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Abstract
Objective— To test the feasibility of applying a mimetic (specific for a patient-derived
prothrombotic anticardiolipin antibody [aCL]) to study the homologous, disease-associated aCL in
patients with antiphospholipid syndrome (APS).

Methods— We used the CL15 monoclonal aCL to screen 17 phage-display peptide libraries.
Peptides (corresponding to recurrent peptide sequences) and their derivatives were synthesized and
analyzed for binding to CL15 and for their abilities to inhibit CL15 from binding to cardiolipin. A
peptide was chosen and used to study CL15-like IgG aCL in plasma samples from patients with APS,
patients with systemic lupus erythematosus (SLE) but without APS, and normal healthy donors.

Results— Library screening with CL15 yielded 4 recurrent peptide sequences. Analyses of peptides
showed that peptide CL154C reacted with antibody CL15 and inhibited binding of CL15 to
cardiolipin, indicating that peptide CL154C may be a peptide mimetic for the CL15 aCL. Initial
studies with plasma samples revealed that CL154C-reactive IgG was present (positivity defined as
the mean + 3 SD optical density of the 25 normal controls) in 15 of 21 APS patients and 1 of 12 SLE
patients.

Conclusion— These findings suggest that it is feasible to develop a specific enzyme-linked
immunosorbent assay for each immunologically and functionally distinct disease-associated aCL.
Additional testing of CL154C with a larger number of APS patients and SLE patients, as well as
identification of peptide mimetics for each distinct aCL, will reveal the diagnostic potential of
CL154C and other mimetics in identifying patients with aCL who are at risk of developing life-
threatening thrombosis.

Recurrent thrombosis and/or pregnancy loss occurs in some patients with systemic lupus
erythematosus (SLE) (1–3) and may be associated with the presence of antiphospholipid
antibodies (aPL). These antibodies include anticardiolipin antibodies (aCL) and/or the lupus
anticoagulants (LAC). The association of thrombosis and/or fetal loss with aPL is recognized
as the antiphospholipid syndrome (APS) (2,4). To date, accumulated studies show that aPL
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represent a heterogeneous group of immunologically and functionally distinct antibodies that
recognize various phospholipids, phospholipid-binding plasma proteins, and/or phospholipid–
protein complexes (2,5–11).

Although some investigators reported that the clinical features of APS were more closely
associated with the autoantibodies detected in the enzyme-linked immunosorbent assay
(ELISA) for anti–β2-glycoprotein I (anti-β2GPI) than in the conventional ELISA for aCL (7,
12–15), the roles of various aPL in thrombosis and/or fetal loss remain unclear (2). Thus,
current qualitative diagnostic tests are limited in predictive value for the identification of
patients with aPL who have or will develop a clotting disorder. Quantitative assays have shown
that patients with high quantities of aCL have a significantly increased risk of clotting (2).
Since only a minority of patients with aPL will have a significant thrombotic event, and most
treatments for clotting are potentially hazardous, patients usually are not treated until after life-
threatening events occur. Clearly, better predictive tests are needed, so that patients who are
truly at risk for clotting can be treated earlier.

Considering that many SLE patients with aPL do not manifest the features of APS, we
hypothesized that only certain aPL in patients with APS are prothrombotic, and that such aPL
are likely to be necessary, but not sufficient, for causing thrombosis, since patients with APS
do not always develop thrombosis. The putative prothrombotic aPL may have certain unique
binding and functional properties. In accordance with these hypotheses, our strategy for
developing better predictive tests was to develop a specific ELISA for each single species of
disease-associated aPL.

Several studies have identified peptide mimetics that can differentiate related antibody
molecules with different functional properties (16,17). On the other hand, the CL15 patient-
derived IgG3κ monoclonal aCL were found to be prothrombotic in both an in vivo pinch-
induced thrombosis model (18) and an in vivo stasis-induced thrombosis model (Roubey RAS:
personal communication). The former model assesses the ability of IgG aCL to increase the
sizes of thrombi induced by pinch injury to the vessel. The latter model evaluates the combined
effects of IgG aCL and a local venous stasis; neither of these factors alone is sufficient to induce
thrombosis (19). CL15 binds to cardiolipin in the presence of bovine serum or human β2GPI,
but not to β2GPI alone (20). Accordingly, we used the CL15 prothrombotic monoclonal IgG
aCL to screen 17 phage-display peptide libraries, identified a peptide mimetic for monoclonal
antibody (mAb) CL15, and then studied the feasibility of using the mimetic peptide to detect
CL15-like disease-associated antibodies in the plasma of APS patients.

