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Abstract
Rapid detection of antibody immunity in serum or plasma, whether to pathogenic antigens, tumor
antigens, or autoimmune antigens, is critical for diagnosis, monitoring, and biomarker assessment
of the immune response. Individual or multiplexed ELISAs that use purified recombinant proteins
are dependent on a priori protein purification, a labor-intensive process that may take months to
obtain proteins of sufficient purity and stability for serologic assays. We developed a programmable
multiplexed immunoassay for the rapid monitoring of humoral immunity using the Luminex
suspension bead array platform. In this approach, epitope-tagged antigens (GST- or FLAG-tagged)
are expressed using in vitro transcription and translation, and captured onto anti-epitope-coupled
Luminex SeroMap beads. The antigen-loaded beads are mixed, serum is added, and human IgG
detected with standard secondary detection reagents. By coupling high-throughput DNA preparation
of cDNA ORFs with antigen expression/capture, we demonstrate that 71/72 (98.6%) of GST-tagged
proteins can be expressed and specifically detected on the bead ELISA. Detection of antibodies to
the test viral antigen EBNA-1 in human sera is highly reproducible, with intra-assay variation of 3–
8%, inter-assay variation of 5%, and with stability over 11 months. The specificity and limits of
detection of the bead ELISAs for the tumor antigen p53 are comparable to both standard protein
ELISAs and plate-based programmable (RAPID) ELISAs, and are also comparable to the detection
of directly-conjugated p53 protein. Multiplexing a panel of analytes does not impair the sensitivity
of antibody detection. Immunity to a panel of EBV-derived antigens (EBNA-1, EBNA-3A,
EBNA-3B, and LMP-2) is specifically and differentially detected within healthy donor sera. This
method allows for rapid conversion of ORFeome-derived cDNAs to a multiplexed bead ELISA to
detect antibody immunity to both infectious and tumor antigens.
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1. Introduction
The detection of the humoral immune response is essential for the diagnosis and prognosis of
infectious disease and autoimmunity, and may also provide biomarkers for the detection of
cancer (Coronella-Wood and Hersh, 2003; Chapman et al., 2007). Several proteomic
multiplexed immunoassays have been developed to facilitate the detection of these antibodies
(Robinson et al., 2003; Ramachandran et al., 2004; Anderson and LaBaer, 2005; Hudson et
al., 2007). The slide-based assays, in particular, are excellent discovery tools for the detection
of antibodies, but require specialized high-throughput equipment not generally found in routine
immunology laboratories.

Confirmation of antibody detection requires assays that allow for the intermediate-throughput
(hundreds) of serum screening on fewer antigens. The gold standard, ELISA, uses purified
recombinant proteins adhered onto 96-well plastic plates and probed with sera, one antigen at
a time. One intermediate step for the validation of antibody responses is a bead ELISA using
the Luminex platform. The recent development of spectrally-distinguishable fluorescent beads
(Luminex) (Kellar and Iannone, 2002) has resulted in the widespread use of antigen-coupled
beads for monitoring antibodies in sera by flow cytometry. These bead arrays have been
adapted for serologic screening of antigens and has been described for up to ten antigens for
HIV (Opalka et al., 2004), HPV (Opalka et al., 2003; Dias et al., 2005), Epstein-Barr virus
(Klutts et al., 2004; Binnicker et al., 2008; Gu et al., 2008), B. anthracis (Biagini et al., 2004;
Biagini et al., 2005), Influenza (Drummond et al., 2008) and M. tuberculosis (Khan et al.,
2008). When using purified antigens covalently linked on the beads, multiplexed serologic
screening is both highly sensitive and efficient, but requires bacterial protein production and
protein purification. Batch-to-batch and antigen-dependent variations in protein expression,
purification, and stability limit the development of novel ELISA assays, and increase the risk
of false-positive antibody detection (Schmetzer et al., 2005).

