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Controls and calibrators in autoimmune assays are typically developed from patient
sera. However, the use of sera is accompanied by a number of disadvantages, such as
lack of monospecificity, lack of assay comparability, and supply limitations. Ideally, the
control reagent would be an antigen-specific human monoclonal antibody preparation
that is defined and pure, easy to produce without any supply limitations, and of de-
fined isotype (IgG, IgM, or IgA). The generation of antigen-specific human monoclonal
antibodies has been complicated, but recent advances in development of fully human
antibodies by means of in vitro antibody gene library selection has opened a way for
the isolation of human antibodies to virtually any antigen, including self-antigens. Such
antibodies can be converted to any isotype by gene cloning. Here we developed a set of
human monoclonal IgA antibodies specific for the cardiolipin–β2-glycoprotein 1 com-
plex, using the HuCAL� technology. We evaluated the IgA variants of those antibodies
for their use as standards in IgA anticardiolipin antibody assays and compared these
reagents with serum controls. Such recombinant antibodies may ultimately replace
patient sera as assay control and calibration reagents.
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Introduction

Antiphospholipid syndrome (APS) is a dis-
order of coagulation, which causes blood
clots (thrombosis) in both arteries and veins,
and pregnancy-related complications, such as
miscarriage, preterm delivery, or severe pre-
eclampsia. The disease is characterized by
antibodies against cardiolipin [anticardiolipin
antibodies (ACA)] and β2-glycoprotein 1.

Recently a reliable and reproducible assay
for both IgG and IgM ACA detection has
been described.1 The basis of this achieve-
ment was the control of the “antigenic” com-
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ponents and the adoption of the novel pro-
posed IgG and IgM standards. The latter con-
stituted an essential factor because, despite the
use of standardized units [Harris IgG anticar-
diolipin antibodies (GPL), IgM anticardiolipin
antibodies (MPL), IgA anticardiolipin antibod-
ies (APL)], significant interlaboratory and inter-
method variation in anticardiolipin antibody
(aCL) testing existed, thus limiting the clini-
cal utility and interlaboratory portability of the
test results. The situation has changed upon the
availability of new reference samples consisting
of monoclonal antibodies, named HCAL and
EY2C9, which have been suggested as interna-
tional standards for quality control2 and have
been introduced as standards in Capuano et al.1

To date the lack of proper IgA standards has
hampered the possibility of developing an IgA
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ACA assay with similar reliability to the IgG
and IgM counterpart. To this end, the avail-
ability of human monoclonal IgA is a key fac-
tor. The IgG standard clone HCAL consists of
a chimeric antibody with the human γ constant
regions and the variable regions of WBCAL, a
murine monoclonal antibody developed from
an APS-prone mouse.3 The EY2C9 standard
consists of a human IgM class autoimmune
monoclonal antibody established from a pa-
tient with APS.4

The advent of the HuCAL technology5 of-
fers a new method for creating fully human
antibodies with any isotype to every given anti-
gen. Antibodies are first selected as Fab frag-
ments from a large naive library of several bil-
lion human antibody genes. Binding members
are then converted by cloning into the isotypes
of choice and expressed. In this example, we de-
veloped a set of human monoclonal IgA against
the cardiolipin–β2-glycoprotein 1 complex. We
show how these molecules were isolated and
evaluated for their use as standard, thus offering
a new tool for IgA ACA assay standardization.

