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A monoclonal antibody (MAb) directed against an unknown Chlamydophila pneumoniae epitope has been
characterized, and the respective peptide mimotope has been identified. A murine MAb specific for C.
pneumoniae was used to select peptides from phage display libraries. The peptides identified from the phage
display library clones reacted specifically with the respective target murine MAb and with human sera
previously identified as having antibody titers to C. pneumoniae. The selected peptide mimotope sequences
tended to be composed of charged residues surrounding a core of hydrophobic residues. The peptide with the
best binding could inhibit >95% of binding to the MAb, suggesting that the selected peptide binds the paratope
of the respective MAb. The peptide reacted with human sera previously determined by microimmunofluores-
cence to have anti-C. pneumoniae antibodies. The peptide was competitively competed with the MAb against
Renografin-purified, sonicated C. pneumoniae in an enzyme-linked immunosorbent assay and with whole-cell
C. pneumoniae in an indirect fluorescence assay format, demonstrating its potential utility in the development
of diagnostics. The use of this novel peptide may allow investigators to establish standardized assays free from
cross-reactive Chlamydia trachomatis and Chlamydophila psittaci epitopes and immunoreactivity.

Chlamydophila pneumoniae, formerly known as Chlamydia
pneumoniae (12), was first isolated in 1965 (15) and is estab-
lished as an etiologic agent of respiratory tract diseases and
related sequelae (5, 14, 16, 18, 19). Chlamydophila and Chla-
mydia species are gram-negative obligate intracellular bacteria
having a biphasic life cycle, consisting of a metabolically inert
infectious elementary body (EB) and a metabolically active
reticulate body (RB). C. pneumoniae is a respiratory pathogen
believed to cause 5% to 20% of community-acquired pneumo-
nias and 5% of bronchitis and sinusitis in adults and children
(22, 33, 40, 41, 52).

Seroepidemiology has shown that most C. pneumoniae in-
fections are asymptomatic. Regional and international serolo-
gy-based epidemiologic studies of C. pneumoniae have shown
high prevalences and ubiquitous infection. These studies have
indicated that most persons have had their first C. pneumoniae
infection before age 20 and commonly become reinfected (1).

The biphasic life cycle of Chlamydophila and Chlamydia as
well as their intracellular host cell parasitism could allow for
maintenance of a chronic infection. For example, Chlamy-
dophila psittaci can persist in mammals and birds lifelong and
only occasionally cause disease, most often after induction of
stress (23). C. pneumoniae has been demonstrated to multiply
in macrophages, endothelia, and smooth muscle cells in vitro
(13, 26), and this multiplication has been associated with cy-

tokine production and induction of adhesions (10, 24, 25).
However, demonstration of a state of chronic infection has
been more elusive.

Many laboratory methods have been developed for the di-
agnosis of C. pneumoniae infection, including primary isolation
of the organism in cell culture, serologic assays, immunohisto-
chemical assays, and PCR (17). Despite great effort to improve
primary culture techniques of C. pneumoniae, isolation and
culture still require specialized personnel and considerable
laboratory resources. To date, only a few laboratories world-
wide have been able to culture primary human isolates. Sero-
logic and PCR assays are the tools most often applied for
routine diagnosis of acute C. pneumoniae infection. Serologic
assays include complement fixation, microimmunofluores-
cence (MIF), enzyme-linked immunosorbent assay (ELISA),
and immunohistochemistry (2). Each of these assays requires
significant technical expertise and is subject to investigator
interpretation. The MIF test remains the most sensitive, spe-
cies-specific assay and is the “gold standard” for determining
the prevalence of C. pneumoniae in study populations (45, 46).
The traditional MIF assay relies on the use of whole EBs as
antigens. Though lacking the necessary species specificity for
use as a diagnostic serologic test, indirect immunofluorescence
assay (IFA) has been used for culture confirmation of isolates
or for laboratory culture standardization. IFA relies on both
whole RBs and EBs fixed with methanol as antigens in C.
pneumonia-infected cell culture. Whole C. pneumoniae antigen
has been observed by investigators to have cross-reactivity in
certain serologic and immunohistochemical tests (4). Stan-
dardized assays that reduce the requirements for highly spe-
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cialized, well-trained personnel while still providing species
specificity are greatly needed for further investigations into the
natural history and epidemiology of C. pneumoniae.