We have previously developed a method for in situ transcription/translation of immunogenic
antigens as epitope-tagged proteins for in situ expression and capture on protein microarrays
(NAPPA) (Ramachandran et al., 2004; Anderson et al., 2008). This results in highly
reproducible and easily produced proteins for serologic screening, with comparable limits of
detection of antibody to p53 antigen, for example, as standard protein ELISA. Using this
approach, we have successfully expressed and captured over 15,000 different human, viral,
and bacterial proteins for monitoring humoral immunity in both human and animal model
systems. Slide-based protein microarrays allow for rapid screening of thousands of potentially
immunogenic antigens. NAPPA expression and capture of tagged antigens for serum detection
has been adapted for plate-based assays (RAPID ELISA) for confirmation of individual
antigens (Ramachandran et al., 2008a).

Here, we have developed a bead-based multiplexed antigen programmable array for the
detection of antibodies in sera. DNA preparation and in vitro expression has been adapted for
high-throughput antigen production, exploiting ORFeome-derived gene sets. Anti-GST or anti-
FLAG antibodies are coupled onto Luminex beads, and epitope-tagged proteins are expressed
in vitro and bound to individual beads. Individual antigens are then pooled and antibodies
within sera are detected with standard bead-based flow cytometry. Using well-validated sera
from cancer patients and healthy donors, we demonstrate that the bead ELISA has comparable
limits of detection for antibodies to EBNA-1 and p53 antigens as standard protein ELISA and
RAPID. This bead-based assay allows for multiplexed detection of antibodies within serum
for rapid detection of humoral immunity to both viral and tumor antigens.
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2. Material and methods
2.1. Patient Sera

Breast cancer patient sera used in these analyses were obtained from the Lurie Breast Cancer
Tissue and Blood Repository and the Specialized Research Program in Breast Cancer at the
Dana-Farber Cancer Institute. Sera derived from breast cancer patients were obtained at the
time of presentation with invasive breast cancer. Control sera were from healthy women
undergoing blood donation. Written consent was obtained from all subjects under institutional
review board approval.

2.2. Plasmid repository and high-throughput DNA preparation
Sequence-verified, full-length cDNA expression plasmids in flexible donor vector systems
were obtained from the Harvard Institute of Proteomics and are publicly available
(http://plasmid.med.harvard.edu/PLASMID/). These were converted to the T7-based
mammalian expression vector pANT7_GST using LR recombinase (Invitrogen, Carlsbad,
CA). The high-throughput preparation of high-quality supercoiled DNA for cell-free protein
expression was performed as described (Ramachandran et al., 2008b). Briefly, expression
plasmids were transformed into E.coli DH5α and grown in 1.5 mL terrific broth and ampicillin
(100 µg/mL). DNA was purified with the NucleoPrepII anion exchange resin (Macherey-Nagel
Inc., Bethlehem, PA) using a Biomek FX (Beckman Coulter, Inc., Fullerton, CA) automated
laboratory workstation. Automated addition of all solutions was accomplished using a Matrix
WellMate (Thermo Scientific, Hudson, NH) rapid bulk liquid-dispensing instrument. Purified
DNA was precipitated by addition of 0.6 volumes isopropanol, followed by centrifugation at
5000 rcf for 30 minutes. The DNA pellet was washed with 200 µL of 80% ethanol, centrifuged
at 5000 rcf for 15 minutes, dried, and resuspended in dH2O. For p21, p53 and EBV antigens,
larger quantities of DNA were prepared using standard Nucleobond preparation methods
(Macherey-Nagel Inc., Bethlehem, PA).

