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Abstract
Real-time immuno-PCR (RT-IPCR) is a powerful technique that combines ELISA with the
specificity and sensitivity of PCR. RT-IPCR of phage-displayed peptides exploits the unique physical
associations between phenotype (the displayed peptide) and genotype (the encoding DNA) within
the same phage particle. Previously, we identified phage peptides specific for recombinant antibodies
(rAbs) prepared from clonally expanded plasma cells in multiple sclerosis (MS) cerebrospinal fluid
(CSF) and subacute sclerosing panencephalitis (SSPE) brain. Herein, we applied phage-mediated
RT-IPCR to study reactivity of these specific phage peptides for the rAbs. Compared to standard
ELISA, which required greater than 104 or 105 phage particles to detect binding to rAbs, RT-IPCR
detected binding with as few as 100 phage particles. RT-IPCR was also superior to ELISA in
determining relative affinities of rAbs for phage peptides and was effective in screening MS CSF for
IgG reactivity to phage peptides. Phage-mediated RT-IPCR is a rapid, high-throughput technology
that avoids the requirement for synthetic peptides and will facilitate the identification of candidate
peptides that react with the IgG in MS CSF.
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1. Introduction
In MS, there is increased IgG in brain and CSF, and the nature of the antigen against which
the oligoclonal IgG is directed remains unknown. Our overall goal is to identify the antigen
specificity of the oligoclonal IgG in patients with MS. We previously generated recombinant
antibodies (rAb) from clonal populations of single plasma cells in the CSF of patients with
multiple sclerosis (MS) (Owens et al., 2003, Ritchie et al., 2004) and in brain of a patient with
subacute sclerosing panencephalitis (SSPE), chronic encephalitis caused by measles virus.
These antibodies successfully identified epitopes/mimotopes from phage-displayed random
peptide libraries (Yu et al., 2006 a, b; Owens et al., 2006). Such specific phage peptides have
the potential to identify corresponding MS antigens. Initially, ELISA was used to determine
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phage peptide reactivity to the rAbs. Phage peptides with low to intermediate values were
found, suggesting a need for improved techniques sensitive enough to identify low-affinity
antibodies or low abundance of surrogate antigens.

Immuno-PCR (IPCR) uses PCR to detect specific proteins (Sano et al., 1992), relying on the
affinity of DNA-labeled antibodies to bind specific antigens. During the exponential phase of
PCR, the amount of product amplified reflects the amount of target antibodies bound by the
antigens. Use of IPCR has successfully detected antigens associated with autoimmune diseases
(Komatsu et al., 2001), and both pathogenic bacterial antigens (Wu et al., 2001; Liang et al.,
2003) and bacterial toxins (Chao et al., 2004; Allen et al., 2006). Because phage particles
exhibit the unique feature of a physical association between phenotype (the displayed peptide)
and genotype (the encoding DNA) within the same particle, we applied phage to real-time (RT)
IPCR. In this technique, the antibody-bound phage peptide is used as both detecting antigen
and PCR template. Herein we report the application of phage-mediated RT-IPCR for detection
of phage peptide binding to MS rAbs, for determination of relative affinities of rAb, and for
rapid screening of MS CSF IgG reactive to phage peptides.

2. Materials and methods
2.1. CSF

CSF was obtained from patients with MS and other inflammatory central nervous system
diseases with approval by the Institutional Review Board of the University of Colorado School
of Medicine.

2.2. rAbs and phage
rAbs 02−19 #52 and 03−1 #37 cloned from the CSF of two MS patients, rAb2B4 cloned from
an SSPE brain, and nine specific phage peptides panned by the rAbs were used in this study
(Table 1). Features of these rAbs and phage peptides have been described (Burgoon et al.,
1999;Yu et al., 2006 a,b;Owens et al., 2006).

2.3. ELISA
Wells of ELISA plates were coated with rAb in 0.1 M carbonate buffer (100 μl, 1 μg/ml)
overnight at 4°C, blocked with 3% BSA in TBS for 2 h at room temperature, and incubated
for 1 h with various concentration of phage in TBS. After washing with 0.05% Tween 20-TBS,
wells were incubated with mouse anti-M13 IgG-HRP antibody (New England BioLab,
Beverly, MA) at 1:500 dilution for 1 h, and bound phage were detected with the peroxidase
substrate ABTS (Zymed Laboratories Inc., San Francisco, CA). After incubation with the
substrate for 20−30 min, absorbance at 415 nm was determined using a microplate reader
(BioRad). All samples were tested in duplicate in at least 2 independent experiments. For phage
RT-IPCR, phage bound in wells of ELISA plates were lysed and collected by adding 50 μl of
deionized water to each well and heating at 95°C for 15 min. Phage in solution (4 μl) was used
as template PCR amplification. For sandwich ELISA-PCR, wells of ELISA plates were coated
overnight blocked with 3% BSA for 2 h, and incubated with 45 μl of MS and control CSF at
a concentration of 5 μg IgG/ml for 2 h. Phage binding, washing and lysis were as described
above.