In this study, using phage display, we determined the peptide
sequence of the epitope binding a murine C. pneumoniae-
specific monoclonal antibody (MAb) designated 8A6 (50),
evaluated the peptide sequence, and characterized the immu-
noreactivity of the peptide using ELISA, MIF, and IFA.

MATERIALS AND METHODS

MAb. The 8A6 MAb was prepared previously at the Centers for Disease
Control and Prevention (CDC, Atlanta, Ga.) (50) by using Renografin-purified
C. pneumoniae CWL 029 (ATCC VR-1310) as the immunogen. The primary 8A6
MAb-producing cells were cultured in Iscove’s modified Dulbecco’s medium
(Gibco BRL, Rockville, Md.) supplemented with 10% low-immunoglobulin G
(IgG) fetal bovine serum (HyClone, Ogden, Utah). Clone supernatants were
assayed for reactivity to C. pneumoniae by IFA (see below). Reactive wells were
further subcloned by limiting dilution analysis with methods previously described
(49). Subcloning was repeated two more times to ensure that the most-reactive
single-cell clones were produced. Clones resulting from single-cell selection were
expanded and screened as described previously (49). The clone producing the
highest concentration of reactive MAb (based on IFA testing of clones) was then
weaned onto BD cell medium (BD Pharmingen, San Diego, Calif.), according to
the manufacturer’s protocol, for generating a large-scale antibody.

The 8A6 MAb-producing cell line’s growth and MAb production were scaled
up by using BD cell medium. The cells were incubated in roller bottles at 37°C
in a 10% CO2 humidified chamber for an additional 12 days. Cells were collected
by centrifugation, and the medium was carefully harvested without disrupting the
cell pellet. Reactivity and species specificity of the MAbs selected were deter-
mined using indirect IFA with three C. pneumoniae (CWL011, CWL029,
CWL050), one Chlamydia trachomatis (UW-F), and two C. psittaci (DD34 and
CP3) strains according to standard protocols.

Isotype determinations were made using the Mouse Antibody Isotyping kit
(Gibco BRL) and Immunotype Mouse monoclonal antibody typing kit (Sigma
Chemical Co., St. Louis, Mo.) following the manufacturer’s specified protocol.
Monoclonal antibodies of known isotype were used as controls.

Sera. Human sera were obtained from healthy autologous volunteer donors
through blood services at the CDC. Testing protocols for using the donated
anonymous sera were covered by a CDC Institutional Review Board (31).

Phage display. The pIII phage library was a kind gift from George Smith
(University of Missouri) and contains a random 15-amino-acid insert located at
the N terminus of the pIII coat protein (35, 42). Growth and titration of the
phage were performed according to methods previously described (42). A 50-�l
aliquot of protein-G 4-Fast Flow Sepharose (Amersham-Pharmacia Biotech,
Piscataway, N.J.) slurry was washed 3 times in 0.1 M sodium carbonate buffer
(pH 8.6) to remove the alcohol preservative. The protein-G Sepharose was
incubated with purified 8A6 MAb for 24 h at 4°C with gentle agitation. The
remaining unreacted protein-G binding sites were blocked by incubation with
either 10 mg of bovine serum albumin (BSA) (Sigma Chemical Co.) or Super-
block (Pierce Scientific, Rockford, Ill.)/ml for at least 3 h at 4°C. The Sepharose
was then pelleted and washed 10 times with Tris-buffered saline (TBS) contain-
ing BSA (1 mg/ml) and Tween 20 (0.05%) (TBST-B). The beads were stored in
TBST-B in a final volume of 0.5 ml. For panning, 1011 phage/ml was added to
8A6–protein-G Sepharose in a final volume of 1 ml in TBST-B. The binding
mixture was incubated for 2 h at room temperature with rocking to reach
equilibrium. The beads were then washed 10 times with 1 ml of TBS–0.05%
Tween 20 (TBST). The bound phage was eluted from the beads by incubation
with 1 ml of elution buffer (0.1 M glycine [pH 2.2], BSA [1 mg/ml], and Tween
20 [0.05%]) for 10 min. The elution mixture was neutralized with 125 �l of 1 M
Tris-HCl (pH 9.1). The phage titer of the elution mixture was determined as
described above.