2.3. Antibody and protein coupling to carboxylated Luminex microspheres
Anti-GST antisera (GE Healthcare, Piscataway, NJ) or anti-FLAG antisera (Sigma-Aldrich,
St. Louis, MO) was dialyzed into PBS to remove sodium azide and coupled to SeroMAP
carboxylated microspheres (Luminex Corporation, Austin, TX) per manufacturer’s
recommendations at the antibody to microsphere ratios indicated. Antibody coupling was
confirmed with R-phycoerythrin (PE)-conjugated donkey anti-goat IgG antibody (Jackson
ImmunoResearch Laboratories, Inc., West Grove, PA). Recombinant p53 protein (BD
Biosciences, San Jose, CA) was coupled to SeroMAP microspheres at a ratio of 5 µg protein
to 1 million beads. Bead coupling was confirmed with p53 monoclonal antibody (Sigma-
Aldrich, St. Louis, MO) and goat anti-mouse IgG-PE antibody (Jackson ImmunoResearch
Laboratories, Inc., West Grove, PA). Beads from adjacent color regions (#34 to 44) were
coupled with antibody. Beads #35–42 were multiplexed for detection by monoclonal
antibodies.

2.4. Bead ELISA
Proteins were expressed using T7 reticulocyte lysate (Promega Corporation, Madison, WI) per
manufacturer’s recommendations using 500 ng DNA. After expression, the in vitro
transcription/translation (IVTT) product was incubated at room temperature (rt) for 2 hours
while rotating with 5000 microspheres per reaction diluted to 100 microspheres/µL in PBS-1%
BSA. After washing, protein-bound microspheres were pooled together and added to the
appropriate wells in a 96-well filter plate (Millipore Corporation, Billerica, MA). Microspheres
were washed again and incubated for 30 minutes at rt with serum samples diluted 1:80 unless
otherwise indicated. After washing, biotin-conjugated goat anti-human IgG antibody (Jackson
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ImmunoResearch Laboratories, Inc., West Grove, PA) diluted to 4 µg/mL was incubated with
the microspheres. Streptavidin-R-PE (Molecular Probes, Inc., Eugene, OR) diluted to 4 µg/
mL was used to for detection. FLAG- and GST-protein tags were detected with anti-FLAG
(Sigma-Aldrich, St. Louis, MO) and anti-GST (Cell Signaling Technology, Danvers, MA)
monoclonal antibodies. Antigens were detected with monoclonal antibodies to PCNA (Cell
Signaling Technology, Danvers, MA), BCL2 (Sigma-Aldrich, St. Louis, MO), CDK4 (Cell
Signaling Technology, Danvers, MA and Sigma-Aldrich, St. Louis, MO), and p53 (Sigma-
Aldrich, St. Louis, MO).

2.5. P53 antibody ELISA
The p53 protein ELISA assay was performed per manufacturer’s recommendations (p53
ELISAPLUS Autoantibody Kit, Calbiochem, Gibbstown, NJ) (Anderson et al., 2008).
Calibrators, controls, and serum samples were added at 100 µl each in duplicate. The calibrators
were used neat, 1:1.5, 1:2, 1:3, 1:4, and 1:6 to obtain a calibration curve. Serum samples were
diluted 1:100 and incubated for 1 hour at rt and bound IgG was detected by absorbance at 450
nm using a VICTOR3

TM 1420 Multilabel Plate Reader running Wallac 1420 software (Perkin
Elmer, Waltham, MA).

2.6. RAPID ELISA
GST 96-well detection plates coated with anti-GST antibody (GE Healthcare, Piscataway, NJ)
were blocked overnight at 4°C with 5% milk in 0.2% Tween20 in PBS (PBST-0.2%). GST
fusion proteins were expressed using the T7 reticulocyte lysate (Promega, Madison, WI) per
manufacturer’s recommendations using 500 ng DNA. After expression, the IVTT product was
transferred to the anti-GST plates for 2 hours at rt while shaking at 800 rpm, washed, and
incubated with serum samples diluted 1:300. HRP-conjugated goat anti-human IgG antibody
was diluted at 1:1000 (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA).
SuperSignal ELISA Femto Max Sensitivity (Pierce, Rockford, IL) was used for detection.

