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Abstract
Many diseases are easier to treat and control when detected at an early stage of disease progression.
Often, disease-related antigens or biomarkers are shed from the primary site and present in the blood.
Unfortunately, there are very few tests capable of detecting these rare biomarkers in the blood. A
blood test would be very useful to diagnose the disease earlier, monitor effectiveness of treatments,
predict recurrence, and monitor recurrence. There is certainly a need to develop assays that are ultra-
sensitive, non-invasive and high-throughput. Here we describe several highly sensitive
immunological assays we have developed to detect rare serum antigens. Initially we created an assay
named immunodetection amplified by T7 RNA polymerase (IDAT). To enhance the effectiveness
and streamline the procedure, this assay was amended to the facile amplification system termed
fluorescent amplification catalyzed by T7 polymerase technique (FACTT). These assays have been
used to analyze the tumor antigen HER2 and the prion protein PrPSc. They can also be applied to
other tumor markers or antigens from a variety of diseases such as cardiovascular disease, rheumatoid
arthritis, Alzheimer’s disease, Parkinson’s disease, and hepatitis. These tests are not limited to testing
only serum, but may also be applicable to detecting biomarkers in tissue, saliva, urine, cerebrospinal
fluid, etc. Clearly, the FACTT-based technology represents an important step in the detection of rare
molecules in fluids or tissues for a variety of diseases.
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Introduction
Effective therapies for many diseases, such as cancer and infective diseases, require early
detection. Herceptin therapy for breast cancer, an example of targeted therapy for the HER2
receptor, highlights the growing dependence of therapy on an effective diagnosis at the
molecular level [1]. Immunohistochemistry (IHC) and fluorescence in situ hybridization
(FISH), which are performed on tissue slides from patients, are considered invasive techniques.
A non-invasive immunological test to detect an identified biomarker only using serum or
plasma would be extremely useful to monitor the effectiveness of on-going treatment or to
predict disease recurrence after treatment.
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Conventional methodologies for the determination and quantification of antigens have been
limited to gel electrophoresis and antibody binding. The main problem with these
methodologies is their low-throughput nature, which limits the usefulness of these methods in
the clinic. Recent progress in proteomics has led to the development and broad use of mass
spectrometry (MS), a technology that has the potential to identify unknown proteins in the
analytes. However, it has been recognized that MS has a sensitivity of approximately 1 μg/ml,
and, thus, is not ideal for low abundant proteins [2].

The enzyme-linked immunosorbent assay (ELISA) is high-throughput and suitable for
diagnostic antigen detection; however, it only has a detection limit of 0.01-50 ng/ml [3]. That
limit is greatly dependent on antibody affinities, in particular, the capture antibody. In general,
the signal is amplified with horseradish peroxidase, alkaline phosphatase or β-galactosidase
marker enzymes that are conjugated to the detection antibodies [4]. The amplification
performed by these nonlinear enzymes improves the sensitivity of the ELISA assay; however,
the capability of analyzing low abundant antigens using these enzymes is limited due to
“substrate inhibition” [5]. This is a phenomenon referring to the competition between abundant
substrates for limited enzymes in the system when antigens are at extremely low levels.

Immuno-PCR is a method in which PCR techniques are teamed up with immunodetection
methods [6]. The method uses a linker molecule, with affinity for both DNA and antibody,
which specifically binds a DNA template to an antibody-antigen complex. The template is then
amplified by PCR using the proper primers and a set number of cycles. The presence of the
PCR product, through gel electrophoresis or threshold cycle analysis by real-time PCR, reveals
the existence of the complexes and thus is used to calculate the presence of the antigen [6].
One advantage of the immuno-PCR method is that it is approximately 105-fold more sensitive
than alkaline phosphatase-conjugated ELISA antigen detection [6,7]. Unfortunately,
temperature changes during the PCR cycles are detrimental to the stability of proteins in the
system, and denatured proteins can greatly interrupt the PCR reaction thus reducing the
reliability of this approach.

Recently we have developed several immunoassays utilizing the T7 RNA polymerase to
amplify signals. This technique overcomes many of the problems associated with the assays
described above and provides a novel approach to quantify low-abundance antigens within
limited amounts of serum or tissue.