MATERIALS AND METHODS
Phage-display peptide libraries

Two sets of peptide libraries were used in this study. The first, a set of 14 libraries, was
constructed with the f88-4 phage vector (21) and included 2 linear libraries (X6 and X15, in
which X represents a randomized amino acid comprising any of the 20 amino acids), 5 libraries
comprising cysteine (Cys)–constrained cyclic peptides flanked by a single randomized residue
(XCX4CX, XCX6CX, XCX8CX, XCX10CX, and XCX12CX, in which C stands for Cys), 4
libraries in which 4 cyclic peptides are flanked by 4 or 5 randomized residues (X5CX3CX4,
X4CX4CX4, X4CX5CX4, and X4CX6CX4; these libraries are abbreviated as Cys3, Cys4, Cys5,
and Cys6), and 3 half-Cys libraries (X15CX, XCX15, and X8CX8). Under nonreducing
conditions, Cys typically forms a disulfide link, resulting in the display of cyclized peptides
on the phage coat; thus, the first 5 cyclic libraries are abbreviated as LX4, LX6, LX8, LX10,
and LX12, in which L denotes the disulfide-bridged loop. The characteristics of these libraries
have been described previously (22). The second set of libraries included the linear 7-mer and
12-mer libraries and the cyclic 7-mer library from New England Biolabs (NEB; Beverly, MA).
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Enrichment of CL15 binding phage
Two different library screening protocols were used. The libraries were screened either in pools
of 2–3 libraries or individually. First, all 17 libraries were screened in 6 pools. Pool 1 contained
cyclic libraries LX8, LX10, and LX12, pool 2 contained 3 half-Cys libraries, pool 3 contained
cyclic libraries Cys3 and Cys4 and LX4, pool 4 contained cyclic libraries Cys5 and Cys6 and
LX6, pool 5 contained linear libraries X6 and X15, and pool 6 contained the 3 NEB libraries.
Panning (affinity selection) was performed according to published protocols, with minor
modification (22). Briefly, phage were incubated with biotinylated CL15 (100 nM) overnight
at 4°C, and then transferred to round-bottom microwells precoated with streptavidin for 4 hours
at 4°C. The numbers of phage particles screened were 1012 virions for the f88-4–based libraries
and 1011 virions for the M13-based libraries. After washing with Tris buffered saline (TBS),
bound phage in the wells were eluted with 35 μl elution buffer (0.1M HCl adjusted to pH 2.2
with glycine, and containing 1 mg/ml bovine serum albumin [BSA]; fraction V; Sigma, St.
Louis, MO) per well, followed by incubation for 10 minutes at room temperature (RT).

The eluted phage were neutralized with 1M Tris HCl (pH 9.1), and then were amplified by the
addition of K91 Escherichia coli cells. The second to fourth rounds of panning were performed
similarly, except that the input phage were reduced by 100-fold (1010 for the f88-4–based
libraries) and wells were washed with TBS containing 0.5% Tween 20. Each sample of
amplified, enriched phage obtained after every round of panning was gel-analyzed to quantitate
the phage yield, and to determine the presence of fast-growing, non–tetracycline-resistant
contaminants (genome size ~6 kb) that sporadically appear in our f88-4 cultures. Samples
containing this contaminant were discarded and the panning was repeated, starting with the
appropriate phage libraries.

Second, the NEB linear 12-mer and cyclic 7-mer libraries were screened individually according
to the manufacturer’s instructions. Briefly, wells of a 96-well high-binding ELISA plate were
coated with 100 μg/ml of CL15 overnight at 4°C. The wells were blocked (0.1M NaHCO3, pH
8.6, 5 mg/ml BSA) for 1 hour at 4°C and washed with TBS/0.1% (volume/volume) Tween 20
(TBS/T). Phage at 1.5 × 1011 plaque-forming units (PFU) in 100 μl of TBS/T were added to
wells, and the plate was incubated for 1 hour at RT, with gentle rocking. After washing, bound
phage were eluted with 100 μl of elution buffer (0.2M glycine-HCl, pH 2.2, 1 mg/ml of BSA).
The eluted phage were neutralized, amplified, and then used in the subsequent rounds of
panning. After the third and fourth rounds of panning, 10–20 clones were chosen at random
and analyzed for reactivity with CL15 by ELISA (as described below).