2.7. Statistical Analysis
Protein ELISA analyses for antibodies in sera were performed in duplicate, and positive sera
were confirmed on repeat experiments. Values are plotted as mean values. P53 positive sera
were previously defined on RAPID ELISA and on standard ELISA as those that have fold
change of 3 or more when compared to the p53 negative sera and control sera. We assumed
that majority of sera was p53 negative and computed fold changes as ratio of the serum signal
to the median signal of all sera assayed (Anderson et al., 2008).

For the bead ELISA, measurements were performed on a Luminex 200 using Luminex IS 2.3
software, counting 50 events for each analysis, and median fluorescence intensity (MFI) was
measured. Intra-assay variability was determined using fluorescent measurements of EBNA-1
IgG antibody detection of the same sera repeated 7 times on the same day for 5 days. These
signals were averaged, and the coefficient of variation (CV, (SD/mean)×100%) was calculated.
Inter-assay variability was determined using fluorescent measurements of anti-EBNA-1 IgG
detection of the same sera repeated on 5 different days. These signals were also averaged and
used to calculate the CV.

3. Results
3.1. Schematic of the bead ELISA

The bead ELISA for the multiplexed detection of antibodies in sera uses anti-GST antibodies
that are coupled to different Luminex beads, each containing different mixtures of red and
infrared fluorophores. The cDNA ORFs are expressed as C-terminal GST fusion proteins using
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IVTT. The individual protein antigens are then captured via their GST tags to anti-GST-coupled
beads. This results in “addressable” recombinant proteins that are non-covalently attached to
different fluorescent beads (Figure 1). The individual protein-bound beads are then pooled and
incubated with individual sera for the detection of bound IgG antibodies.

3.2. Detection of recombinant GST-tagged and FLAG-tagged proteins by the bead ELISA
To determine if the programmable bead array can be adapted for multiple-antigen detection,
we selected 72 human tumor antigen clones from our PlasmID repository
(http://plasmid.med.harvard.edu/PLASMID/) for high-throughput DNA preparation (Table 1).
The 72 tumor antigens were expressed as C-terminal GST fusion proteins in duplicate. The
success of protein expression and capture on the bead ELISA was measured by probing with
an anti-GST antibody that recognizes a C-terminal GST epitope on every antigen (Figure 2A).
Expression ranged from 1446–10947 MFI (mean=7102). We determined that 71 of 72 antigens
(98.6%) had detectable protein signal over background, defined as 10% above the average of
non-antigen containing beads (dotted line). Using this expression method, we have expressed
over 10,000 human and infectious disease antigens in slide microarray format and have
demonstrated overall expression of >90% of fusion proteins, including membrane proteins
(Ramachandran et al., 2008b).

3.3. Generation of Anti-GST coupled beads
We have had excellent success in protein microarray-based ELISA using anti-GST antisera
and anti-FLAG antisera as capture antibodies (Ramachandran et al., 2004; Anderson et al.,
2008; Ramachandran et al., 2008b). To adapt this approach to a bead-based array format, we
optimized antibody coupling to Luminex SeroMap beads to a ratio of 5 µg antibody to 1 million
beads (data not shown). The antibody-coupled beads retain identical sensitivity and linearity
of detection and also retain stability over a period of 11 months, with an average decrease in
signal of only 11.7% for the 10 analytes (Figure 2B). Similarly, FLAG-tagged proteins can
also be captured and specifically detected on the beads (data not shown).

3.4. Adaptation of the bead ELISA to detect antibodies in sera
To optimize the assay for the detection of IgG in human sera, we expressed EBNA-1, a highly
immunogenic antigen derived from Epstein-Barr virus (EBV). Over 90% of healthy blood
donors have detectable antibodies to EBNA-1 in standard protein ELISA, and the C-terminal
portion of EBNA-1 (located after the GA repeat region, amino acid #401 to #641) can be readily
expressed using rabbit reticulocyte lysate and detected with healthy donor sera on protein
microarrays (Anderson et al., 2008). Using anti-GST-coupled beads, the C-terminal portion of
EBNA-1 was expressed with IVTT and captured onto the beads. Protein expression was
confirmed with anti-GST antibodies (data not shown). Using serial dilutions of serum from a
healthy donor that contains known antibodies to EBNA-1, the optimal serum dilution for
detection of EBNA-1 antibodies was determined to be between 1:80–1:320 (Figure 2C). More
concentrated sera interfered with detection in this assay, consistent with previous observations
of the “hook effect” seen in other immunoassays (Cole et al., 1993; Jassam et al., 2006).
Background with no DNA or p21-GST DNA (controls) at 1:20 serum dilution is shown.
Incubation of sera at 4°C overnight increased the sensitivity of antibody detection 8-fold to
>1:20,000 compared to a 30-minute incubation of sera at rt.