Materials and Methods

Antibody Selection from HuCAL

Recombinant antibodies were generated
from the HuCAL GOLD� collection of
human antibody genes6 by three iterative
rounds of panning. The antigens were cou-
pled to paramagnetic beads, which were pre-
pared as described elsewhere.1 Briefly, the
antigen consisted of a cardiolipin mixture
(Sigma-Aldrich S.r.l., Milan, Italy) and a
preparation of plasma-derived purified β2-
glycoprotein 1, cross-linked through N -ethyl-
N ’-(3-dimethylaminopropyl)carbodiimide) that
was used to coat paramagnetic carboxylated
micro particles (Merck Chemie SAS, Fontenay
Sous Bois, France). After overnight coating with
PBS/bovine serum albumin (BSA) buffer, the
micro beads were stored at 4◦C until use. Para-
magnetic micro beads to be used as a nega-
tive control were prepared by contacting them

overnight with a solution of 0.5% BSA. The
control beads were stored at 4◦C as the antigen-
coated micro beads. For each panning round,
200 μL of negative control beads were used
first and incubated with 300 μL of phage solu-
tion to remove antibody-displaying phage that
would bind the beads without antigen. After
removal of these control beads, the depleted
phage-containing supernatant was incubated
with 200 μL of antigen beads, washed, and the
phages eluted by adding Escherichia coli TG1
cells.

After three rounds of panning, the enriched
pool of Fab genes was isolated and inserted into
the E. coli expression vector pMx9-dHLX-MH
that leads to functional periplasmic expression
of bivalent so-called mini-antibodies by an in-
frame fusion of the antibody VH-CH1 gene
segment with a self-dimerizing helix-turn-helix
motif.7 Moreover, the mini-antibodies were
equipped with two peptide tags, the myc-tag
(EQKLISEEDL) and a His6-tag, which were
later used for antibody purification.

Primary Screening, Sequencing,
and Bacterial Fab Expression

After transformation of E. coli TG1F- (TG1
depleted for the F pilus) with the ligated ex-
pression vectors and plating of the culture, 384
individual colonies were randomly picked and
grown in a microtiter plate, which was then
stored with 15% glycerol at −80◦C. The plate
was replicated and the daughter plate was used
for expression of the antibodies. After growth
and induction of antibody expression with
1 mmol/L isopropyl-β-D-thiogalactopyranosid
(IPTG) overnight at 22◦C, the cultures were
chemically lysed, and the crude extracts (368
clones from each plate, last column was used
for controls) were screened in a fluorescence-
linked immunosorbent assay (FLISA) on the
8200 cellular detection system (FMAT; Ap-
plied Biosystems, Foster City, CA, USA).
Briefly, the antigen beads and negative control
beads, respectively, were mixed with the bac-
terial lysates and with a fluorescently labeled
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antihuman Fab secondary antibody. After 5 h of
incubation, the plates were read on the FMAT
instrument and the images were analyzed using
the software provided with the instrument.

Clones that gave a signal in FLISA on
antigen-coated beads but not on control beads
were picked, and the antibody VH gene seg-
ments were sequenced in order to identify
unique antibody clones.

Unique antibodies were expressed in
250-mL scale. Escherichia coli TG1F-cultures
containing the chosen antibody genes were
grown at 30◦C until OD600nm reached 0.5, and
the antibody expression was induced by adding
IPTG to a final concentration of 1 mmol/L. Af-
ter further incubation for at least 14 h at 30◦C,
the cells were harvested, chemically lysed, and
the soluble crude extract was subjected to one-
step nickel-nitrilotriacetic acid chromatogra-
phy. After elution of the purified antibodies
from the column, the buffer was changed from
elution buffer to 3× PBS, pH 7.4, and the con-
centration was determined by UV280nm mea-
surement. Purity and activity were tested subse-
quently by Coomassie-stained SDS-PAGE and
FLISA, respectively.

FLISA Assay

The FLISA assay is a bead-based mix-and-
read assay on the FMAT instrument 8200
CDS. A fluorescence-labeled secondary anti-
body is used for detection of antigen-coated
beads in a thin layer at the bottom of the well,
resulting in images with bright spots (positive
beads) or values representing the average fluo-
rescence intensities per event.