Phage ELISA
The reactivities of pooled phage and chosen phage clones with the panning CL15 were analyzed
by either the direct phage ELISA or the reversed phage ELISA. In the direct phage ELISA
(22), wells were coated with anti-phage antibodies and blocked with BSA. Then, 1 × 1010

virions of the indicated pools or the f88-4 vector phage (as the negative control) were distributed
to wells. After incubation and washing, CL15-reactive phage were detected with biotinylated
CL15 and streptavidin-conjugated horseradish peroxidase (HRP).

For the reversed phage ELISA, wells were coated with 5 μg/ml of CL15 overnight at 4°C. After
blocking, test phage or the negative control vector clone (M13 or f88-4) were added at 2 ×
1010 PFU in the TBS/T. After a 2-hour incubation at RT, wells were washed with TBS/T and
bound phage were detected with HRP-labeled anti-M13 antibodies (Pharmacia, Piscataway,
NJ). The substrate tetramethylbenzidine (Kirkegaard and Perry Laboratories, Gaithersburg,
MD) was added to wells and the optical density (OD) was measured at a wavelength of 450
nm, with a reference wavelength of 650 nm. The signal from the vector clone was used as
background and was subtracted from the signals produced by the test clones.

Visvanathan et al. Page 3

Arthritis Rheum. Author manuscript; available in PMC 2008 January 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Sequence determination of displayed peptides
After the third or fourth panning, chosen phage clones were analyzed by 2 different protocols.
First, for libraries screened in pools, DNA of 5–10 clones from each selected library pool was
purified and sequenced as described previously (22). Second, for the NEB libraries screened
individually, single-stranded phage DNA (ssDNA) of 10–20 clones was purified and
sequenced in accordance with the manufacturer’s instructions. Briefly, purified ssDNA was
sequenced by polymerase chain reaction and purified further by passage through gel filtration
cartridges (Edge Biosystems, Gaithersburg, MD). Amplified samples were analyzed by
Laragen (Santa Monica, CA). Resultant sequences were analyzed using the Genetics Computer
Group (GCG) programs to deduce the insert amino acid sequences.

Peptide synthesis
Peptides and their derivatives (Tables 1 and 2) were synthesized and purified by reverse-phase
high-performance liquid chromatography by Genemed (San Francisco, CA). All peptides had
>95% purity.

Analyses of peptide reactivity with CL15 by ELISA and competitive inhibition studies
High-binding Costar 96-well ELISA plates were coated with synthetic peptides at 10 μg/ml in
phosphate buffered saline (PBS). After blocking with 1% skim milk in PBS, CL15 or normal
human IgG (10 μg/ml) in 0.1% skim milk/PBS was distributed to wells in duplicate and bound
IgG was quantitated with HRP-labeled antibodies against human IgG. For competitive
inhibition studies, CL15 at 1.25 μg/ml was diluted in 0.1% skim milk/PBS and premixed with
peptides serially diluted (from 400 μg/ml to 25.6 μg/ml) in PBS. After blocking, the peptide–
antibody mix was then distributed to wells and bound IgG was quantitated as described above.

Competitive inhibition of CL15 binding to cardiolipin by peptides
To identify peptide mimetic for CL15, peptides were analyzed for their ability to inhibit the
binding of CL15 to cardiolipin in the presence of bovine serum. Briefly, polysorp 96-well
ELISA plates were coated with cardiolipin at 20 μg/ml in ethanol and blocked with 0.25%
gelatin in PBS. CL15 at 1.25 μg/ml was diluted in PBS/5% fetal calf serum and premixed with
peptides serially diluted in PBS. Then, the peptide–antibody mix was distributed to wells in
duplicate, and bound IgG was quantitated. Inhibition of binding was calculated as follows: %
inhibition of binding = [(OD from CL15 alone) − (OD from CL15 plus peptide)/(OD from
CL15 alone)] × 100.

Patients and healthy controls
The present study was approved by the University of California at Los Angeles (UCLA)
Institutional Review Board in the Office for the Protection of Research Subjects. Patients in
this study were from the UCLA Medical Subspecialty Clinic Practice. All APS patients in this
study satisfied the Sapporo classification criteria for definite APS (4), and all SLE patients
satisfied the updated American College of Rheumatology criteria for SLE (23,24). Medical
charts and laboratory test reports for each patient entered in this study were reviewed by a
rheumatologist (JG or BH). Patients were then classified as having APS if they had no
associated autoimmune disease, or secondary APS if they also fulfilled criteria for another
autoimmune disease.