DNA sequence of selected clones. Phage clones from the fourth round of
biopanning were selected randomly, propagated, and sequenced. Phage DNA
was purified by using the QIAprep Spin M13 kit (Qiagen, Inc., Valencia, Calif.)
according to the manufacturer’s specifications and was then ethanol precipitated.
Sequencing reactions were performed by using the dRhodamine dye terminator
cycle sequencing kit (Applied Biosystems Incorporated, Foster City, Calif.).

The specificities of the amplified products were confirmed by direct sequenc-
ing. The primer fd-tet.27.p (5�-GTAGCATTCCACAGACAGCCCTCATAG-
3�) was used to sequence the PCR products. All PCR products were sequenced

in both directions with the Prism Dye terminator kit (Applied Biosystems Incor-
porated) by using an ABI-Prism model 377 autosequencer (Applied Biosystems
Incorporated). Sequenced products, DNA and translated amino acid sequences,
were compared with C. pneumoniae sequences (TIGR unfinished genome
projects) available in GenBank (release 118) by using the FASTA algorithm
implemented in the Wisconsin Package (version 10.0.1) from the Genetics Com-
puter Group (Madison, Wis.) as well as locally with all sequences through the
Genetics Computer Group package. Additional searches were run externally
through the internet using BLAST (www.ncbi.nlm.nih.gov/BLAST/), FASTA-3
(located at the European Bioinformatics Institute, Hinxton, United Kingdom
[www2.ebi.ac.uk/fasta3/]), EMBL (at the European Bioinformatics Institute,
Cambridge, United Kingdom [www.ebi.ac.uk/embl/]), DDBJ (at the DNA Data-
bank of Japan, National Institute of Genetics, Shizuoka, Japan [http://www.ddbj
.nig.ac.jp/fromddbj-e.html]), BLOCKS (located at the Fred Hutchinson Cancer
Research Center, Seattle, Wash. [www.blocks.fhcrc.org]), PRINTS (located at the
Protein Sequence Analysis Group, Manchester, United Kingdom [www.biochem
.ucl.ac.uk/bsm/dbbrowser/PRINTS/]), PENDANT (located at the Munich Infor-
mation Center for Protein Sequences, National Research Center for Environ-
ment and Health at the Max-Planck-Institut für Biochemie, Martinsried, Ger-
many [pedant.mips.biochem.mpg.de/]), and additional search algorithms and
methods found at the ExPASy (Expert Protein Analysis System) proteomics
server of the Swiss Institute of Bioinformatics (www.expasy.ch/tools/).

Phage ELISA. A two-step phage ELISA was used to measure 8A6 phage
affinity for 8A6 MAb. Immulon II-HB 96-well microtiter plates (Dynex Tech-
nologies, Chantilly, Va.) were coated with purified 8A6 MAb (at 5 �g/ml) in 50
mM sodium carbonate (pH 9.6) at 4°C overnight. The plates were then blocked
with a solution of 3% nonfat skim milk (Difco, Detroit, Mich.) in TBS–Tween-20
buffer (TBST-MK) for 2 h at 37°C. Serial dilutions of the respective 8A6 phage
clone stock were added to the wells and incubated for 2 h at room temperature
in TBST-MK at a final volume of 100 �l. The plates were then washed 4 times
with TBST, and the bound phage was detected with a mouse anti-M13 polyclonal
antibody conjugated to horseradish peroxidase (HRP) (Amersham Pharmacia
Biotech). Absorbance at 490 nm was recorded with an enzyme immunoassay
reader (Bio-Tek Instruments, Burlington, Vt.). M13 phage without the 12-ami-
no-acid pIII insert was used as a negative control. To determine phage affinity,
serial dilutions of 8A6 MAb and a subsaturating concentration of fourth-round-
selected phage clone were added to the wells in 100 �l of TBST-MK. After 2 h
at 37°C, the wells were washed 4 times with TBST, and bound phage was
detected as described above.