Antigen-coated beads were resuspended in
PBST (PBS, 0.05% Tween 20) with 3%
BSA and a Cy5-conjugated goat antihuman
IgG F(ab’)2-specific secondary antibody (Jack-
son ImmunoResearch Europe Ltd, Newmar-
ket, Suffolk, UK). About 4000–10,000 beads
were filled into each well of a 384’ FMAT
plate (Applied Biosystems) and either antibody-
containing E. coli lysate (for primary screen-
ing) or purified antibody was added to a fi-

nal concentration of 2 μg/mL. After incuba-
tion for 2 h at room temperature (5 h for pri-
mary screening), the plate was measured on the
instrument.

Conversion of Fab into Human IgA1

The DNA of the VH and VL gene seg-
ments of the three antibodies AbD04714,
AbD04720, and AbD04721 were optimized
for mammalian gene expression using the
GeneOptimizerTM software (Geneart AG,
Regensburg, Germany), synthesized, and sub-
cloned into the pMORPH2_h_Ig vector series
for human IgA1.8 The subcloned antibodies
were named ID40714, ID40720, and ID40721,
respectively. The mammalian expression vec-
tors were specifically designed to be compati-
ble with the modular HuCAL system and carry
the human α1 constant region or the human λ

constant region, respectively (all three antibod-
ies contain a λ-type light chain).

Human HKB11 cells9 were transfected with
the respective IgA1 heavy- and λ light-chain ex-
pression constructs. Quantification of human
IgA in the cell culture supernatant was per-
formed by ELISA, using the IMMUNO-TEK
Human IgA ELISA Kit (ZeptoMetrix).

Evaluation of Recombinant IgA with the
LIAISON Immunoassay Analyzer

The immunoassay system, named LIAI-
SON,1 has been used to evaluate the suitabil-
ity of recombinant IgA as a standard for ACA
assays by measuring the dose response of se-
rial dilutions of recombinant IgA and compar-
ing it with APS IgA-positive serum samples.
Briefly, serial dilutions of cell culture super-
natants with IgA concentrations ranging from
13 to 22 μg/mL, obtained from expression of
the clones ID40720 and ID40721, were pre-
pared. Two positive- and one negative-APS
serum samples were used for comparison. Each
serial dilution was prepared by using a BSA-
PBS-based buffer (LIAISON diluent). The as-
say method was carried out as follows: each
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sample was pipetted in a cuvette and incubated
for 10 min at 37◦C with the antigen-coated mi-
cro beads. After washing the micro beads with
PBS-Tween, a second incubation of 10 min at
37◦C was performed by adding an antihuman
IgA murine monoclonal antibody (anti hIgA
MAb) conjugated to amino-butyl-ethyl isolu-
minol (ABEI). After a second washing step, the
cuvette containing the micro beads was trans-
ported in a reading chamber, where the chemo-
luminescent triggers were added. After several
seconds, light emission was measured by a pho-
tomultiplier and recorded as relative light units
(RLU).

Comparison between the Recombinant
IgA and the Harris Standards

Harris standard units, as defined by Har-
ris et al.10 are used to express IgG, IgM, and
IgA ACA activity in patient sera. The relation-
ship between the Harris standards (APL units)
and the recombinant IgA (SI units) was carried
out by analyzing six APL standard dilutions (4,
7, 13, 29, 63, 140 APL/mL) and comparing
them with the serial dilutions of the cell culture
supernatant derived from the clones ID40720
and ID40721, as described above. The correla-
tion between the APL units and ID40720 and
40721 concentrations were analyzed by linear
regression after logarithmic transformation of
each parameter.

Recombinant IgA as a Universal ACA
Assay Standard

To demonstrate the suitability of recombi-
nant IgA as a universal ACA assay standard, we
evaluated the dose-response curves of recom-
binant IgA when used in other commercially
available IgA ACA ELISAs. To this end, the
cell culture supernatant of the clone ID40720
was diluted as described above and tested with
either anticardiolipin or with anti-β2 glyco-
protein 1 ELISAs, respectively. The anticardi-
olipin ELISA included QUANTA LiteTM ACA
IgA III (INOVA Diagnostics, San Diego, CA,
USA), AESKULISA cardiolipin-A (AESKU

Diagnostics GmbH, Wendelsheim, Germany),
and DiaSorin ETI cardiolipin IgA, (Fenning
BioMed GmbH, Kirchzarten, Germany) and
the anti-β2-GLP1 ELISA AESKULISA β2-
Glyco-A (AESKU Diagnostics GmbH) and
DiaSorin ETI β2-glycoprotein IgA (Fenning
BioMed GmbH).