Nine patients with primary APS and 12 with secondary APS (all with SLE) were studied. The
sex distribution was 14 women and 7 men. Fifteen of the 21 APS patients were positive for
both aCL and LAC, 2 patients had aCL alone, and 4 patients had LAC alone. LAC were
determined by either the dilute Russell’s viper venom time test or the rabbit brain neutralization
procedure test (25). All patients had thrombosis (4 had both arterial and venous, 5 had arterial
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alone, 11 had venous alone, and 1 had small vessel occlusion). One of the 14 women had more
than 2 unexplained fetal losses. The average age at diagnosis was 33.8 years (range 12–63
years).

A separate cohort of 12 patients with SLE but without APS was also studied, all of whom were
female. Five of these SLE patients had aPL: 1 patient was positive for both aCL and LAC, 3
for aCL alone, and 1 for LAC alone. Seven of the 12 SLE patients had repeatedly tested negative
for aPL. The average age at the time of sample donation was 44 years (range 26–68 years).

Twenty-five healthy donors were included as normal controls. The sex distribution was 6 men
and 19 women. Their average age at the time of sample donation was 36 years (range 22–65
years).

Plasma samples (7 ml each) from each individual were collected in heparin or acid citrate
dextrose–containing tubes. Tubes were centrifuged at 3,000 revolutions per minute for 15
minutes. Plasma was collected and stored at −20°C in aliquots.

Analysis of plasma samples for peptide CL154C-reactive IgG
Plasma samples were analyzed for the presence of CL154C-reactive IgG. This was done by an
ELISA similar to the aforementioned one, to test for the reactivity of peptide CL154C with
CL15. Briefly, polysorp 96-well ELISA plates were coated with CL154C peptide at 10 μg/ml
in PBS and blocked with 0.3% gelatin in TBS. Plasma samples were analyzed at 1:100 dilutions
in 0.1% gelatin/TBS, and bound IgG was measured.

Affinity purification and characterization of CL154C-reactive IgG
IgG was first isolated from 1 chosen plasma sample using the Pierce Immunopure IgG
purification kit according to the manufacturer’s instruction. Peptide CL154C (3 mg) was linked
to a sulfolink column using a sulfolink kit (Pierce, Rockford, IL) according to the
manufacturer’s instruction. Briefly, the gel was equilibrated with coupling buffer (50 mM Tris,
5 mM EDTA-Na, pH 8.5), the peptide was incubated with gel for 45 minutes, and subsequently
the nonspecific binding sites on the gel were blocked using L-cysteine HCl. For affinity
purification, gel was equilibrated with PBS and 8 mg of purified IgG added to the column and
incubated for 1 hour at RT. Bound IgG was eluted using 0.1M glycine, pH 2.5, neutralized
with 1M Tris, pH 9.0, and dialyzed against PBS. The quantity of purified CL154C-reactive
IgG was 40 μg (0.5%) as determined by ELISA. The unfractionated IgG, the affinity-purified
CL154C-reactive IgG, and the pass IgG fraction were analyzed for reactivity with peptide
CL154C and cardiolipin as described above.

Statistical analysis
The mean OD plus 3 SD of the 25 normal controls was used as the cutoff. Plasma samples with
OD values that were consistently higher than the cutoff in 2 separate experiments were
considered positive. A P value of less than 0.05 was considered significant. The Fisher’s exact
test was used to determine the significance of anti-CL154C antibodies in APS patients versus
those in SLE patients without APS (26).

Computer sequence analysis
To search for the homologous amino acid sequences of CL154, we used Wordsearch in the
GCG software package (27) to compare the CL154 amino acid sequence with the 283,138
sequences in the Protein Information Resource databases (accessed on May 7, 2002).
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RESULTS
Isolation and characterization of CL15-reactive phage clones from the pooled libraries

Initially, 17 peptide libraries combined into 6 pools were panned with CL15. After the third
panning, the yields for pools 2, 4, and 5 were 3–4 logs higher than that of the f88-4 control
(data not shown). The yields for these 3 pools further increased during the subsequent fourth
round of panning, suggesting that phage displaying the CL15-binding peptides were enriched
(data not shown). Thereafter, 5 clones from each of these 3 pools after the fourth panning, and
5 clones from pool 1 after the fourth panning (to serve as a control for CL15-nonreactive clones)
were analyzed for their binding to CL15 by the reversed phage ELISA. In addition, 10 clones
from pool 2 after the third panning that had the highest yield and reactivity with CL15 were
also analyzed. The results of panning of the pooled libraries are summarized in Table 2.