3.5. Reproducibility and stability of detecting autoantibodies
The CVs of the bead-based antibody detection in human sera were determined. Replicate assays
of C-terminal EBNA-1-GST antigen and p21-GST antigen were expressed in 7 replicates on
5 different days and captured onto anti-GST beads. These were probed with serum positive for
EBNA-1 antibodies. The serum signals for EBNA-1 among the beads processed on the same
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day showed excellent reproducibility with an intra-assay CV of 3–8%. Serum signals for beads
processed on 5 different days had an inter-assay CV of 5%.

3.6. Comparison of the bead ELISA to other ELISA methods
To compare the limits of detection of the bead ELISA with standard recombinant protein
ELISA, breast cancer patient sera with known antibodies to p53 were titrated using both assays.
The background controls of IVTT with p21-GST DNA or no DNA for the bead ELISA were
comparable (Figure 3A). We directly compared the sensitivities of the bead ELISA with
purified antigen-coupled bead arrays for the tumor antigen p53, using a p53-positive serum
titrated from 1:100 to 1:218700 (Figure 3B). Both methods show comparable sensitivities, with
low background of both vector and p21-GST protein.

We have previously developed a 96-well format ELISA (RAPID ELISA) using target antigens
expressed with IVTT and captured onto anti-GST plates (Ramachandran et al., 2008a). The
RAPID ELISA has comparable limits of detection and antibody specificity as standard protein
ELISA for the detection of p53 and EBNA-1 antibodies, but cannot be used for multiplexed
antibody detection. We determined the relative sensitivities of the bead ELISA with the 96-
well plate-based RAPID ELISA (Figure 4A). Both assays showed a >2 log linear range of
detection of p53 monoclonal antibodies, and were highly sensitive with detection of the p53
antibody at pM concentration.

Using four breast cancer patient sera that contain p53 autoantibodies (Anderson et al., 2008),
a direct comparison of Luminex ELISA with 96-well format RAPID ELISA was performed
(Figure 4B). Both p21-GST fusion protein and no DNA controls were performed at a 1:100
dilution, and the background for each serum is shown. Overall, the RAPID ELISA was 3-fold
more sensitive than the bead ELISA, but both assays were highly sensitive (to 1:2700 serum
dilution for three sera) for the detection of p53-specific autoantibodies.

3.7. Multiplexed detection of antibodies using the bead ELISA
To demonstrate that the bead ELISA can be used as a multiplexed serologic assay without loss
of sensitivity, anti-GST antibodies were coupled to 8 different fluorescent beads. P53-GST
protein was expressed and bound to one of the 8 beads. In addition, the vector control and 6
other antigens (BCL2, CDK4, CHEK2, p21, PCNA, PKBα) were expressed and bound to the
remaining 7 beads. Expression of the antigens was confirmed using an anti-GST MAb (data
not shown). The sensitivity of detection of p53 autoantibodies in sera using the p53-GST beads
(singleplex) and the p53-GST beads mixed with 7 sets of control and negative antigens
(multiplex) was equivalent (Figure 5). No increase in signal was observed in the control beads,
demonstrating that there is no diffusion of specific protein antigen onto other beads (data not
shown).