Peptide synthesis. Biotinylated and nonbiotinylated synthetic peptides were
obtained from Bethyl Laboratories (Montgomery, Tex.) and the CDC Biotech-
nology Core Facility. The resulting peptides were purified to �90% by high-
pressure liquid chromatography. The peptides for the 8A6 mimotope are CP-
8A6-A1, CP-8A6-A2, CP-8A6-A3, CP-8A6-B1, CP-8A6-B3, and CP-8A6-B10A
(sequences can be found in Table 1). The peptides CP-8A6-A1 and CP-8A6-B3
were reconstituted at 1 mg/ml in 250 �l of sterile 100 mM NaHCO3 and 750 �l
of sterile distilled H2O, and peptides CP-8A6-A2, CP-8A6-A3, CP-8A6-B1, and
CP-8A6-B10A were reconstituted at 1 mg/ml in 200 �l of sterile 10% acetic acid
and 800 �l of sterile distilled H2O.

Peptide ELISA. Three different plates were used to optimize peptide binding:
Reacti-Bind maleic anhydride-activated 96-well polystyrene microtiter plates
(Pierce Scientific) (M-plates), Combiplate 8 streptavidin-coated polystyrene mi-
crotiter plates (Labsystems, Franklin, Mass.) (S-plates), and Immulon II-HB
96-well microtiter plates (Dynex Technologies) (I-plates). Protocols differed only
in antigen coating and blocking procedures. Briefly, M-plates were coated with
purified 8A6 MAb (at 5 �g/ml) in 50 mM sodium carbonate (pH 9.6) at 37°C for
1 h. The M-plates were then blocked for 1 h with 1 M glycine to eliminate any
remaining unreacted maleic anhydride groups and then blocked with TBST-MK
for 2 h at room temperature. S-plates and I-plates were coated with purified 8A6
MAb (at 5 �g/ml) in 50 mM sodium carbonate (pH 9.6) at 4°C overnight. The

TABLE 1. Sequences of peptides selected by using
phage display with 8A6 MAb

Peptide Sequence pI/Mw

CP-8A6-A1 RRLGRQTYDNES 8.74/1494.59
CP-8A6-A2 HDEGRQIIQFEE 4.60/1500.59
CP-8A6-A3 LRNCEQDFFTLN 4.37/1499.66
CP-8A6-B1 PNEPDDLALMRIIRI 4.56/1766.09
CP-8A6-B3 AFAQAPTHQLSL 6.79/1283.45
CP-8A6-B10A ESNPVDGAHLSL 4.35/1238.32
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S-plates were then blocked with a solution of 10% Superblock (Pierce Scientific)
in TBS-Tween buffer for 2 h at room temperature. The I-plates were blocked
with TBST-MK for 2 h at room temperature. After the antigen was immobilized
on the respective plates, the ELISA format followed the same protocol. Briefly,
the bound peptide was tested with serially diluted 8A6 MAb (having a starting
dilution of 100 �g/ml) and was detected with a goat anti-mouse IgG heavy-plus-
light-chain antibody HRP conjugate (Pierce Scientific). All washes were per-
formed 4 times by using TBST. Control peptides of dissimilar sequences were
used as negative controls.

Immunoslot blot. Immunoslot blot analyses were performed as previously
described (36). Briefly, 5 �l of antigen was spotted onto nitrocellulose (Invitro-
gen, Carlsbad, Calif.), air dried, and blocked with casein-thimerosal buffer (27)
for 0.5 h. The blots were incubated with 8A6 MAb (1:1,000) diluted in phos-
phate-buffered saline with 0.005% Tween. The blots were incubated for 2 h at
37°C with shaking and then washed 3 times in phosphate-buffered saline with
0.005% Tween for 5 min (each wash). The blots were probed with goat anti-
mouse IgG peroxidase conjugate (Pierce Scientific) for 1 h at 37°C with shaking.
They were washed as before and developed with 3�,3�-diaminobenzidine perox-
idase substrate (Sigma Chemical Co.). The reaction was stopped by washing the
blots with deionized water.

MIF. The 8A6 MAb was tested with the MRL Diagnostics (Cypress, Calif.)
Chlamydia pneumoniae MIF (48) IgG test by following the manufacturer’s rec-
ommendations.

IFA. The IFA was performed as described previously (44, 50) with some
modifications. Antibiotic-free buffalo African green monkey cells were seeded
into 1-dram shell vials or 24-well tissue culture trays containing 12-mm2 cover-
slips at a density of 3.0 � 105 cells/ml. The cells were incubated for 24 h at 37°C
and checked for confluence. Cell cultures were infected by the addition of C.
pneumoniae followed by centrifugation at 3,000 � g. Inclusions were counted
with the Pathfinder Chlamydia Culture Confirmation System staining kit (Sanofi
Diagnostics Pasteur, Redmond, Wash.) according to manufacturer specifica-
tions. The 8A6 MAb was used as previously described (50) for the detection of
C. pneumoniae inclusions and for the determination of species specificity.