The development of sensitive and high-throughput assays
IDAT

To address the limitations of other immunological assays, we first developed the
immunodectection amplified by T7 RNA polymerase (IDAT) assay which has been described
in detail [8]. Briefly, a 384-well plate is coated with a capture antibody, excess antibody is
washed away, and a patient blood sample is added to each well. The antigen of interest binds
to the capture antibody and the plate is washed to remove unwanted antigens. Next, a detection
antibody that binds to a different epitope of the antigen and is conjugated to a double-stranded
oligonucleotide (ds-oligo) containing the T7 promoter is added to each well. After unbound
detection antibody is washed away, T7 RNA polymerase is used to amplify RNA in a linear
manner from the ds-oligo [9-11], and the quantity of RNA is determined by gel electrophoresis.
As proof of principle, this assay was used to detect and quantify the receptor tyrosine kinase
HER2 [8]. HER2 was detected from the lysate of T6-17 cells at a 1013 dilution which is 109-
fold more sensitive than the conventional ELISA method and 1011–fold more sensitive than
Western blot analysis. Also, IDAT was sensitive enough to identify HER2 in the serum of mice
bearing early stage HER2 overexpressing tumors.
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There are many benefits of the IDAT assay. First, this assay has a greater sensitivity than the
enhanced chemiluminescence-Western blot assay, conventional ELISA, RCA, and
immunoPCR. IDAT is also a better alternative to HPLC, two-dimensional chromatography,
and mass spectrometry-based methods of protein detection because it is more sensitive, less
cumbersome, less time consuming and extremely versatile. For instance, the potent T7
amplification procedure facilitates the use of low affinity antibodies. The versatility of the
system allows not only intact antibodies but also single-chain fragment variable (ScFv)
fragments and complementarity determining region (CDR) peptides of the detection antibody
to be used at antigen detectors [8]. In addition, the ds-oligo is coupled to the detection antibody
at a common epitope to create a universal detector species so virtually any cellular antigen can
be detected. Plus, RNA detection can be quantified using fluorescence or radioactivity. Lastly,
this system is also capable of monitoring proteins, lipids, and metabolites and their
modifications at the single-cell level [8]. For example, IDAT can detect the functional status
of a protein by analyzing subtle post-translational modifications such as phosphorylation of
specific residues.

Although IDAT combines the specificity of antigen–antibody interactions with the sensitivity
powered by the liner amplification ability of T7 RNA polymerase, there are several limitations
to this procedure. For instance, the specific binding affinity between any antigen and its
antibody or antibody derivatives can be restrictive. In addition, it takes about five hours to
couple the ds-oligo to the detection antibody before this complex is added to the well, and this
procedure has to be done for each detection antibody used. Lastly, to quantify the RNA, this
procedure uses electrophoresis, which is tedious and not a high-throughput method.

FACTT
To address the drawbacks of the IDAT assay, a second generation assay was created. A
modular, facile amplification system termed fluorescent amplification catalyzed by T7
polymerase technique (FACTT) was described previously [12] (Figure 2). Similar to the IDAT
procedure, capture antibodies on the bottom of the wells of a 384-well plate are used to bind
an antigen of interest from a blood sample. Next, a biotinylated detection antibody, which binds
to a different epitope of the antigen is added and the excess is washed away. FACTT varies
from IDAT in that streptavidin tetramer is used to bridge the detection antibody to the double-
stranded, biotinylated amplification module. The biotinylated amplification module is
approximately 600 bps (approximately 10 times the length of the IDAT ds-oligo), contains a
T7 promoter and terminator sequence, and is biotinylated at one end. The T7 RNA polymerase
and then RiboGreen, a fluorescent RNA intercalating dye, are sequentially added to the well
and a fluorimeter is used to quantify the yield of amplified RNA.