A major limitation of multiplexed bead arrays occurs when interference arises among multiple
different antibodies added to detect different analytes. The assay presented here requires only
two different antibody reagents: the anti-GST capture antibody and the anti-IgG detection
antibody, which are coordinated to avoid interference. To confirm this, four tumor antigens
(PCNA, BCL2, CDK4, and p53) were expressed as GST fusion proteins, bound to individual
anti-GST-coupled beads, and pooled. Expression of each antigen was confirmed with Mab’s
specific for the antigens (Figure 6A and data not shown). To simulate the presence of multiple
antibodies in sera, the monoclonal antibodies were diluted at 1:400 and pooled as a mix of 2,
3, or 4 Mab’s (Figure 6B). In all cases, specificity was maintained when both the antigens and
the antibodies were multiplexed.
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3.8. Multiplexed detection of viral IgG with human sera
To demonstrate that the bead ELISA can detect multiple IgG antibodies within human sera,
we developed a custom assay for the detection of antigens derived from the highly
immunogenic Epstein-Barr Virus (EBV). Serologic ELISA assays to EBV target antibody
responses to the VCA and EBNA-1 antigens have been adapted by direct protein coupling to
Luminex beads (Klutts et al., 2004). Although more is known about the serologic responses to
VCA, EBNA-1, and EA (Altuglu et al., 2007; Lunemann et al., 2007), little is known about
responses to other latent antigens, such as EBNA-3A, EBNA-3B, and LMP-2. We expressed
these antigens along with EBNA-1 by IVTT. To optimize expression of EBNA-1, the cDNA
was divided into the N-terminal (N-EBNA1) and C-terminal (C-EBNA1) fragments by
removal of the central GA repeat region. Control antigen p21 was also expressed as C-terminal
GST fusion proteins. Protein expression was confirmed by GST detection (data not shown).
All six antigens, with vector control, were expressed and combined using the bead ELISA. Six
healthy donor sera were then tested for antibodies to the EBV antigens (Figure 7). Positive
antibodies were defined as >2 S.D.’s over the median of the vector control. One serum (Figure
7A) was negative for all antibodies, consistent with the observed frequencies of EBNA-1 IgG
in blood donor sera of 93% (Anderson et al., 2008; Schwenk et al., 2008). C-EBNA1 was the
dominant antigen, detected in 5/6 sera (median MFI 18455, range 1531–24745). EBNA-3B
antibodies were detected in all C-EBNA1 positive sera (5/6) (median MFI 15120, range 1229–
22885). EBNA-3A antibodies were detected in 2/6 sera (median MFI 4044, range 1281.5–
20661), and only in sera that were positive for both C-EBNA1 and EBNA-3B alone. LMP-2
antibodies were not detected in this cohort. In contrast to C-EBNA1, N-EBNA1 antibodies
were detected in only 1/6 sera (median MFI 2564, range 707–22246).

4. Discussion
The development of serologic screening of protein microarrays, phage display, and reverse-
phase protein arrays has led to the discovery of thousands of novel tumor and infectious
antigens. As a discovery platform, these technologies hold the promise of understanding the
antibody immunome. We have previously optimized and used protein microarrays (NAPPA
ELISA) for the detection of antibodies to a wide variety of tumor antigens, infectious antigens,
and autoimmune antigens in patient sera as well as in animal sera (Anderson and LaBaer,
2005; Anderson et al., 2008). By adapting and standardizing the source DNA preparation and
protein expression to high-throughput proteomic production, 98% of genes show readily
detectable protein. Of 1000 human genes, this system results in success rates of protein
expression of kinases (98%), transcription factors (96%), membrane proteins (93%) and large
>100 kDa proteins (88%) (Ramachandran et al., 2008b). Using rabbit reticulocyte lysate for
in vitro coupled transcription-translation protein expression, specific protein-protein
interactions can be maintained, suggesting that protein folding can be preserved
(Ramachandran et al., 2008b).

