrane region and a tyrosine phosphorylation site in the C-terminus[36]. Due to the
lack of purified CA125 for standardization, all CA125 immunoassay results are expressed in
U (units)/mL. Two major antigenic domains on CA125 are characterized as OC125-like and
M11-like[37]. The first generation of CA125 assay used only the OC125 antibody for both
capture and detection. The second generation CA125 assays use the M11 antibody for capture
and OC125 for detection. As a result of utilizing two distinct antibodies, the second generation
assay has improved inter-assay precision and linearity, and diminished high-dose hook effect.
Since then, automated immunoassays for CA125 have been developed by different
manufacturers. The Cut off for the majority of these assays is 35 U/mL, established from the
distribution of CA125 results in healthy women. Despite the same cut offs, these immunoassays
can give different results on the same specimen therefore their results are not interchangeable.
Laboratory reports should indicate the specific CA125 assay used. Patients should be serially
monitored using the same assay.

3.1 CA125 for early detection of ovarian cancer

Because the prevalence of epithelial ovarian cancer in the post-menopausal population is low
(e.g., ~ 1 in 2500), an effective screening modality must have a sensitivity greater than 75%
and a specificity greater than 99.6% to attain a positive predictive value (PPV) of 10%, an
arbitrary standard set by epidemiologists and gynecological oncologists[38]. Screening using
CA 125 alone is neither sensitive nor specific enough. Significant expression of CA125 was
observed in 80% of ovarian cancers at the tissue level[39], indicating the sensitivity of a
CA125-based screening assay should not exceed 80%. In addition, CA125 is not cancer
specific. In post-menopausal women, CA125 exhibits a specificity of 99%, not high enough
to achieve a PPV of 10%[38]. In pre-menopausal women, serum CA125 is elevated in a variety
of benign conditions, including but not limited to pregnancy, endometriosis, ovarian cysts, and
pelvic inflammation. CA125 can also be elevated in other types of cancer such as carcinoma
of the breast and lung. Due to the lack of sensitivity and specificity, CA125 alone is not
recommended to screen asymptomatic women for ovarian cancer[40].

Multiple approaches have been proposed to enhance both the sensitivity and specificity of
CAL125. The Prostate, Lung, Colorectal, and Ovarian (PLCQO) Cancer Screening trial evaluates
concurrent combination of CA125 and ultrasound, in which if CA125 is elevated or a pelvic
lesion encountered by transvaginal ultrasound (TVUS), patients are referred to their local

Expert Opin Med Diagn. Author manuscript; available in PMC 2010 November 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Meany et al.

4. AFP

Page 7

physicians for management. According to a preliminary report from this study, CA125 alone
had a PPV of 3.7% for detection of ovarian cancer; TVUS had a PPV of 1%; and combined
together had a PPV of 23.5%[41]. Although the evaluation requires longer follow-up, the
predictive value of both tests was relatively low.

A sequential combination of CA125 and ultrasound may be more effective. Two major trials
have been conducted in the United Kingdom using a sequential combination. One studied
postmenopausal women older than 45 years. If CA125 levels were greater than 30 U/mL,
TVUS was performed; if TVUS results were abnormal, surgery was undertaken[42]. Among
10,985 women screened, the median survival in the screened group (73 months) was
significantly greater (p = 0.012) than in the control group[42], although this may be due to the
lead-time bias of screening. A more recent study using the sequential combination also reported
encouraging results: the sensitivity, specificity, and PPV for all primary ovarian and tubal
cancers were 89.4%, 99.8%, and 43.3%, respectively[43]. The effect of the screening on
mortality remains to be determined.

The risk of ovarian cancer algorithm (ROCA) using serial CA125 levels to improve the
specificity is based on two observations: (i) patients with benign diseases tend to have stable
levels of CA125, even when they are elevated and (ii) patients with ovarian cancer generally
have progressively rising values. ROCA has proved superior to a fixed cutoff for identifying
women at increased risks of ovarian cancer: when the specificity was set at 98%, ROCA
achieved a sensitivity of 86%, a significant improvement over the sensitivity of 62% using the
arbitrary cutoff of 30 U/mL[38].

AFP is a 70kD glycoprotein with 591 amino acids and 4% carbohydrate by weight. During
fetal life, AFP is first produced by the yolk sac and later by the fetal liver, resulting in a very
high plasma level. After birth, AFP levels decrease, reaching adult levels of less than 10 ng/
mL at 12-18 months.

AFP is not specific for hepatocellular carcinoma (HCC). Elevated serum AFP levels occur not
only in HCC, but also in pregnancy, hepatitis and liver cirrhosis, and other malignancies such
as tumors of gonadal origin and the gastrointestinal tract[44,45]. AFP is not sensitive for HCC
either since not all HCC tumors secrete AFP. AFP levels are normal in up to 40 percent of
small HCCs at the tissue level and in the majority of patients with fibrolamellar carcinoma, a
variant of HCCJ[46,47].