Furthermore, we evaluated the equivalence
in the dose response mediated by using differ-
ent matrices for the preparation of the curves.
Therefore, we compared the use of fetal calf
serum (FCS) with BSA-PBS-based buffer. To
this end, after diluting the cell culture super-
natant of the clone ID40720 in 10% FCS and
in a PBS-BSA-based buffer (LIAISON buffer),
we performed the LIAISON assay as described
above. The correlation between the two matri-
ces was analyzed by linear regression.

Finally, for a wide adoption, another use-
ful characteristic to be investigated refers to
reagent stability. We therefore evaluated the im-
pact of freeze-thaw cycling steps and of the sam-
ple storage on the reproducibility of the mea-
surements. In the first case we tested the effect
of performing five cycles of freeze-thaw and in
the second we tested the stability of freshly pre-
pared serial dilutions compared to 15-day-old
aliquots.

Results

Generation of ACA Antibodies

The HuCAL GOLD� antibody library was
used to select recombinant antibodies specific
to cardiolipin/β2-glycoprotein 1 by in vitro se-
lection. After three rounds of panning on bead-
coupled antigen, the enriched pool of antibody
Fab genes was isolated and inserted into an E.

coli expression vector that leads to functional
expression of bivalent mini-antibodies.

A random selection of 368 colonies was then
analyzed by FLISA on antigen-coupled beads.
A typical image of a positive antibody is given
in Figure 1. Overall, 20 colonies were found to
be positive and specific. After sequencing, 10
unique antibodies were identified, which were
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Figure 1. Images obtained from the FMAT
8200 cellular detection system fluorescence-linked
immunosorbent assay (FLISA) using one of the se-
lection HuCAL mini-antibodies with (A) antigen-
conjugated beads and (B) control beads without
antigen.

then produced as mini-antibodies in E. coli, with
yields between 3 and 22 mg/L of culture after
purification.

Purified antibodies were tested again for
binding and specificity, using the FLISA assay.
Four out of 10 antibodies were found to bind
the antigen-coupled beads specifically and were
chosen for further characterization (see Fig. 2).
Antibodies AbD04714, 4720, and 4721 were
chosen for cloning into the IgA format.

Construction and Expression of
Recombinant IgA ACA Antibodies

The antibodies AbD04714, 4720, and 4721
were converted into human IgA1 and named
ID40714, ID40720, and ID40721, respectively.
Concentrations of IgA in the cell culture su-
pernatant after expression in HKB11 cells
were 13 μg/mL for ID40714, 22 μg/mL for
ID40720, and 14 μg/mL for ID40721.

Reactivity of the Recombinant IgA

In the LIAISON ACA assay, in the presence
of β2-glycoprotein 1, as shown in Figure 3B,
both ID40720 and ID40714 bound the micro
beads in a dose-dependent manner. The bind-
ing profile resembles that of two APS sera with
high titer IgA anti-ACA. No reactivity was ob-
served within a serum sample from a healthy
subject. The IgA 40721 showed a similar profile
(data not shown).

The binding of the IgA 40714 was clearly
distinguishable from the background obtained
with the negative control (2500 RLU verus
1000 RLU) at a concentration of about
25 ng/mL, while the IgA 40720 reached the
same RLU level with a slightly lower concen-
tration (20 ng/mL).

