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Key Points

• A new technology is
presented to assess apparent
affinities of FVIII-specific
antibodies, differentiated for
isotypes and IgG subclasses.

• Affinities of FVIII-specific
antibodies in patients with
FVIII inhibitors are up to
100-fold higher than in
patients without inhibitors.

Recently, we reported that distinct immunoglobulin (Ig) isotypes and IgG subclasses

of factor VIII (FVIII)-specific antibodies are found in different cohorts of patients with

hemophilia A and in healthy individuals. Prompted by these findings, we further inves-

tigated the distinguishing properties among the different populations of FVIII-specific

antibodies.We hypothesized that the affinity of antibodieswould discriminate between

theneutralizing andnonneutralizing antibodies found indifferent studycohorts. To test

this idea, we established a competition-based enzyme-linked immunosorbent assay

technology to assess the apparent affinities for each isotype and IgG subclass of FVIII-

specific antibodieswithout the need for antibody purification.Wepresent a unique data

set of apparent affinities of FVIII-specific antibodies found in healthy individuals, pa-

tients with congenital hemophilia A with and without FVIII inhibitors, and patients with

acquired hemophilia A.Our data indicate that FVIII-specific antibodies found in patients

with FVIII inhibitors have an up to 100-fold higher apparent affinity than that of anti-

bodies found in patients without inhibitors and in healthy individuals. High-affinity

FVIII-specific antibodies could be retrospectively detected in longitudinal samples of an individual patient with FVIII inhibitors

543 days before the first positive Bethesda assay. This finding suggests that these antibodiesmight serve as potential biomarkers

for evolving FVIII inhibitor responses. (Blood. 2015;125(7):1180-1188)

Introduction

Neutralizing antibodies against factor VIII (FVIII), also known as
FVIII inhibitors, remain the major challenge in treating congenital
hemophilia A with FVIII products.1 They may also arise as autoan-
tibodies, causing the rare bleeding disorder acquired hemophilia A.2

The underlying immune mechanisms leading to the development
of these antibodies are poorly understood. Recently, we reported
the prevalence of isotypes and immunoglobulin (Ig)G subclasses
of FVIII-specific antibodies in cohorts of patients with congenital
hemophilia A with and without FVIII inhibitors, in healthy indi-
viduals, and in patients with acquired hemophilia A.3 Our data showed
the distinct spectra of isotypes and IgG subclasses of antibodies pres-
ent in the different study cohorts. FVIII-specific IgG4 emerged as a
distinguishing subclass because it was found exclusively in patients
with FVIII inhibitors. At the same time, the identity of the immune
regulatory pathways that give rise to the generation of neutralizing
and nonneutralizing antibody populations remains elusive.

Antibody responses are initiated through the recognition of anti-
gens by specific B-cell receptors expressed on naı̈ve B cells and the

subsequent induction of clonal expansion and differentiation of these
B cells into antibody-producing plasma cells. Antibody-producing
plasma cells can arise from different pathways: follicular pathways
in specialized germinal centers within B-cell follicles of secondary
lymphoid organs; and extrafollicular pathways outside B-cell fol-
licles. The nature of the differentiation pathway has substantial
consequences for the survival and location of the resulting plasma
cells and for the quality and quantity of the antibodies they secrete.
Plasma cells that develop in follicular differentiation pathways in
germinal centers are predominantly long-lived. They migrate to the
bone marrow where they can survive in specific plasma cell niches.
The antibodies they produce are switched from IgM to IgG or IgA
and have high affinity.4,5 Plasma cells that arise from extrafollicular
pathways are predominantly short-lived and nonmigratory. The
antibodies they secrete are generally of low or moderate affinity.5

Depending on the type of antigen and the surrounding microenvi-
ronment, extrafollicular pathways of B-cell differentiation can occur
in either a CD41 T-cell dependent or -independent manner.5 The
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spleen encloses an additional extrafollicular compartment—the mar-
ginal zone—that houses nonrecirculating B cells.6 Given sufficient
stimulatory signals, activated marginal-zone B cells can rapidly
differentiate into short-lived plasma cells independently of T-cell
help.7 The antibodies produced under such conditions are con-
sidered mostly of low affinity.5

Clearly, the quality of circulating antibodies (eg, their isotypes and
affinities) can provide information reflecting the underlying immune
mechanisms involved in their generation. On their own, the signals
produced by monovalent protein antigens such as FVIII are considered
to be insufficient to induce clonal expansion of B cells and their differ-
entiation into antibody-producing plasma cells. Additional activation
signals provided by interactions with other immune cells or by the
triggering of innate immune receptors are thought to be required.4

Aschenbach et al8 and Mayr et al9 previously reported that high-
affinity autoantibodies against insulin are found in healthy children
who are at high risk for developing type 1 diabetes mellitus.8,9 Al-
ternatively, children who have low-affinity autoantibodies against
insulin are at low risk for eventually developing the disease. These
data indicate that the affinity of antibodies not onlymight be indicative
of the underlying immune mechanism involved in their generation
but also might serve as a potential biomarker for evolving immu-
nopathology. With these findings in mind, we decided to investigate
whether the affinity of circulating FVIII-specific antibodies can dif-
ferentiate neutralizing antibodies (as found in patients with FVIII in-
hibitors) from nonneutralizing antibodies (as found in some patients
without FVIII inhibitors and in some healthy individuals).