2.4. Real-time PCR
Specific primers and probe (5′-FAM and 3′-TAMRA) for M13 phage real-time PCR have been
described (Jaye et al., 2003). All real-time PCR was performed in an Applied Biosystems 7500
Fast Real-Time PCR system. Each PCR reaction (20 μl) consisted of 1X power SYBR® Green
master mix, 750 nM of each primer and 4 μl of phage template. A dissociation-curve analysis
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was performed at 95°C for 15 sec, 60°C for 1 min and 95°C for 15 sec. Except when noted,
all real-time PCR was performed using power SYBR® Green master mix. For PCR with
TaqMan probe, primer concentration was 875 nM and probe concentration was 250 nM. A
control reaction without template was included in each run. The thermal cycle conditions
included 95°C for 10 min, followed by 40 cycles of 95°C for 15 sec and 60°C for 45 sec. The
100-bp amplicon encoding the α-complementing fragment of the Lac Z gene of the phage was
confirmed by electrophoresis.

3. Results
We previously identified phage peptides that were specific for MS rAbs prepared from clonally
expanded plasma cells in MS CSF (Yu et al., 2006 a, b). Here we combined real-time PCR
with standard ELISA to characterize the interaction of these phage with MS rAbs, and to use
these phage to screen MS CSF for IgG reactivity.

3.1. Amplification of M13 phage DNA using real-time PCR
Specific primers and probe of M13 phage were synthesized as described (Jaye et al., 2003).
Use of the 7500 Fast Real-time PCR system enabled amplification of phage DNA with whole
phage particles rather than purified single-strand phage DNA. With power SYBR® Green
master mix and phage primers, 10-fold serial dilutions of phage DNA were amplified. Fig. 1A
shows a typical amplification plot during 40 cycles. When cycle threshold values were plotted
against log10 phage number, a linear regression curve was generated across a wide range of
phage dilutions (r2=0.999. Fig.1B). Compared to amplifications with phage TaqMan probe,
PCR amplification of phage DNA using SYBR Green dye was more sensitive (Fig. 1C).

3.2. Phage RT-IPCR increases detection sensitivity
Ten-fold serial dilutions of phage peptides were added to ELISA plates pre-incubated with
rAbs overnight at 4°C. For phage RT-IPCR, bound phage were lysed and collected by heating
the ELISA plate at 95°C for 15 min to release phage DNA, and 4 μl of the phage lysate was
used directly as template for PCR amplification. For standard ELISA, bound phage were
incubated with mouse anti-M13 IgG-HRP antibody and detected with the peroxidase substrate
ABTS. Using MS rAb #37 and SSPE rAb 2B4, each with their corresponding phage peptides,
as little as 100 eluted phage particles were detected. Phage RT-IPCR detected phage particles
in the range of 102 to 107, whereas standard phage ELISA detected phage only when 104 to
105 or greater phage were added to the ELISA wells (Fig. 2A, B). Further analysis of eight
phage previously shown to be specific for MS rAb #37 (Yu et al., 2006 a, b) revealed a wide
range of binding affinities to the rAb. The OD values of phage 2−6−1, 2−6−4, 3−6−12c, 3−6
−8c and 3−6−6c were similar in ELISA, but the number of bound phage revealed with IPCR
showed distinct differences (Fig. 3).