The FACTT assay has numerous benefits over other standard assays. First, it is a linear,
quantitative assay that is isothermal. FACTT utilizes RiboGreen, which simplifies the assay
for use in the 384-well plate format. With a detection limit of approximately 1 ng/ml RNA in
solution, RiboGreen is 200-fold more sensitive than ethidium bromide–based assays [13].
Another advantage is that RiboGreen quantifies amplified RNA and thus eliminates the use of
radioactivity as well as the tedious electrophoresis. In addition, the detection requires only 5–
10 minutes to determine the amount of amplified RNA using a standard fluorimeter. The
FACTT procedure is similar to that of ELISA and is compatible with current high-throughput
liquid handling robots for reagent dispersal and repeated plate washing. The FACTT technique
also has the potential to study multiple antigens because streptavidin is used to bridge any
detection antibody to the double-stranded, biotinylated amplification module. This system is
103-to 105-fold more sensitive than the ELISA technology and can detect protein targets
specifically at subfemtomolar levels (~0.08 fM). Thus, this assay is an efficient tool for
analyzing low-abundance proteins in serum and can be adapted to high-throughput screening
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and automation. Indeed, this technology will enable monitoring of antigen levels at a much
earlier disease stage, as well as, during treatment and remission.

However, there are still a few limitations of FACTT. The RNA amplification and detection is
costly since the RiboGreen dye and a fluorimeter are required. The quality of the T7 RNA
polymerase enzyme also is a limiting factor. The quality varies between vendors and the unit
activity is not always consistent and reproducible when obtained from different enzyme
sources. This assay is also dependent on RNA stability. Although FACTT shows better
reproducibility than the original IDAT assay, the FACTT assay can be further optimized by
using different antibody conjugates or detection reagents [14].

FACTT 2.0
The sensitivity of FACTT can be further improved by incorporating additional DNA template
to the detection antibody. In the original protocol, the DNA template, with a biotin-label at one
end, was added to bind to the streptavidin and was subsequently subjected to T7 RNA
polymerase amplification [12]. In the modified FACTT 2.0 procedure the DNA template (BB)
is biotin-labeled at both ends (Figure 3A). This is achieved by using biotinylated 5’ and 3’
primers to prepare the DNA template. With two biotin haptens, BB can bind to the streptavidin
attached to the biotinylated antibody and still have one free biotin hapten to function as the
docking site for subsequently added streptavidin. The newly captured streptavidin then
becomes the host for more DNA templates. To compare the FACTT 2.0 with FACTT, we
coated streptavidin directly to the plate. Using the standard FACTT procedure, the reading for
50 fg/ml streptavidin was not significantly different from the control. Using the FACTT 2.0
procedure, the reading for 50 fg/ml was enhanced over the background and the difference was
significant (Figure 3B). Theoretically, more DNA templates could be attached with additional
cycles of streptavidin and BB. However, under current conditions, we do not see any benefit
for sensitivity beyond two cycles (data not shown).

Clinical Significance
HER2

The receptor tyrosine kinase HER2 (Neu or p185her2/neu) is a therapeutic and diagnostic
biomarker overexpressed in approximately 25-30% of primary breast, ovarian and pancreatic
tumors [15-19]. The ectodomain of HER2 is shed from the cell surface and can be detected in
the sera of breast cancer patients [20]. In addition, higher serum concentrations of HER2
correlate with a lower response rate to therapy and shorter survival time after recurrence [21,
22]. The most commonly used HER2 tests are immunohistochemistry (IHC) and fluorescence
in situ hybridization (FISH) [23]. Individuals who are found to be HER2-positive by these tests
have a response rate of approximately 34-35% to Herceptin therapy [24]; however, both of
these clinical tests are invasive and low-throughput.

Monitoring HER2 serum levels with a FACTT-based assay is a sensitive, quantitative and non-
invasive strategy. Studies have shown that serum HER2 levels, prior to treatment, positively
correlate with tumor size, number of positive lymph nodes and histological scores [25]. In fact,
serum HER2 levels were a better indicator for stage IV breast cancer than were IHC scores
[26]. Serum HER2 levels were also an effective prognostic indicator for metastasis-free and
disease-specific survival after treatment cessation [25]. FACTT was used to detect and quantify
HER2 in both rodent and human blood [12]. FACTT was five orders of magnitude more
sensitive than ELISA in the detection of recombinant HER2 in the serum. In addition, FACTT
detected HER2 in the blood of mice with very early HER2 overexpressing tumor masses,
whereas conventional detection methods were unable to detect HER2 in mice bearing tumors
as large as 100 mm3. Lastly, when human serum samples were subjected to FACTT, individuals
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with HER2 positive breast cancer (determined by IHC and FISH) were shown to have elevated
serum HER2 levels compared to HER2-negative individuals and healthy controls. However,
the ELISA assay only found 20% of HER2-positive samples had elevated HER2 serum levels.
Clearly, FACTT-based assays provide a sensitive and non-invasive alternative to conventional
HER2 detection methods.