Antibody affinities have been studied using a variety of ap-
proaches, including label-free biosensor technologies such as surface
plasmon resonance (SPR) and biolayer interferometry (BLI), as well
as indirect and competitive immunoassays based on chemilumines-
cence or fluorescence labeling. Label-free biosensor technologies
allow the analysis of association and dissociation kinetics of anti-
bodies binding to their respective antigens.10 However, purified
antibodies are required for this purpose. Competitive immuno-
assays provide apparent affinities in equilibrium and analyze free
antibodies present in a solution after preincubation of the antibody
solution with preselected molar concentrations of the respective
antigen.11 Assuming equimolar interaction between antibodies and
antigen, this approach enables apparent affinity determination with-
out antibody purification. Traditionally, neither label-free biosensor
technologies nor competitive immunoassay technologies have al-
lowed the assessment of low-affinity antibodies in a mixture with
high-affinity antibodies when both antibody populations recognize
the same antigen. Bobrovnik et al12 and Stevens et al13 introduced
a novel approach that combines competition-based enzyme-linked
immunosorbent assay (ELISA) technology with nonlinear regres-
sion modeling of the ELISA graphs to facilitate the analysis of
2 antibody clusters with low and high apparent affinity in the same
sample. We applied this approach to the analysis of FVIII-specific
antibodies present in human plasma samples and established a
competition-based ELISA platform that combines the advantages of
low sample consumption, no need for antibody purification, the
potential to assess apparent affinities of low-affinity and high-affinity
antibody clusters in the same sample, and the ability to specify apparent
affinities of individual antibody isotypes and IgG subclasses.Moreover,
this technology enables the cost-effective analysis of large cohorts of
plasma samples without the need for sophisticated equipment.

For the first time, we present a unique data set reflecting the ap-
parent affinities of FVIII-specific antibodies, differentiated for im-
munoglobulin isotypes and IgG subclasses, as found in patients
with and without FVIII inhibitors and in healthy individuals.

Materials and methods

Human plasma samples

All patient samples were received after the patients or their guardians gave
written informed consent andwith approval from the local ethics committees.

Healthy individuals. Plasma samples from 634 healthy individuals were
screened for the presence of FVIII-specific antibodies. Seventeen plasma
samples (from 13 women and 4 men; median age 38 years, interquartile
range [IQR]: 24-48 years) contained FVIII-specific antibodies with titers
$1:80. Information on ethnicity of plasma donors was not available. One
22-year-old healthywoman, positive for FVIII-specific IgG1,wasmonitored
for almost 3 years.

Patients with severe congenital hemophilia A. Plasma samples from
white patients with severe congenital hemophilia A (FVIII,1%) were obtained
from the Medical University Vienna, Vienna, Austria; the Medical University
Bonn, Bonn, Germany; the Medical School Hannover, Hannover, Germany;
and the Institute of Hematology and TransfusionMedicine, Warsaw, Poland.

Twenty-four samples were obtained from patients with persistent FVIII
inhibitors (median titer 10 BU/mL, IQR: 5-29 BU/mL), with a median time
from inhibitor diagnosis of 58 months (IQR: 11-175 months) and a median
historic peak inhibitor titer of 136 BU/mL (IQR: 87-213 BU/mL). All
samples contained FVIII-specific antibodies with titers $1:80.

Seventy-seven samples were obtained from patients with no history of FVIII
inhibitors after at least 100 exposure days to FVIII products. Four samples
(median age 36 years, IQR: 26-43 years) contained FVIII-specific antibodies
with titers$1:80.

In addition, longitudinal plasma samples collected over 4 years from
a patient with severe congenital hemophilia A with FVIII inhibitors were
analyzed retrospectively. Plasma samples were collected both before and
after inhibitor diagnosis. A brief description of the medical history of this
patient is given in the supplemental Data, Online Supplement 1, available
on the Blood Web site.

Patients with acquired hemophilia A. Plasma samples from 19 white
patients with acquired hemophilia A (14 women and 5 men; median age
76 years, IQR: 67-81 years)were obtained from theMedicalUniversityVienna;
theMedical School Hannover; the Medical School Greifswald, Greifswald,
Germany; and the Institute of Hematology and Transfusion Medicine.
Samples with median inhibitor titers of 10 BU/mL (IQR: 6-37 BU/mL) were
collected at first diagnosis, before the start of interventional therapy. All
samples contained FVIII-specific antibodies with titers$1:80. In addition,
longitudinal plasma samples obtained from a 79-year-old male patient were
analyzed retrospectively. A description of the medical history of this patient
is given in the supplemental Data, Online Supplement 2.

Human recombinant FVIII

Full-length recombinant human FVIII (FVIII; Baxter BioScience) was used
for all analytical assays.