3.3. Binding affinity of phage to rAbs
Previous screening of phage-displayed random peptide libraries with MS rAbs identified phage
peptides that bound to the rAbs with varying ELISA values (Yu et al., 2006 b). To quickly and
accurately determine the relative affinity of selected phage peptides, quantitation by RT-IPCR
was used to compare bindings of different phage peptides. As shown in Fig. 4A, MS rAb #37,
previously found to have high affinity for phage peptide 2−6−4 (Yu et al., 2006 a, b), had a
lower slope value than that of MS rAb #52, previously shown to have lower affinity for phage
peptide 3−3 5 (Yu et al., 2006 a, b). With as few as 100 phage particles, binding to rAb could
be determined. The described high-affinity binding of SSPE rAb 2B4 to phage 2B4-N (Owens
et al., 2006) was confirmed (Fig. 4B).
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3.4. Phage RT-IPCR screening of MS CSF for reactive IgG
A sandwich ELISA was prepared using anti-human IgG-coated ELISA plates incubated with
CSF from one MS patient (IgG concentration, 5 μg/ml). Phage 2−6−4 (previously identified
by panning with MS rAb #37) at three different concentrations were added to bound MS IgG,
and the number of bound phage were determined by (RT) PCR. High concentrations of phage
(109 and 108) were required to show binding of phage peptides to MS IgG (Fig. 5A). Phage 2
−6−4 (108 per well) was tested with eight MS CSFs; only MS 03−1 CSF from which the panning
rAb #37 was cloned contained IgG that reacted with this phage peptide 2−6−4 (Fig. 5B). Note
that phage RT-IPCR of CSF identified specific IgG in CSF without synthesis or purification
of peptides.

4. Discussion
IgG is increased in brain and CSF of MS patients, and is expressed in a restricted oligoclonal
pattern. The nature of the antigen against which the oligoclonal IgG is directed remains
unknown. Studies to determine the nature of the specific antigen have exploited the fact that
clonal populations of plasma cells and B cells are present in the CSF of patients with MS (Qin
et al 1998; Owens et al., 2003, Ritchie et al., 2004). Monoclonal rAbs prepared from
overrepresented immunoglobulin sequences found in these cells have been used to search for
antigen specificity. Screening phage-displayed random peptide libraries with rAbs has been
one of the approaches used to identify antigen specificity.

Previous use of ELISA to determine phage peptide reactivity to MS rAbs (Yu et al., 2006 a,
b) identified phage peptides with low to intermediate values, suggesting a need for improved
techniques sufficiently sensitive to detect low-abundance antigens or low-affinity antibodies.
Here, we find that compared to standard ELISA which required greater than 104 or 105 phage
particles to detect binding to rAbs, RT-IPCR detected binding with as little as 100 phage
particles and more than 5 log units of phage were detected with high reproducibility.

RT-IPCR was also superior to ELISA in determining relative affinities of rAbs for phage
peptides. Studies of antibody affinity have been useful in distinguishing present from previous
exposure to disease-causing agents (Giovannoni et al., 2006). Use of RT-IPCR identified rAbs
with differing affinities to phage peptides based on the linear correlation between phage number
and cycle threshold (Fig. 4A). Furthermore, as few as 100 phage particles could be used to
determine the relative affinity of a rAb coated on wells of an ELISA plate.

Importantly, RT-IPCR was successful in screening MS CSF from multiple patients for IgG
reactivity to phage peptides. The sandwich ELISA-PCR we used avoids the need for synthesis
of each candidate peptide and instead uses phage directly in the assay, saving time and resources
while increasing detection efficiency. Because peptide epitopes/mimotopes can be identified
by various target molecules (protein, lipid and carbohydrate), phage (RT) IPCR provides a
universal detecting method for determining reactivity of peptides regardless of the nature of
the targets. These peptides can be used to screen bioinformatics databases to recognize cognate
antigens, survey CSFs from patient populations, identify shared immune response, and measure
the relative binding strength of IgG in disease states.