A single CL15-reactive clone was isolated repeatedly from pool 2 and pool 4 and the inserted
sequences were designated CL151 and CL152, respectively. Interestingly, 2 CL15-reactive
clones were isolated from pool 5, one from the X6 library (designated CL153) and the other
from the X15 library. The latter peptide sequence was found only once and thus was not studied
further. In contrast, no CL15-reactive clones were isolated from pool 1, and all 5 clones had
OD readings that were lower than those of the CL15-reactive clones. Moreover, 4 of these 5
clones did not have a peptide insertion, but rather had mutations within the pVIII signal peptide
region (data not shown). It should be noted that a majority of the CL15-reactive clones had
ODs ~4-fold higher than that of the f88-4 vector (Table 1). The specificity of these clones was
confirmed by the minimal reactivity of the CL15-reactive clones with human IgG (data not
shown).

In addition to screening libraries in pools, the NEB linear 12-mer (designated X12) and cyclic
7-mer libraries were also screened individually with CL15. After the fourth panning, CL15-
reactive clones were isolated from both libraries. Of the 8 CL15-reactive clones originating
from the X12 library, 5 clones shared an identical amino acid sequence. This sequence, HWDPF
SLSAY FP, was designated CL154 (Table 1). Again, the specificity of these CL15-reactive
clones was confirmed by the minimal reactivity of clones with human IgG (data not shown).
In contrast, none of the CL15-reactive clones from the cyclic 7-mer library contained inserts.

Reactivity of synthetic peptides with CL15 and competitive inhibition studies
Peptides corresponding to all 4 recurrent CL15-reactive clones were synthesized and tested for
reactivity with CL15 and a human monoclonal IgG3 (isotype control). CL15 bound to wells
coated with peptides CL151 and CL154 at 10 μg/ml (Figure 1). However, CL15 did not bind
to wells coated with either CL152 or CL153 at 10 μg/ml or 100 μg/ml (data not shown). In
contrast, the isotype control IgG3 did not bind to any of the tested peptides (data not shown).
Thereafter, we focused on peptides CL151 and CL154.

Since phage-display peptides are fused to the major coat protein and thus are not charged at
the peptidyl carboxyl-terminus, we amidated both the CL151 and the CL154 peptides
(designated CL151A and CL154A, respectively; “A” denotes amidated). In addition, it was
reported recently that incorporation of flanking amino acid residues from the host coat protein
(i.e., coat protein III for the NEB library and coat protein VIII for the f88-4–based libraries)
into the synthetic peptides derived from phage-display libraries significantly enhanced the
binding affinity of peptides to the corresponding panning antibodies (28). Accordingly, 4 extra
residues from the corresponding host coat proteins were added to the carboxyl-termini of
CL151A and CL154A, resulting in CL151E and CL154E, respectively (Table 2 and Materials
and Methods). Moreover, to improve the stability of peptides in liquid phase, Cys was added
to both ends of CL154E, resulting in CL154C (Table 2 and Materials and Methods).
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When these new peptides were tested for reactivity with CL15 and the control human IgG3,
CL154C displayed the strongest reactivity with CL15 (Figure 1). In contrast, none of the new
peptides reacted with the control IgG3 (data not shown). To determine the specificity of CL15
binding to solid-phase peptides, competitive inhibition was performed. All 5 peptides in fluid
phase were able to inhibit binding of CL15 to corresponding peptides (data not shown).

Inhibition of CL15 reactivity with cardiolipin by synthetic peptides
To identify peptide mimetics for CL15, all 7 CL15-reactive peptides in fluid phase were tested
for the ability to inhibit binding of CL15 to cardiolipin using the aCL ELISA. Only peptide
CL154C was able to inhibit CL15 binding to cardiolipin (Figure 2) (the negative inhibition
data are represented by the results using CL154A and CL154E). At 100 μM (193 μg/ml),
CL154C inhibited ~47% of the CL15 binding to cardiolipin.