A competitive inhibition IFA was performed by modifying the previously
described IFA. The 8A6 peptide was serially diluted in a constant concentration
of either 8A6 MAb or Pathfinder detection reagent and incubated for 1 h at
room temperature. The material was then used to detect inclusions. Positive
controls were 8A6 MAb and Pathfinder reagent without the addition of peptide,
and negative controls were 8A6 MAb and Pathfinder reagent with the addition of
random, nonspecific peptides generated in the CDC Biotechnology Core Facility.

RESULTS

8A6 MAb. Although the 8A6 MAb had been previously
developed by K. H. Wong at the CDC (in 1992) as a reagent
for the detection of C. pneumoniae in cell culture by using
indirect IFA, the monoclonal yield was not optimal. In the
present study, the monoclonal yield was improved from �0.3
�g of reactive MAb/ml to �1 mg of reactive MAb/ml. Reac-
tivity was defined by assaying the MAb in an IFA with cultured
C. pneumoniae. The MAb’s specificity for C. pneumoniae was
confirmed with three other strains of C. pneumoniae, one strain
of C. trachomatis, and two strains of C. psittaci by using the
same assay. The MAb was further determined to be an
IgG2b(�) by 2 different commercially available typing kits (see
above). The MAb was unable to bind to purified sonicated C.
pneumoniae EBs and RBs in a Western immunoblot format
(data not shown). However, it was able to bind to whole-
purified EBs in an immunoslot blot format (data not shown).
No reaction was observed if the EBs were formalin fixed.

Phage display. A phage display library expressing a linear,
random 12-amino-acid sequence (L12) and a phage library
expressing a constrained cysteine-looped architecture 7-amino-
acid phage display library (C7) were used to select for peptides
having the ability to bind the 8A6 MAb. A 12-amino-acid
library was selected based on the idea that a 12- to 15-amino-
acid length is similar in size to the complementary determining

regions (CDR) in antibodies. The CDR has been shown to
confer the ability to mimic many anti-idiotypic antibodies (30).
A 7-amino-acid phage display library having a cysteine-con-
strained architecture was used to select for a target that may
need additional conformational requirements. Using indirect
ELISA, we identified 150 phage clones from the L12 library
having binding specificity for the target 8A6 MAb. However,
only 10 clones from the C7 library were isolated and screened.
The C7 library proved to be difficult to biopan with the 8A6
MAb, as the amplification yields were poor (typically �104

PFU/ml versus yields in excess of 1014 PFU/ml for the L12
library clones) because of low binding as determined by indi-
rect ELISA (data not shown). The C7 library clones were
subsequently removed from the peptide candidate pool.

The DNA encoding the displayed peptides from the 8A6-
selected phages was sequenced. The DNA and subsequent
amino acid sequences obtained from biopanning were sorted
into six groups with similar motifs and slightly variable base
sequences, which are represented by the peptides in Table 1.
The nucleotide and amino acid sequences of the phagotopes
were used to search DNA, protein, motif, and structural data-
bases as described above. The sequences could not be matched
with any significance or biological relevance to sequences or
motifs currently known. Since most of these search algorithms
rely on a linear sequence, a discontinuous epitope for which
one had sequences would be extremely difficult to identify. The
sequences of the epitopes identified here did not match signif-
icantly with any known sequences currently in the many data-
bases searched, including the unfinished genomes of Chla-
mydophila and Chlamydia species. It is therefore likely that the
8A6 epitope is a discontinuous epitope.

Reactivity by ELISA of phage clones with 8A6 MAb. To
demonstrate the specificity of phage binding to the 8A6 MAb,
ELISA plates were coated with the 8A6 MAb, the immobilized
MAb was incubated with representative phage clones from
each selection (1010 PFU/well), and binding was measured
(data not shown). The selected phage clones bound to the 8A6
MAb at optical density (OD) levels of �3.0 (on a scale of 0 to
4 using OD at 490 nm) compared with �0.8 observed with the
wild-type parental phage. The most reactive 8A6 phage clones
(based upon highest OD) were also screened for binding to
heterologous MAbs (7D10, 3F12, 3G9.1 [genus specific], and
anti-biotin MAbs). The 8A6 phage clones selected did not bind
to other anti-C. pneumoniae MAbs (e.g., Pathfinder reagent)
for which they were not selected.