Although proteins produced by in vitro transcription/translation display only a limited number
of post translational modifications, this had not limited the ability to detect antibodies to a wide
variety of known immunogenic antigens, including antigens to the pathogens F. tularensis and
P. aeruginosa, the tumor antigens BCL2 and p53, and the GAD65 antigen in insulin-dependent
diabetes mellitus (Ramachandran et al., 2008a). Scientifically, these are highly flexible assays
that allow for rapid screening of any target antigen expressed from cDNA. However, protein
microarray production requires printing technologies that are not readily available in
immunology laboratories. These arrays are excellent discovery tools, but serologic assays for
rapid validation of novel antigens that can screen hundreds of sera on select proteins have not
been developed.
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Here, we developed a programmable bead ELISA for the multiplexed serologic detection of
target antigens. The bead platform has been used for simultaneous and specific detection of up
to 100 analytes on pooled beads for monospecific antibody proteomics, without tailing,
agglutination, and only minor scattering (Schwenk et al., 2008). By coupling antigens or
peptides on the beads, they have been adapted for detection of antibody responses to a wide
variety of infectious antigens. Binding of bacterially-expressed HPV-derived GST-fusion
proteins onto glutathione-tagged beads (Waterboer et al., 2005) demonstrates that bead arrays
can be used for multiplexed detection of antibodies in sera, and has been used to detected
seropositivity to 34 different HPV L1 proteins (Clifford et al., 2007; Michael et al., 2008). A
direct comparison of S. aureus-derived His-fusion proteins directly coupled to beads
demonstrated that direct coupling of antigen yielded a higher signal-to-noise ratio for serologic
analysis than linking through the penta-His antibody (Verkaik et al., 2008). However,
traditional methods that use purified proteins require months of protein preparation and
optimization prior to ELISA assay development. This is a labor-intensive process that limits
the rapid serologic analysis of novel antigens.

We have used in vitro transcription/translation with rabbit reticulocyte lysate to omit potentially
immunogenic bacterial products and express the antigens in a mammalian microenvironment.
The use of anti-tag antibodies coupled to fluorescent polystyrene beads, rather than glutathione
or direct antigen coupling for protein capture, allows for greater flexibility in tag selection,
antigen expression, and rapid linking to ORFeome-derived gene sets. The bead ELISA allows
for rapid, multiplexed detection of antigen-specific antibodies within a single serum sample,
with a system readily adaptable to clinical immunology diagnostics. Depending on the sera,
we found a 0 to 3-fold loss of sensitivity of the bead ELISA, but that can be corrected for by
using the sera at increased concentration without changing signal-to-noise ratios. We have
demonstrated that the bead ELISA is reproducible, stable, can readily detect >70 antigens, and
can be multiplexed for serologic detection of antigens, saving time, cost, and sera. With current
bead-based technology, there is the potential to rapidly and simultaneously measure up to 100
antibodies per serum sample, although this has not been tested. We did not observe interference
of multiplexing in our assay and no diffusion of antigen across the beads. By coupling advances
in cDNA ORFs that are publicly available in flexible donor vector systems
(http://plasmid.med.harvard.edu/PLASMID/) with multiplexed serologic assays, proteomic-
based serologic analysis of the immune response is possible.