Nevertheless, screening for HCC with AFP in combination with liver ultrasound is widely
practiced for two reasons[48,49]. First, surgical resection and liver transplantation are the only
options for long-term survival in people with HCC. Both procedures have limited efficacy once
symptoms develop. Second, carriers of the hepatitis B and C viruses are at a very high risk of
developing HCC. Therefore, screening asymptomatic subjects with hepatitis may lead to early
and effective treatment.

Depending upon the individual immunoassay, the upper limits of the reference range of AFP
are set between 10 and 25 ng/mL. Modest elevations of serum AFP between 10 and 500 ng/
mL occur in adult patients with hepatitis and liver cirrhosis, representing a diagnostic gray
zone of AFP. Itis generally accepted that AFP levels greater than 500 ng/L in high-risk patients
are diagnostic of HCC. However, a lower AFP level is used for screening. Using a cut off of
20 ng/mL, the sensitivity of AFP ranges from 41-65% with specificity from 80-94% in
multiple studies [50]. In order to increase specificity, AFP is used in combination with liver
ultrasound. Multiple studies have shown that screening for HCC using AFP and liver ultrasound
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could identify tumors at an early stage[51-53]. However, the clinical benefits of early detection
on mortality remain to be determined.

AFP has multiple glycoforms. Chan et al demonstrated AFP could be separated into the “yolk-
sac type” and the “liver type” by affinity chromatography on concanavalin A (Con-A)
Sepharose[54]. In another study, Sato et al showed that AFP from benign chronic liver diseases
and HCC bound differentially to lectin Lens culinaris agglutinin (LCA)[55]. AFP is
fractionated into 3 glycoforms L1, L2, and L3 based on their reactivity with LCA. The L3
fraction binds strongly to LCA[56]. Imaging studies showed that AFP-L3 positive HCC was
hypervascular with blood supplies derived from hepatic artery, and had a shorter doubling time
[57]. Therefore, AFP-L3 may identify a more aggressive form of HCC.

An AFP-L3 immunoassay is commercially available and has been widely adopted in Japan.
This assay is based on liquid phase binding of the AFP-L3 glycoform with LCA and two
specific antibodies labeled with peroxidase and polysulfated tyrosine peptide, respectively
[58]. A cut off of 10% AFP-L3, calculated using the ratio of AFP-L3 to total AFP, is used to
identify patients with risks of small tumors < 2cm in diameter, arguably defined as aggressive
cancer in clinical settings[57,59]. A recent case-control study conducted in 7 academic medical
centers in the United States showed that AFP-L.3 was not useful for the early detection of HCC
[60]. This study supported by the Early Detection Research Network (EDRN) of the United
States National Cancer Institute (NCI) compared performance of AFP, des-gamma
carboxyprothrombin (DCP) and AFP-L3 for the diagnosis of early HCC. A total of 836 patients
were enrolled; 417 (50%) were cirrhosis controls and 419 (50%) were HCC cases, of which
208 (49.6%) had early stage HCC (n=77 very early, n=131 early). Results showed AFP was
more sensitive than DCP and AFP-L3 for the diagnosis of early and very early stage HCC. At
a new cutoff of 10.9 ng/mL, AFP had a sensitivity of 66% and specificity of 81%. AFP-L3
was not useful for the diagnosis of early stage HCC, likely due to the need for an elevated total
AFP.

5. Future of Early Detection of Cancer

Since cancer is not a single disease but a composite of multiple diseases, it is likely that a
successful strategy for early detection using plasma tumor markers will require a panel of
biomarkers instead of a single biomarker as has been pursued in the past. These biomarker
panels could consist of not only tumor antigens but also antibodies against tumor antigens.
Immune responses directed against tumor antigens are a promising approach for biomarker
discovery [61]. The immune system responds to cancer cells in two ways, by reacting against
tumor-specific antigens (molecules that are unique to cancer cells) or against tumor-associated
antigens (molecules that are expressed differently by cancer cells and normal cells)[62].
Evidence of these responses has been demonstrated by identification of autoantibodies for
tumor antigens from patients with different cancer types, also known as autoantibody profiling
or immunoproteomics.

Immunoproteomics uses proteomic technologies such as protein microarray and mass
spectrometry. Recombinant protein microarrays containing over 5000 human proteins were
used to screen for autoantibodies using serum from 30 patients with ovarian cancer and 30
healthy individuals. Ninety four antigens were identified that had higher reactivity with cancer
sera than normal[63]. One concern of using recombinant proteins is that immunogenicity may
depend on post-translational modifications and other types of protein processing that may be
tumor specific[64]. Therefore, microarrays containing a repertoire of natural proteins isolated
from tumors or tumor-derived cell lines may be best to determine immunogenicity. The other
common approach to immunoproteomics is mass spectrometry. A mass-spectrometry-based
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method has been developed to identify autoantibody-based serum biomarkers for the early
diagnosis of ovarian cancer[65].