Phage and peptides block the binding of antibody to C.
pneumoniae in ELISA and IFA. Being able to demonstrate the
specific recognition of the selected peptide sequence by the
selecting MAb by using competitive inhibition assays is a good
indication that the selected phage binds to the antibody’s vari-
able regions. However, to demonstrate that the displayed se-
quence actually resembles the target epitope for which the 8A6
MAb binds, we needed to demonstrate the ability to block the
MAb binding to the C. pneumoniae antigen. To determine this,
we used an ELISA in which MAb and inhibitor (phage) were
premixed, incubated for 2 h, and then plated onto the micro-
titer plates with Renografin-purified, sonicated whole-cell C.
pneumoniae. Inhibition of the MAb’s binding to the respective
lysate indicated that the phage was successfully competing with
the lysate for MAb binding.
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Since the phage clones demonstrated specific binding to 8A6
and an ability to compete against sonicated native C. pneu-
moniae material, peptides were synthesized to determine if the
binding of synthetic peptide had similar or equivalent binding
to the respective MAb target (Fig. 1). Several methods were
used to determine binding specificity. A direct ELISA demon-
strated equivalent binding of the synthetic peptides to their
respective MAbs. ELISA plates with three different binding
chemistries (see above) were evaluated to determine which
plate provided optimal binding of the selected peptides. The
maleic anhydride-activated plates and streptavidin-coated
plates resulted in high background under the conditions used
(data not shown) when compared with the nontreated ELISA
plates and were not included in further study of the peptides.
Subsequent assays were done with the Immulon II plates. The
best synthetic peptides were selected by competing the peptide
against the respective native C. pneumoniae lysate for binding
to the target MAb. The peptides demonstrating the best bind-
ing, as determined by the percent inhibition and 50% inhibi-
tory concentration (IC50), were CP-8A6-B1, CP-8A6-A3, CP-
8A6-A2, and CP-8A6-A1, respectively (Table 2). Peptide CP-
8A6-B1 was able to inhibit in a dose-dependent manner, with
95.4% at 50 �g of peptide/ml and 50% at 2.9 �g of peptide/ml,
indicating that in solution under the conditions used, the pep-
tide could act as an inhibitory mimotope of the 8A6 MAb (Fig.
2). With an IFA, the CP-8A6-B1 peptide demonstrated the
ability to completely block any observable binding of 8A6 MAb
to fixed, cultured C. pneumoniae cells (RBs and EBs) until a
dilution of the peptide to a concentration of 100 ng/ml was

reached. Because of the subjective nature of IFAs, it is difficult
to standardize a competitive inhibition to obtain fluorescence
measures. Instead, slides were scored from 1 to 4 such that a
value of 3� equaled the endpoint titer, and changes due to
inhibition were scored empirically from a comparison with
control slides. We were unable to compare the IFA with a com-
mercially available MIF assay because the 8A6 MAb did not
demonstrate the ability to bind to the proprietary antigen tar-
get presented in the commercial MIF kit produced by MRL
laboratories.

Binding of human anti-C. pneumoniae antibodies to peptide.
To determine if the epitope identified from the murine MAb
was similar to any epitopes found in humans, normal human
sera were obtained from a local donor blood bank repository
and evaluated. The sera had been screened previously by MIF
for C. pneumoniae, C. trachomatis, and C. psittaci and were
found to be positive for only C. pneumoniae (31). With direct
ELISA and a modified slot immunoblot, the human sera dem-
onstrated the ability to bind to the peptides. The slot blot assay
was used to quickly check for binding of the antibody to the

FIG. 2. Inhibition plot of 8A6 MAb reactivity to C. pneumoniae in
the presence of peptide CP-8A6-B1. The plot shows the mean percent
inhibition of two independent assays each having three wells per pep-
tide concentration (each error bar represents one standard deviation)
compared to peptide-free wells.