Abbreviations

NAPPA Nucleic Acid Programmable Protein Array

RAPID Rapid Antigenic Protein In situ Display

IVTT in vitro transcription/translation

EBV Epstein-Barr Virus

EBNA-1 EBV Nuclear Antigen 1

CV coefficient of variation.
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Figure 1. Schematic of the bead ELISA for the detection of antibodies in serum
The cDNAs encoding full-length antigens are individually expressed as GST-tagged fusion
proteins using rabbit reticulocyte lysate. Recombinant proteins are captured onto anti-GST-
coupled Luminex microspheres. The beads displaying different antigens are pooled and re-
aliquoted prior to addition of human serum so that there are 5000 of each color/antigen bead
per serum. Human IgG is detected with PE-conjugated secondary anti-IgG antibodies.
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Figure 2. Protein expression, stability, and specificity of the bead ELISA
A) Specific detection of 72 captured GST-tagged tumor antigens on beads. DNA was prepared
using a high-throughput robotic preparation method, expressed in vitro, bound to anti-GST-
coupled beads, and detected using an anti-GST MAb. Background expression (10% above the
average of non-antigen containing beads) is shown as a dotted line. B) Anti-GST-coupled beads
stored over 11 months showed no change in the stability of bound IgG using donkey anti-goat
IgG-PE antibody. C) EBNA-1 antibody-positive serum from a healthy donor was tested for
anti-EBNA-1 antibodies using the bead ELISA. EBNA-1-GST and p21-GST fusion proteins
were expressed by IVTT and bound to anti-GST-coupled Luminex beads. Serum was added
in the titrations shown for either 30 minutes at rt or at 4°C overnight. P21-GST and no DNA
controls were tested at 1:20 dilution. Incubation overnight increased the sensitivity of the assay
8-fold to >1:20,000, and optimal serum dilution for maximal detection was at 1:80–1:320.
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Figure 3. p53-specific IgG from human sera are specifically detected
A) Detection of antibodies to p53 by bead ELISA (Luminex) and standard ELISA in a breast
cancer patient serum with p53 antibodies. B) Detection of p53 antibodies in the same serum
with IVTT-generated p53 is comparable to that with recombinant p53 protein directly captured
onto beads.
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Figure 4. Detection of p53 antibodies by bead ELISA (Luminex) and RAPID (96-well format)
ELISA
A) Quantification of p53 antigen detection by bead ELISA and RAPID ELISA. P53-GST
fusion protein was expressed by bead ELISA and RAPID ELISA, and detected with titrations
of an anti-p53 MAb. B) i–iv. Detection of anti-p53 antibodies by bead ELISA and RAPID
ELISA from 4 breast cancer patient sera containing p53 autoantibodies.

Wong et al. Page 15

J Immunol Methods. Author manuscript; available in PMC 2010 November 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5. Multiplexed detection of antibodies in patient sera
The p53 autoantibodies were detected by bead ELISA using p53-loaded anti-GST beads either
in singleplex or in multiplex with 7 other antigen-loaded beads, including a vector control,
BCL2, CDK4, CHEK2, p21, PCNA, and PKB . The p53 autoantibody detection was not
diminished by the addition of other antigen-loaded beads.
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Figure 6. Multiplexed detection of antibodies by bead ELISA
CDK4, p53, BCL2, and PCNA antigens and a vector control were individually expressed by
IVTT as GST fusion proteins, bound to anti-GST beads, and pooled. A) Within the pooled
beads, individual antigens could be specifically detected with monoclonal antibodies specific
to PCNA, BCL2, p53, and CDK4 at a 1:400 dilution. B) The monoclonal antibodies specific
for each antigen were then pooled in different combinations: mix 2 (BCL2 and p53 Mab’s),
mix 3 (PCNA, BCL2, and CDK4 Mab’s), and mix 4 (all 4 Mab’s). Each antigen could be
specifically detected within the pooled antigens without loss of sensitivity or specificity.
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Figure 7.
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Table 1

List of Human Tumor Antigens.

ACAA2 HBB p21

ANXA13 HBE1 p53

AQP2 HIST2H2AA PCNA

ASPA HPRT1 PENK

BCL2 ID2 PEX3

BCL2L1 IER2 PHB

BIK IFI27 PHYH

CD160 IFITM1 PI3

CD37 IFITM2 PKBα

CDK4 IL15 PLN

CDK6 IL18 S100A7

CHEK2 IL8 SCAMP1

CITED2 IL9 SCGB1A1

CNN2 KRT16 SLC38A5

CTSC LALBA SNRP2

CTSZ LDHA SNX9

CycE2 LDHB SST

ELK1 LECT1 SSTR2

FGF10 MAFK TACSTD1

FN1 Mage3 TNNC2

GATA3 MAGEA3 TOB1

GJA1 MMP2 TSG101

GNRH1 NPPB VDRIP

GRB2 OAS1 WNT2
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