Presence of CL154C-reactive IgG in patient plasma
Thereafter, CL154C was examined for its potential in detecting CL15-like prothrombotic aCL
in APS patients. Plasma samples from 21 APS patients (including those with SLE), 25 normal
healthy donors, and 12 SLE patients without APS were analyzed for the presence of CL154C-
reactive IgG. A cutoff of 3 SD above the mean OD of the 25 normal control subjects (0.31)
was used to distinguish between patient plasma samples that were reactive with the peptide
and those that were not. Fifteen (71%) of the 21 APS patients tested were positive for the
presence of CL154C-reactive IgG, and of these 15, 14 were LAC positive. The frequency of
CL154C-reactive IgG was significantly higher in APS patients than in SLE patients without
APS (P = 0.0004, using the Fisher’s exact test). Of the APS patients showing positivity, 8
patients had high titers of CL154C-reactive IgG (OD >0.4) (Figure 3). Only 1 of the 12 SLE
patients without APS had a higher titer of CL154C-reactive IgG.

Isolation and characterization of CL154C-reactive IgG from a chosen APS patient plasma
sample

To characterize the nature of CL154C-reactive IgG in a patient plasma sample, CL154C-
reactive IgG from the reactive plasma sample of a chosen APS patient was affinity-purified.
The unfractionated, the eluate (CL154C-reactive), and the pass (depleted of CL154C-reactive)
IgG at a range of concentrations (1.25–5 μg/ml) were analyzed for binding to peptide CL154C
and to cardiolipin. The eluate IgG bound strongly to peptide CL154C, whereas the pass IgG
had minimal reactivity with the peptide (Figure 4). Similarly, while the eluate IgG bound
strongly to cardiolipin, the pass IgG had minimal reactivity with cardiolipin (Figure 5). These
data combined suggest that CL154C-reactive IgG aCL are immunologically homologous to
the CL15 IgG aCL (i.e., CL15-like aCL).

DISCUSSION
To develop a specific ELISA for a single species of disease-associated aPL in APS patients,
we used the CL15 prothrombotic monoclonal IgG aCL to screen 17 peptide libraries. Results
of the peptide library screen with CL15 identified one diagnostic peptide mimetic, CL154C.
This peptide inhibited ~47% of the binding of antibody CL15 to cardiolipin in the presence of
bovine serum. Using the mean plus 3 SD of the 25 normal controls (OD 0.31) as the cutoff, 15
of 21 APS patients (71%) and 1 of 12 SLE patients without APS were positive for the presence
of CL154C-reactive IgG. These preliminary data suggest that the anti-CL154C IgG ELISA
can identify, with good sensitivity and specificity, patients with APS. The 1 SLE patient
positive for CL154C-reactive IgG is a young woman (27 years old) who was diagnosed at age
23 with SLE and has had high titers of IgG aCL documented repeatedly over many years. Of
note, patients with high titers of aCL but without thrombosis and/or recurrent fetal loss
represent a confusing medical problem, since there is no consensus on how to treat such
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individuals. When CL154C-reactive IgG was affinity purified from the plasma of an APS
patient, the IgG displayed aCL activity. In contrast, binding to cardiolipin by the pass IgG
fraction (depleted of CL154C reactivity) was substantially reduced. Taken together, our data
suggest that an ELISA for CL154C-reactive IgG may serve as a specific assay for a subset of
CL15-like aCL that may be associated with disease in a majority of APS patients.

Of note, we recently found that CL15 binds to prothrombin and thrombin (29). Importantly,
thrombin (at 16 μM, or 587 μg/ml) inhibited 90% of CL15 binding to thrombin, while
prothrombin (at 16 μM, or 1.2 mg/ml) could only inhibit 36% of CL15 binding to prothrombin
and 10% of CL15 binding to thrombin. Considering that CL15 does not bind to β2GPI alone,
but binds strongly to cardiolipin in the presence of bovine serum (20), these data raise the
possibility that the real autoantigen for CL15 may be thrombin or another, yet-unidentified
autoantigen. In this context, peptide CL154C at 64–400 μg/ml could inhibit 76% of CL15
binding to thrombin (data not shown). The significance of this finding is not clear at this time,
since CL15 could inhibit thrombin per se, as well as antithrombin inactivation of thrombin
(29).