Overall, compared to standard ELISA, phage RT-IPCR is a highly sensitive and more efficient
technique to rapidly characterize the interaction between phage peptides and antibody.
Application of RT-IPCR to phage peptides identified by rAbs prepared from clonal populations
of antibody-producing cells in chronic inflammatory diseases of unknown etiology has the
potential to identify disease-relevant antigens.
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Fig. 1.
(A). Real-time PCR amplification of 10-fold serial dilutions of a M13 phage. Primers specific
for α-complementing sequences in the LacZ gene of M13 phage were used with power SYBR®
Green master mix for PCR amplification. The intensity of SYBR green fluorescence was
plotted against the cycle number. Each curve shows the amplification profile for input phage
from 1 × 107 (far left) to 1 × 102 pfu (far right) per PCR reaction. (B) Standard curve of real-
time PCR amplification of M13 phage (peptide 3−3−5) with power SYBR® Green master mix.
Cycle threshold (Ct) plotted against the log10 phage concentration reveals a linear correlation.
Regression parameters are shown on top right. Each data point is the average of two
independent measurements. (C) Comparison of standard curves of M13 phage real-time PCR
with SYBR Green master mix and with an M13 phage-specific TaqMan probe (5′-FAM and
3′-TAMRA). As shown on the y-intercept (SYBR: 32.23; TaqMan: 34.76), PCR with SYBR
is more sensitive than that with TaqMan probe. Linear regression parameters are shown on top
right. Each data point is the average of two independent measurements.
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Fig. 2.
Comparison of sensitivity of phage binding to recombinant antibody (rAb) by (RT) IPCR vs.
standard ELISA. ELISA plates coated with 50 ng of either MS rAb #37 (A) or SSPE rAb 2B4
(B) were incubated with 10-fold serial dilutions of phage (phage 2−6−4 is specific for rAb #37;
phage 2B4-N is specific for rAb 2B4). Phage binding was assayed using either (RT) PCR or
standard ELISA with HRP-conjugated anti-M13 antibody as described in Materials and
methods. The ELISA OD values and PCR relative Ct values (100 minus Ct) were plotted
against input phage concentrations. Each data point is the average of two independent
measurements. RT-IPCR detected as little as 100 bound phage particles compared to standard
ELISA which required greater than 104 phage particles for signal detection with rAb #37 (A)
or 105 phage particles with rAb 2B4 (B).
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Fig. 3.
Comparison of (RT) IPCR and traditional ELISA in determining phage binding to a single MS
rAb. Eight different phage (5 × 108) were added to ELISA wells pre-coated with 50 ng of MS
rAb #37 and binding was assayed by RT-IPCR or standard ELISA using anti-M13 antibody
as described in the Fig. 2 legend. White and black bars show ELISA OD values and IPCR
bound phage number, respectively, for the same phage population. With 5 × 108 phage, ELISA
values for phage 2−6−1, 2−6−4, 3−6−18c, 3−6−8c and 3−6−6c were similar, in contrast to
distinct differences in the number of bound phage revealed by IPCR. Error bars represent
standard deviation of duplicate samples.
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Fig. 4.
Relative binding affinity of rAbs to phage using RT-IPCR. (A). MS rAbs #37 and #52 were
coated onto wells of ELISA plates overnight at 4°C. Ten-fold serial dilutions of phage 2−6−4
(previously shown to be specific for rAb #37) and an irrelevant phage were added to wells
containing rAb #37; 10-fold serial dilutions of phage 3−3−5 (previously shown to be specific
for rAb #52) were added to wells containing rAb #52. Phage binding was determined by (RT)
PCR. High-affinity rAb #37 had lower Ct values (slope = −3.43) than the lower affinity rAb
#52 (slope = −2.17), and the negative control phage had the highest Ct values (slope = −0.87).
B. SSPE rAb 2B4 binding to phage 2B4-N (previously shown to be specific for 2B4-N). High-
affinity 2B4 had a lower Ct value (slope = −2.37) compared to the negative control phage with
high Ct value (slope = −0.47). Error bars represent standard deviation of duplicate samples.
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Fig. 5.
(A) Detection of phage peptide-specific IgG in MS CSF by RT-IPCR. MS CSF (03−1), CSF
from an inflammatory control patient (IC, Cryptococcal meningitis), both at IgG concentrations
of 5 μg/ml, and BSA were added to ELISA plates coated with anti-human IgG. Phage 2−6−4
(specific for rAb #37) at concentrations of 109, 108 and 107 were added to each well. Bound
phage was collected and quantified by (RT) PCR as described in Fig. 2A. Phage peptide 2−6
−4 bound specifically to IgG in MS CSF, but not to IC control CSF or to BSA. Error bars
represent standard deviation of duplicate samples. (B) MS CSF screening for phage-specific
IgG using RT-IPCR. Eight MS CSFs and 7 inflammatory control CSFs were screened with
phage 2−6−4 (5 × 108) for IgG reactivity as described in Fig 5A. Phage 2−6−4 bound only to
MS 03−1 CSF (MS 8) from which rAb #37 was cloned, but not to any other MS CSFs or the
IC CSF. Error bars represent standard deviation of duplicate samples.
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Table 1
rAbs and phage

Source of rAbs Panning rAb Specific phage peptides

MS (MS02−19) CSF #52 3−3−5
MS (MS03−1) CSF #37 2−6−1

2−6−4
2−6−12
2−6−17
3−6−8
3−6−6
3−612c
3−6−18c

SSPE brain 2B4 2B4-N
Random peptide library Negative phage
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