Comparison between the Recombinant
IgA and APL Units

The ACA activity of ID40714 at a concen-
tration of 27, 55, 109, 219, 438, and 875 ng/mL
was determined by LIAISON to be 3, 5, 12,
26, 61, and 143 APL/mL (so-called APL unit),
respectively, while the activity of ID40720 at
concentrations of 21, 43, 86, 172, 344, and
688 ng/mL was paralleled at 4, 7, 13, 29, 63,
and 140 APL/mL. As shown in Figure 4A and
B, R2 was 0.993 for ID40714 and 0.997 for
ID720.

Potential Use of the IgA
as a Universal Standard

To analyze the binding profiles of the IgAs,
we selected three commercial ELISAs for anti-
cardiolipin and two for anti-β2-glycoprotein 1
determination.

As shown in Figure 5A and B, the binding
profile of ID70420 was adequately growing in
a linear fashion for both the anticardiolipin and
anti-β2-glycoprotein 1 determination. Further-
more, by using the LIAISON assay, we evalu-
ated the matrix equivalence between the FCS
and the BSA-PBS-based buffer. Figure 6 shows
the substantial equivalence between the two
methods (R2 = 0.988).

IgA Stability

Finally, we evaluated the stability of the IgA
antibodies in freeze-thaw cycling experiments
as well as during antibody storage. After freeze-
thawing the antibodies five times, the percent
coefficient of variation (CV) on RLU of the as-
say results was calculated (see Table 1) and were
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Figure 2. Result of the FLISA assay with the HuCAL anticardiolipin antibodies using the
signal quantification software from the FMAT instrument. Signals on antigen-coated beads
and on bovine serum albumin-coated beads (control beads) are shown.

Figure 3. Reactivity of the recombinant IgA using the LIAISON immunoassay system. In
this anticardiolipin antibodies assay, in the presence of β2-glycoprotein 1, both ID40720 and
ID40714 bound the micro beads in a dose-dependent manner. The binding profile resembles
that of two APS sera with high titer IgA ACA. No reactivity was observed within a serum
sample from a healthy subject.

shown to be < 15% in all cases, comparable to
a standard between-run precision.

Each IgA (diluted 1:20) was then stored up to
15 days at 2–8◦C and tested together with a new
aliquot in a single run with LIAISON� cardi-
olipin IgA prototype (see Table 2). The percent
CV on RLU of the sample results was calcu-
lated and compared to the expected between-
run precision.

Discussion

Standardization of autoimmune assays, such
as the anticardiolipin assay, is problematic.11,12

However, various contributions have been
brought to the scientific community to solve
the issue regarding the IgG and IgM anti-
cardiolipin 3,4 assays. In both cases the solution
was the development of a monoclonal antibody
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Figure 4. The ACA activity of the recombinant antibodies were compared to the APL units
from the Harris standard. Both antibodies show a high correlation coefficient when compared
to this standard.

Figure 5. Dose-response performance of ID70420 in commercial ELISA assays for
anticardiolipin (A) and anti-β2-glycoprotein 1 (B). The following assays were used:
A, DiaSorin ETI cardiolipin IgA; B, INOVA QUANTA LiteTM ACA IgA III; C, AESKULISA
cardiolipin-A; D, DiaSorin ETI β2-glycoprotein IgA; E, AESKULISA β2-Glyco-A.

with cardiolipin specificity, either a chimeric
IgG engineered from an existing murine anti-
cardiolipin antibody, or a human IgM from an
APS patient. Unfortunately, both methods are
difficult to apply routinely and in a timely fash-
ion. To date, to our knowledge, cardiolipin as-
say standardization has not yet been achieved
for IgA antibody measurements.

Here we have used a recombinant in vitro

technology, named HuCAL,5 in order to fill

this gap. Briefly the HuCAL technology, based
on a set of 49 consensus VL and VH human
antibody germline genes diversified with com-
plementarity defining regions (CDR) cassettes
developed with trinucleotides, allows selection
of fully human antibodies in the Fab format
for virtually any antigen within a short time.
Because the genes encoding the specific anti-
bodies are available after selection, the conver-
sion from Fab to full-length immunoglobulin
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Figure 6. The matrix equivalence between fetal
calf serum (FCS) and bovine serum albumin (BSA)-
PBS-based buffer was measured using the antibody
ID40720 in a LIAISON ACA assay. The figure in-
dicates the equivalence between the two methods
(R2 = 0.988).