Other tumor markers
The FACTT-based assays are applicable to other tumor markers. Early detection for diagnosing
and treating cancer in its pre-invasive state, before metastasis, is extremely important for
controlling cancer. Unfortunately, ovarian cancer is generally diagnosed at a late stage. A
widely used ovarian cancer serum biomarker, CA 125, is used to monitor treatment and
recurrence of ovarian disease [27]. If FACTT-based assays were used to detect CA 125 at very
low levels in the blood, diagnosis might be possible at a much earlier stage of tumor
progression. Similarly, effective early detection and screening are currently not available for
pancreatic ductal adenocarcinoma (PDAC), which is the fourth leading cause of cancer-related
death in the United States [28]. These tumors are also typically diagnosed at a late stage,
frequently after metastasis. Due to the low sensitivity and specificity of most detection assays
that are currently used in the clinic, existing pancreatic serum biomarkers, such as CA19-9,
are not adequate as early detection markers [28]. Thus, a great need exists for ultra-sensitive
and specific FACTT-based assays to detect CA19-9 and the recently discovered serum protein
biomarkers. These assays would greatly aid in the early detection of cancer and allow for more
effective treatments.

Prion disease
Transmissible spongiform encephalopathy (TSE), or prion disease, is a group of fatal
neurodegenerative diseases [29,30]. The exhibition of spongiform lesions in the brains of
infected animals or humans by histopathology was the only diagnostic test for decades [29,
30]. There was no reliable in vitro diagnostic test available until the discovery that TSEs are
caused by the conversion of a normal cellular prion protein, PrPC, into the pathogenic, protease
resistant scrapie PrP isoform, PrPSc [31-34]. In addition, a study in 2004 reported that two
patients who received blood from donors who had died from variant Creutzfeldt-Jakob disease
[35,36], also developed the disease, indicating that the infectious prion in the blood is a public
health concern. Unfortunately, current prion tests are mostly postmortem, invasive, insensitive
and nonquantitative. In fact, all in vitro diagnostic tests for prion diseases require either the
demonstration of protease-resistant PrPSc in brain or lymphatic tissue [37,38] or the uncovering
of hidden epitopes after denaturation [38,39]. However, an in vitro test that can detect PrPSc

in blood would greatly enhance our ability to monitor the occurrence and spread of prion
diseases.

Recently, FACTT has been integrated with aggregate-specific ELISA to detect prion proteins
in the blood of infected animals [40]. In this method (Am-A-FACTT), an in vitro PrPSc

amplification step (Am) is included to further improve the detection limit. This methodology
is based on the Protein Misfolding Cyclic Amplification (PMCA) which allows an undetectable
amount of PrPSc to convert exogenously provided PrPC to PrPSc with [41-43] or without [44]
multiple cycles of sonication. Similiarly, in the Am-A-FACTT, plasma or tissue homogenate
from normal animals is incubated with infected samples to amplify PrPSc in the sample. In
addition, only one antibody is used as both the capture antibody and the detecting antibody
since the protein of interest, PrPSc, is known to form aggregates. The ultra-sensitive Am-A-
FACTT assay had 100% sensitivity in detecting disease-associated prion aggregates in blood
of infected mice at late but asymptomatic stages of disease (70 days postinoculation) [40]. At
a very early stage (35 days postinoculation), Am-A-FACTT had a sensitivity of 50% and a
specificity of 100%. This difference reflects the lower levels of PrPSc in the circulation early
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in the disease progression. Am-A-FACTT was also able to detect, with a high degree of
specificity and sensitivity, disease-associated prion aggregates in presymptomatic mule deer
that were naturally or experimentally infected with the chronic wasting disease agent. Overall,
the Am-A-FACTT assay is minimally invasive, more quantitative and less time-consuming
than other assays, such as PMCA, and can detect naturally infected pathogenic prion aggregates
in the blood. Clearly, this FACTT-based assay is an incredibly sensitive tool that can detect
prion diseases in asymptomatic carriers.