Previously, Blank et al used 3 pathogenic monoclonal IgM anti-β2GPI antibodies to screen a
linear 6-mer library, and identified 3 recurring peptides: LK. TPRV for mAb ILA-1, KDKATF
for mAb ILA-3, and TLRVYK for mAb H-3 (30). Each sequence closely resembled, or was
identical to, segments of β2GPI. Sequence LK. TPRV (the dot denotes a gap that is introduced
to maximize homology) resembled LKCTPRV of β2GPI at amino acid positions 58–63 (in the
first domain), and KDKATF and TLRVYK were identical to β2GPI at positions 208–213 (in
the fourth domain) and 133–138 (in the third domain), respectively (30). In contrast to these
findings, peptides CL154, CL154E, and CL154C from our study were not homologous to any
areas of β2GPI. This is consistent with the binding properties of CL15, which does not bind to
β2GPI alone, but binds strongly to human β2GPI–cardiolipin complexes (20). Combined, our
data suggest that peptide CL154C mimics an antigenic configuration of the β2GPI–cardiolipin
complex that is recognized by CL15.

To test this hypothesis, we studied the ability of CL154C to inhibit CL15 binding to cardiolipin
in the presence of human β2GPI, instead of bovine serum. The results showed that CL154C at
400 μg/ml inhibited ~53% of CL15 binding to β2GPI–cardiolipin (data not shown). In addition,
the above contention is consistent with the identification of peptide mimetics for antibodies
against polysaccharides and nucleic acids (16,17). For example, Gaynor et al used phage-
display peptide libraries to study 3 structurally similar antibodies: the R4A anti-DNA
antibodies that cause glomerulonephritis with a predominantly glomerular deposition, and
R4A-derived mutants (by site-directed mutagenesis), designated 52b3 (17). Library screening
with R4A and 52b3 defined 2 specific motifs: DWEYS for antibody R4A, and
RHEDGDWPRV for antibody 52b3. Peptide DWEYS could inhibit only R4A (but not 52b3)
from binding to DNA, while peptide RHEDGDWPRV could inhibit only 52b3 (but not R4A),
thus clearly defining 2 specific mimetics (17). Since the native antigens for the above-studied
antibodies were nucleic acids, not polypeptides, the peptide mimetics apparently mimic the
conformational epitopes, but not the primary structures, of DNA molecules. Of note, a peptide
mimetic for an antibody is defined as a peptide that can inhibit the antibody binding to its
antigen, while a peptide mimotope is a peptide that can induce the corresponding antibody
response (31).

Since the 3 peptide mimetics defined by monoclonal IgM anti-β2GPI antibodies bound to their
corresponding mAb with low affinity, they all were lengthened by 4–6 amino acid residues
(30). Among the elongated ones, 3 were found suitable; these were NTLKTPRVGGC,
KDKATFGCHDGC, and CATLRVYKGG. When sera from 43 APS patients were analyzed
for binding to the 3 elongated peptides, peptide-reactive antibodies were found in 10 of the 43
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APS patients (30). However, the study did not include any serum samples from healthy
controls.

In addition to the studies mentioned above, some investigators used the cardiolipin liposomes
to affinity-purify polyclonal aCL from an APS patient; these antibodies were used to screen
linear 8–15-mer and cyclic 6–13-mer libraries (32,33). The studies identified an 11-mer peptide
GPCIL LAPDR C (LJP 685). The peptide LJP 685 at a concentration of 25 μg/well (~250 μg/
ml) inhibited 50% of the binding of the parental patient serum aCL (at the 1:400 dilution) to
β2GPI–cardiolipin (32). However, that study did not report the presence of the LJP 685–
reactive antibodies in the sera of more than the 1 APS patient.