FIG. 1. Binding of matched 8A6 MAb-selected phagotopes and respective peptides to 8A6 MAb as demonstrated by ELISA. Phage test wells
of the plate used for the negative control and test samples were coated with 8A6 MAb. Peptide test wells of the plate used for the negative control
and test samples were coated with peptide. Wild-type phage was used as the negative phage control, and randomly generated 15-mer peptides were
used as the negative peptide control. Phage binding was assayed using an anti-M13 MAb HRP conjugate. OD490, OD at 490 nm.

TABLE 2. Percent inhibition and IC50 from
competitive inhibition ELISA

Peptide % Inhibition IC50 (�g/ml)

CP-8A6-A1 84.5 12.3
CP-8A6-A2 83.5 10.6
CP-8A6-A3 95.1 18.4
CP-8A6-B1 95.4 14.6
CP-8A6-B3 67.8 29.6
CP-8A6-B10A 57.4 21.5
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various peptides. Though the assay is only qualitative, it dem-
onstrated the ability of the human sera to bind to the peptide
(data not shown). The data obtained from the peptide ELISA
were compared to a direct ELISA with the sonicated C. pneu-
moniae as a target. The ELISA data were compared to the
respective data sets obtained from MIF by using acute- and
convalescent-phase sera from the same donors (the acute- and
convalescent-phase designations are based on artificial nomen-
clature for paired sera collected at the start of the study and
after 4 weeks). Though the data set was small, it showed agree-
ment in the results; if sera had a high or low endpoint titer with
MIF, these titers were similarly reflected in the endpoints
observed with the peptide ELISA (Fig. 3). The geometric
mean titers observed using MIF and peptide ELISA were
362.04 and 102.23, respectively.

DISCUSSION

The growing significance of C. pneumoniae as an emerging
pathogen and its role in chronic disease make accurate diag-
nosis of infection important; however, the lack of any stan-
dardized and fully validated serologic diagnostic methods and
problems associated with obtaining appropriately collected,
paired sera make it very difficult for investigators to rapidly and
efficientlydiagnoseC.pneumoniae infection.WhilePCRandoth-
er rapid DNA diagnostics have proven to be valuable tools for
the detection of pathogens that are difficult to recover in arti-
ficial culture, the tests rely on the presence of DNA, which
under conditions of antibiotic intervention and/or chronic in-
fection may not be detectable. Additionally, the presence of
DNA is not always indicative of current infection and must be
viewed cautiously (37). Primary culture of the organism from
clinical specimens is technically demanding, time consuming,
and resource intensive for most clinical laboratories. Serologic
detection provides the best means by which one can assess
exposure to and infection with C. pneumoniae. The MIF test
has been shown to be species specific with a high specificity and
high sensitivity (20, 47, 51). Yet in spite of these published
results, several reports indicate that the MIF test, even in
expert hands, suffers from a lack of species specificity and
sensitivity (3, 28, 34, 51). Additionally, the MIF test is largely

subjective in nature, is difficult to standardize, requires expe-
rienced personnel, varies in method between laboratories, and
may suffer from observer error (51).

An additional difficulty in working with C. pneumoniae an-
tigens is evidence that that the epitopes have labile conforma-
tions (3, 6–8, 11, 29). This lability has severely handicapped
standardized assay development. Use of immunologically re-
active peptides provides the investigator with new tools to
develop cost-effective assays, vaccines, and vaccine strategies.

To avoid some of the apparent difficulties encountered with
labile C. pneumoniae epitopes, phage display can be used as a
tool to identify an interaction between a target molecule and a
receptor molecule under native conditions. Phage display is a
powerful method of epitope mapping, yielding a source of
ligands to antibodies and receptors. These ligands are not
necessarily identical or even similar to the natural targets but
mimic their binding properties. Phage display systems have
been used extensively to select peptides capable of mimicking
linear epitopes, nonlinear epitopes, and even nonprotein mol-
ecules (9, 21, 38, 39, 43). The use of a 12- to 15-amino-acid
phage display library in research is based on the idea that this
length is similar to that of the CDR in antibodies. The CDR is
believed to confer mimicry capacity to many anti-idiotypic an-
tibodies.