Whether antigens or autoantibodies are used, a multiple marker strategy combines the merits
of single markers and could result in both improved sensitivity and specificity over a single
marker. Unfortunately, most early studies using multiple markers have improved sensitivity at
the expense of a marked decrease in specificity. Recently, using appropriate statistical or
bioinformatic methods, multiple marker strategies have improved sensitivity while
maintaining specificity. One study by Zhang et al. showed the combination of four serum
markers CA12511, CA72-4, CA15-3, and macrophage colony stimulating factor (M-CSF)
through an Aurtificial Neural Network (ANN) model improved the overall accuracy to discern
healthy women from patients with early stage ovarian cancer. At a fixed specificity of 98%,
the sensitivities for ANN and CA12511 alone were 71% (37/52) and 46% (24/52) (p=0.047),
respectively, for detecting early stage epithelial ovarian cancer, and 71% (30/42) and 43%
(18/42) (p=0.040), respectively, for detecting invasive early stage epithelial ovarian cancer
[66]. In another study to improve the detection of early stage ovarian cancer, three proteomic
biomarkers were identified as apolipoprotein A1 (down-regulated in cancer), a truncated form
of transthyretin (down-regulated), and a cleavage fragment of inter-alpha-trypsin inhibitor
heavy chain H4 (up-regulated). The sensitivity of a multivariate model combining the three
biomarkers and CA125 was 74%, higher than that of CA125 alone of 65% at a matched
specificity of 97%. When compared at a fixed sensitivity of 83%, the specificity of the model
was significantly better than that of CA125 alone (94% versus 52%)[67].

6. Conclusion

Despite issues with sensitivity and/or specificity, PSA, CA125, and AFP have been used
clinically for the early detection of prostate, ovarian, and liver cancer, respectively. Many
strategies have been used to improve the sensitivity or specificity of these markers, including
calculation of their changes over time, measurement of subfractions of these markers that are
more cancer-specific, and combinations with other markers or imaging modalities.
Immunoassays for these plasma tumor markers are commercially available. The results from
these assays, however, are not interchangeable due to two fundamental principles of
immunoassays: metrological traceability and antibody specificity. Therefore, standardization
of these immunoassays will help to make the results more comparable. Identification of
autoantibodies to tumor antigens and combinations of independent plasma tumor antigens are
two promising future directions for the early detection of cancer.

7. Expert Opinion

Immunoassay of plasma tumor markers is important for two reasons. First, for the markers that
have established clinical utility, immunoassays provide quantitative analysis of these markers
in plasma and thus provide clinicians information for making medical decisions. Second, for
candidate markers that need further validation, development of immunoassays is essential for
establishing clinical performance of these markers. In fact, one limiting factor for many
validation approaches is the lack of well-characterized, high-quality antibodies. . Realizing this
obstacle, an emerging partnership has been developed between the public and private sectors
for development of high quality antibodies toward human proteins. Examples are the Human
Antibody Initiative by the Human Proteome Organization (HUPQ) and the Clinical Proteomic
Technologies for Cancer program (CPTAC) by the U.S. National Cancer Institute (NCI). These
noteworthy efforts will hopefully speed up the validation process and lead to more
immunoassays that are potentially useful for early detection of cancer.
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Finally, increased understanding of cancer biology could improve the screening strategies for
cancer. It is still controversial whether tumor markers released in the earliest stage of cancer
can be detected in serum with sufficient sensitivity and specificity. An understanding of the
rate of protein release from tumors at early stages and the extent of release of the same proteins
from surrounding cell populations will, therefore, be helpful to answer this question. In the
end, the development of plasma tumor associated biomarkers for early detection is an area of
cancer research that presents both challenges and opportunities. Currently, the majority of
protein biomarkers discovered using clinical proteomics for cancer have failed to show relevant
clinical utility in subsequent validation studies due to issues such as the complexity of serum
proteome, the biological variability of protein expressions in serum, the variability in sample
processing and handling, and the analytical variability[68—70]. Realizing these challenges, it
is critical to incorporate biological, clinical, and epidemiologic knowledge of cancer into the
entire process of cancer biomarker discovery from study design, analytical processing, to data
analysis[69,71]. The success of this venture will require a team of dedicated scientists with
expertise in cancer biology, oncology, statistics and pathology, such as the Early Detection
Research Network (EDRN) of the US National Cancer Institute.
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