It is conceivable that immunologically distinct aPL could promote thrombosis via different
mechanisms. For example, antibodies against β2GPI and/or its complexes with cardiolipin may
interact with endothelial cells and monocytes and induce a tissue factor–dependent
procoagulant state (34–38). On the other hand, antibodies against protein C and protein S may
inhibit activation of protein C and/or function of the activated protein C, thus allowing an
unchecked coagulation process once initiated; this would result in a hypercoagulable state
(39–43). Thus, in the future, it will be important to identify peptide mimetics for each
immunologically distinct prothrombotic aPL, and to determine their effectiveness for
identifying corresponding prothrombotic aPL in APS patients. Hopefully, a complete panel of
diagnostic peptide mimetics for most or all species of immunologically distinct, prothrombotic
aPL should allow for specific identification of all prothrombotic aPL.
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Figure 1.
Reactivities of synthetic peptides with CL15. Enzyme-linked immunosorbent assay plates were
coated with the indicated peptides at 10 μg/ml and CL15 was analyzed at 1.25–10 μg/ml (2-
fold dilutions). Bound IgG of duplicate samples was measured and expressed in optical density
(OD). Results are representative of 1 of 2 experiments.
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Figure 2.
Inhibition of CL15 binding to cardiolipin by peptide CL154C, but not by peptides CL154A
and CL154E. CL15 (1.25 μg/ml) was preincubated with the indicated peptides at the indicated
concentrations (1–100 μM) and the peptide–antibody mix was distributed to cardiolipin-coated
wells in duplicate. Bound IgG was measured, and the percentage of inhibition is reported.
Results are representative of 1 of 2 experiments.
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Figure 3.
Reactivities of CL154C with plasma samples from patients with antiphospholipid syndrome
(APS) (n = 21), normal healthy donors (n = 25), and systemic lupus erythematosus (SLE)
patients without APS (n = 12). Enzyme-linked immunosorbent assay plates were coated with
CL154C peptide (10 μg/ml) and plasma samples were analyzed at 1:100 dilution in Tris
buffered saline/0.1% gelatin. Bound IgG was measured and reported. Each data point
represents a test sample; the horizontal bars denote the mean of each group, and the dashed
line represents the cutoff for positivity, that is, the mean optical density (O.D.) plus 3 SD of
normal controls.
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Figure 4.
Reactivity of an affinity-purified CL154C-reactive IgG (from a patient with antiphospholipid
syndrome) with CL154C. Enzyme-linked immunosorbent assay plates were coated with
CL154C at 10 μg/ml. The unfractionated IgG, eluate (CL154C-reactive), and the pass IgG
fractions, as well as control polyclonal human IgG were analyzed at the indicated
concentrations (1.25–5 μg/ml) in duplicate. Bound IgG was measured and expressed in optical
density (OD). Results are representative of 1 of 2 experiments.
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Figure 5.
Reactivity of an affinity-purified CL154C-reactive IgG with cardiolipin. The unfractionated
IgG, eluate (CL154C-reactive), and the pass IgG fractions, as well as control polyclonal human
IgG were analyzed at the indicated concentrations (1.25–5 μg/ml) in duplicate. Bound IgG was
measured and expressed in optical density (OD). Results are representative of 1 of 2
experiments.
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Table 1
Peptide sequences and characterization of recurrent clones enriched from 17 phage-display peptide libraries by
CL15*

Panning, sequence OD Frequency Clone designation

Pooled libraries
 APVCV WERLS PYRER CV 0.45 5/5 CL151
 SCPAN TYACM 0.47 5/5 CL152
 VTVTY N 0.45 3/4 CL153
 EPTPS SFVHY RLNAA† 0.49 1/4
 None 0.11 NA f88-4 vector
Individual library
 HWDPF SLSAY FP 0.51 5/8‡ CL154
 None 0.06 NA M13

*
Seventeen libraries were screened by CL15 in 6 pools of 2–3 libraries each. In addition, 2 of 17 libraries were screened individually. After 4 rounds of

panning, 4–5 clones from each pool were isolated and sequenced. CL151 was from pool 2 (library X15CX), CL152 from pool 4 (library LX6), CL153
from pool 5 (library X6), and CL154 from the New England Biolabs linear 12-mer library. OD denotes the mean optical density of all clones with the
indicated insert, as determined by the reversed phage enzyme-linked immunosorbent assay format. Frequency denotes the number of phage clones with
identical inserts.

NA = not applicable.

†
This sequence occurred only one time, and thus was not studied and not assigned a name.

‡
After 4 rounds of panning, 10 clones were isolated and sequenced.
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Table 2
CL15-reactive peptides and their modified ones*

Sequence Designation

APVCVWERLSPYRERCV CL151A
APVCVWERLSPYRERCVPAEG CL151E
HWDPFSLSAYFP CL154A
HWDPFSLSAYFPGGGS CL154E
CHWDPFSLSAYFPGGGSC CL154C

*
The carboxyl-termini of peptides CL151 and CL154 were amidated, and the modified peptides were designated CL151A and CL154A, respectively.

CL151A and CL154A were modified by adding 4 extra residues to their carboxyl-termini (the added flanking residues are underlined), and the modified
peptides were designated CL151E and CL154E (E denotes “extended”), respectively. To improve the stability of peptide CL154E in liquid phase, cysteine
(Cys) was added to both ends of CL154E, and this further modification was designated CL154C (C denotes “Cys” and the added Cys are underlined).
This was not done for CL151E, since it already had 2 Cys near its N- and C-terminals.
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