In this study, we used two phage display libraries to identify
and characterize the epitope of the 8A6 MAb. The 8A6 MAb
was determined to have specific reactivity to C. pneumoniae
without any detectible cross-reaction with C. trachomatis or C.
psittaci antigens. With an ELISA, a set of peptides was iden-
tified as having reactivity with the 8A6 MAb but with no linear
sequence identities with any currently known protein or DNA
sequences. The peptides with the strongest reactivity to the
8A6 MAb by ELISA did not share any key features with each
other. Though dissimilar in sequence, they might have distinct
architectural motifs. However, due to their linear nature and
effectively different amino acid composition (e.g., peptide CP-
8A6-A1 has several helix-breaking amino acids in its sequence
and CP-8A6-B1 has a disproportionate amount of hydrophobic
residues mixed with charged residues [1:2 ratio]), it is difficult
to speculate about the contribution each amino acid has on
binding without further study.

FIG. 3. Comparison of relative reactivity of peptide in ELISA with the MRL C. pneumoniae test assay by using the six patient serum samples
(randomly coded 1, 2, 17, 20, 23, and 35). Endpoint serum titers were normalized by using log10.
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Though the 8A6 MAb reacted with the phage mimotopes,
peptide mimotopes, cells infected with C. pneumoniae (IFA),
and whole-cell lysates of C. pneumoniae (ELISA), it did not
react with a proprietary commercial MIF antigen, with C.
pneumoniae (CWL029) EBs or RBs on a Western immunoblot,
or with formalin-fixed EBs (data not shown). This suggests that
the epitope that the 8A6 MAb binds to can be destroyed or
rendered inaccessible such that the MAb is no longer able to
effectively bind at detectable levels. Additionally, in the pres-
ent study, phage expressing a constrained 7-amino-acid loop
bound by a disulfide bond did not react very well with the 8A6
MAb. The constrained library used is only one of several pos-
sible means by which one can introduce a controlled structure
to the antigen. Additional methods include binding to carrier
proteins or defined protein domains. This is not an unusual
finding, given the conformational nature of C. pneumoniae
epitopes and the above observations. Further, we found that
the phage expressing the peptide sequence was more reactive
than the respective synthetic peptide. This too is not an un-
common finding, especially in light of the environment and
concomitant architecture in which the sequence exists in the
phage tail protein. Though beyond the scope of this study, it is
evident that further environmental and structural optimization
with rigid, molecular backbones to support optimal presenta-
tion of the mimotope is needed.

The peptide mimotopes identified were able to bind to an-
tibodies found in human sera that appear to be directed to C.
pneumoniae. Since pedigreed sera from persons having a con-
firmed diagnosis of C. pneumoniae infection are difficult to
obtain and because current epidemiologic data suggest that a
large proportion of the human population has been exposed to
C. pneumoniae, our findings with the tested human sera will
need further validation. Perhaps the most important utility of
the peptides described herein is the identification of a single
reactive epitope that was not found to be cross-reactive with
other diagnostic MAbs directed against Chlamydia spp. or
Chlamydophila spp. epitopes. The peptides do not react with
sera obtained from persons having very high antibody titers to
C. trachomatis. Cross-reactivity between Chlamydia sp. and
Chlamydophila sp. epitopes has resulted in the confounding of
epidemiologic studies and patient diagnosis when culture con-
firmation is not possible or practical.

In a previous study, an epitope discovered by phage display,
identified in both the monoclonal and polyclonal screenings,
demonstrated reactivity with C. pneumoniae MIF-positive sera
and not with sera from patients with other chlamydial infec-
tions and nonchlamydial respiratory infections or with normal
healthy sera (MIF negative) in an ELISA (32). In our study, we
also identified an epitope that reacted with both monoclonal
and polyclonal sera in an ELISA.

The C. pneumoniae epitope for which 8A6 binds is currently
unknown, and while phage display may potentially allow iden-
tification of the actual epitope, this is often not the case and
requires additional work with capture systems. Our demonstra-
tion of the discovered peptides binding human antibody war-
rants further investigation of the peptide as a diagnostic assay.

In conclusion, we have screened random peptide display
libraries with the MAb 8A6, raised it against C. pneumoniae,
and derived peptides that contain discontinuous motifs not yet
identified in sequence databases. These peptides strongly in-

hibit the reactivity of the 8A6 MAb with C. pneumoniae in both
ELISA and IFA formats. The peptide mimotopes presumably
express important contact residues and intermolecular inter-
actions for the binding of 8A6 to the unknown C. pneumoniae
epitope. The unique sequence and specificity of the peptides
open up new avenues of development for C. pneumoniae di-
agnostic assays and investigation of potential vaccine candi-
dates.
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