Versatility of FACTT for diseases
FACTT-based assays have the potential to detect low-abundance proteins present in patients
with a wide variety of diseases. For instance, we have applied FACTT to the detection of TNF-
alpha, G-CSF and other proteins (to be reported separately). All proteins have been detected
with a sensitivity about 103 to 104-fold higher than by ELISA [45], confirming that FACTT-
based assays have broad applications. Blood tests are currently being used to detect biomarkers
for cardiovascular disease [46-48], rheumatoid arthritis [49-51], Alzheimer’s disease [52,53],
and hepatitis [54,55]. Detecting and quantitatively monitoring the serum concentrations of
cytokine inhibitors or soluble cytokine receptors, as well as the clinical response of patients to
treatment with cytokine antagonists, might generate important information for monitoring
autoinflammatory diseases [56]. The enhanced sensitivity of the FACTT-based assays would
enable detection of antigens at levels beyond the existing ELISA detection limit. This would
allow currently used antigens or novel low-abundance antigens to be detected and analyzed
earlier during disease progression. The FACTT-based assays are not limited only to the
detection of antigens found in the blood, but can also be applied to antigens found in the saliva,
urine, cerebrospinal fluid, etc [12]. Finally, the principle of the FACTT-based assays for prion
may be applicable to other diseases caused by abnormal protein aggregation, such as
Alzheimer’s disease or Parkinson’s disease [40].

Conclusion
The sensitivity of the ELISA and other immunological assays does not satisfy the current need
for the clinical detection of marker antigens in extremely low concentrations in patients with
disease. The FACTT-based technology represents a significant step in the detection of low
abundance molecules in fluids or tissues. With far greater sensitivity than the ELISA assay and
with adaptability to high-throughput techniques, FACTT-based assays will facilitate the
detection of these antigens as well as more abundant antigens from much smaller sample
volumes. In addition, this assay can be modified to accommodate molecules of interest derived
from cells, tissues and body fluids under different physiological conditions. Through the
application of FACTT-based assays, we were able to detect the appearance of the tumor marker
HER2 and the prion marker PrPSc at far earlier time points during disease progression than
with any other assays. With carefully chosen antibodies, FACTT-based assays can be a
practical tool for quantitatively profiling changes to crucial proteins, in terms of amount and
post-translational modifications. These assays are clearly useful methods to enhance current
ELISAs in the clinic for a wide variety of diseases.
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Figure 1.
The potential therapeutic uses of an ultra-sensitive serum biomarker assay at various stages of
cancer progression.
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Figure 2.
Schematic diagram depicting the fluorescent amplification catalyzed by T7 polymerase
technique (FACTT) procedure. Step 1) Capture antibodies (dark blue) are added to each well
of a 384-well plate. Excess unbound antibodies are washed away and the plate is blocked to
prevent non-specific binding. Step 2) Patient or animal sample is administered to each well
and the antigen of interest binds to the capture antibody. After washing, a biotinylated detection
antibody (pink), which recognizes a different epitope or the same epitope if the target is a
multimeric complex, is linked by streptavidin (gray) to the double-stranded, biotinylated
amplification module (green). The detection antibody-Streptavidin-DNA complexes can be
pre-assembled before they are added to the plate. Step 3) The T7 RNA polymerase (medium
blue) is added and generates RNA (purple) during a 30 minute to 2 hour incubation period.
Step 4) The fluorescent RNA intercalating dye RiboGreen (red) is dispensed into each well
and a fluorimeter measures the yield of amplified RNA at wavelengths of 485 nm (ex) / 535
nm (em).
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Figure 3.
Further improvement of sensitivity of FACTT by streptavidin-based amplification of the
signal. A) Schematic diagram illustrating the streptavidin-based amplification in FACTT 2.0.
B) Comparison of FACTT and FACTT 2.0 in the detection of streptavidin. Streptavidin (50
fg/ml) was coated onto a 384-well high binding plate and the wells were blocked with 1%
casein. For FACTT, RNA polymerase amplification was performed after the DNA template
was incubated with streptavidin, and the unbound templates were removed by washing. For
FACTT 2.0, before T7 RNA polymerase amplification, the streptavidin-coated wells were
incubated sequentially with the double biotinylated DNA template (BB), streptavidin and BB
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again. Unbound streptavidin and BB were removed by a PBST wash. Experiments were
performed in triplicate.
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