TABLE 1. The impact of Five Cycles of Freeze-thaw
on the Reproducibility of LIAISON Anticardiolipin
Antibodies (ACA) Assays

Antibody Clone CV%

ID40721 2.1
ID40720 12.4
ID40714 10.1

TABLE 2. Stability of Freshly Prepared Serial Dilu-
tions Compared to 15-day-old Aliquots

CV%

ID40721 1.6
ID40720 0.7
ID40714 8.4

Measured by the reproducibility of LIAISON ACA
assays.

of any desired isotype can be done by
simple subcloning into an appropriate expres-
sion vector that adds the corresponding Fc gene
segment.

The HuCAL technology has been used here
to obtain a panel of recombinant IgAs. Briefly,
the naive HuCAL GOLD library6 displayed
on phage was brought in contact with para-
magnetic beads coated with β2-glycoprotein

1 and cardiolipin according to the procedure
described by Capuano et al.1 Four antibodies
could be isolated that bound the antigen-coated
beads specifically.

The relevant antibody gene segments were
then grafted into a plasmid containing the
human IgA1 Fc region for expression of hu-
man IgA in mammalian cell culture. Recom-
binant monoclonal IgA antibodies were ex-
pressed, and the antibody-containing culture
supernatant was further characterized in or-
der to assess the suitability of the antibodies as
components for IgA anticardiolipin standard-
ization. Several characteristics have been ex-
amined, including: (1) binding curve obtained
with a new automatic immunoanalyzer (LIAI-
SON)1 as well as with other commercial APS
ELISAs; (2) binding curve comparison with the
current gold standard that is based on APS sera;
(3) possibility to use alternative protein matrices
to create the recombinant IgA dilution curves;
(4) stability of the IgA after freeze-thaw cycles
and after storage at 4◦C.

From this validation study, we concluded that
these new recombinant IgA molecules fulfill the
requirements necessary to be adopted as stan-
dards in the routine laboratory environment.
First of all, recombinant IgAs can be produced
at any time. Because the antibody sequence
is known, the specific gene can be rebuilt at
any time, so there is no dependence on the
cell line. Second, the observed binding curves
were monotonic with all commercial assay sys-
tems tested, similar to those of well-defined APS
serum pools and consistent to the Harris stan-
dards. This is the most important analytical
characteristic because the slopes of the bind-
ing curves prepared by different laboratories
(“home-brew” curves) might differ, depending
on the nature of the selected serum samples
(which might vary), for instance, in the range of
affinities as a result of the polyclonality of the
samples. This makes it very difficult to com-
pare clinical studies conducted by different clin-
icians with different kits and at different times.
Moreover, the Harris standards as well as any
“home-brew” sera are unique and ephemeral
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materials that cannot be perpetuated. Another
useful characteristic that has been evaluated
was the independence of the dose-response
curve from specific protein matrices, such as
FCS, meaning that the recombinant IgAs can
be distributed as concentrated bulk material be-
cause dilution in either a PBS-BSA-based ma-
trix or in a FCS matrix will not change the
binding properties.

Finally, other desirable characteristics, such
as stability during repeated freeze-thaw cycles
and stability during storage at 4◦C, have also
been proven successfully.

In conclusion, the method described here
is a generally applicable method for the
development of standardization material of
autoimmune assays that measure human
autoantibodies. It will also be useful in areas,
such as infectious disease diagnostics, where
similar assay principles are applied. The re-
combinant IgA antibodies described here are
an ideal material for standardizing the anti-IgA
cardiolipin assay. Aliquots of the material can
be made available to research institutions for
additional evaluation studies upon request.
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