Detection of FVIII-specific antibodies

FVIII-specific antibodies of immunoglobulin isotypes IgA and IgM and of IgG
subclasses 1 to 4 were analyzed using a highly sensitive and fully validated
ELISA platform as described previously.3 In addition, we used a fully vali-
dated ELISA for the detection of FVIII-specific total IgG antibodies. Based
on the validation of the ELISA platform, the confirmation of antibody
specificity for FVIII requires antibody titers $1:80.3 Samples with con-
firmed specificity for FVIII qualified for the assessment of apparent affinity.
Antibody specificity for FVIII had to be confirmed in longitudinal sample
analyses at least once to qualify for affinity assessment.

Detection of neutralizing antibodies

The Nijmegen modification of the Bethesda assay14 and a commercially avail-
able kit (Technoclone) with a cutoff of 1 BU/mLwere used to detect neutralizing
antibodies.
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Affinity ELISA platform for the assessment of the apparent

affinity of FVIII-specific antibodies

The apparent affinities of FVIII-specific antibodies for all immunoglobulin
isotypes and IgG subclasses were assessed using a competition-based ELISA
approach. The test principle, technical details, and validation of the affinity
ELISAplatform are described in the supplemental Data, Online Supplement 3. In
brief, the affinity assessment is based on the availability of antibody for binding
to FVIII-coated ELISA plates after competition with FVIII in solution. Data
for apparent affinities (KA [M21]) were derived from nonlinear regression
modeling of competitionELISAD optical densities as describedpreviously.13

SPR, BLI, and SET

The experimental details for affinity measurements of an FVIII-specific mono-
clonal IgG1 antibody (AbD Serotec) using SPR, BLI, and solution equilibrium
titration (SET) are given in the supplemental Data, Online Supplement 4.

Statistical analysis

Differences in apparent affinities of FVIII-specific IgG subclasses between
different cohorts were tested using the GENMOD Procedure of the SAS
software (v.9.3) without including covariates. Differences for FVIII-specific
IgA and IgMwere not tested because of the low numbers of nonzero values in
all study cohorts. The negative binomial, Poisson, zero-inflated negative

binomial, and zero-inflated Poisson models were fitted to the data set ac-
cording to IgG subclass. Because the models use different error structures,
they are considered nonnested.15 Among those models achieving conver-
gence, model fit was compared using the Clarke test.16 The zero-inflated
negative binomial model 17 was found to provide the best fit for all antibody
classes. The overall significance level for comparisons of IgG subclass
data was set to 5%. Multiplicity was adjusted using the Bonferroni-Holm
procedure.18

To differentiate between the affinities of potentially pathogenic and
nonpathogenic IgG1 immune responses, cut pointswere calculated between
corresponding cohorts by means of the receiver operating characteristic
curves. Specificity and sensitivity were calculated for each IgG1 measure-
ment (m) used for the receiver operating characteristic curve. From these data,
the Youden index was calculated as sensitivity m1 specificity m2 1. The
measurement with the highest Youden index was selected as the cut point
to discriminate between the groups.19 Cutoff calculation for other IgG
subclasses of FVIII-specific antibodies could not be done because of the
low number of nonzero values in the noninhibitor cohorts.

Results

Assessment of apparent affinities for FVIII-specific antibodies

We established a competition-based affinity ELISA platform to as-
sess apparent affinities of FVIII-specific antibodies in human plasma
samples. Initially, we used 2 representative samples to define the
appropriate range of FVIII concentrations to be used in antibody
competition for the detection of both high-affinity and low-affinity
antibodies: (1) a high-affinity monoclonal human FVIII-specific
IgG1 antibody spiked into human plasma, free from FVIII-specific
antibodies; and (2) plasma from a healthy individual with FVIII-
specific IgG1 antibodies with a titer of 1:640. FVIII concentrations
of 0, 0.9, 1.4, 2.1, 3.1, 4.7, 14.0, and 42.1 nM were found to be
optimal for the affinity assessment of total IgG, IgG1, IgG2,
IgG3, and IgA antibodies. FVIII concentrations of 0, 0.016, 0.031,
0.063, 0.125, 0.25, 0.5, and 1 nM were found to be optimal for the
affinity assessment of IgG4 antibodies. This differentiation was nec-
essary because of the higher affinities observed for FVIII-specific
IgG4. We determined whether the affinity ELISA could identify
low-affinity antibodies in the presence of high-affinity antibodies by
spiking the high-affinity monoclonal IgG1 antibody into the plasma
sample with low-affinity IgG1 and comparing this mixture with
the individual antibody preparations. We used a nonlinear re-
gression model as described by Stevens et al13 and predefined
statistical acceptance criteria for model selection to analyze the
binding curves (Figure 1) and to calculate apparent affinities
(Table 1). Model 1 was best fitted to describe the competition curves
of the high-affinity monoclonal antibody (KA 5 4.9 3 109 M21)

Figure 1. Representative FVIII competition curves of FVIII-specific antibody

samples used for affinity ELISA validation. Samples containing FVIII-specific

antibodies were preincubated with different concentrations of FVIII in solution (FVIII

[nM]) and subsequently tested for the presence of remaining free antibodies (DOD-

blank). A nonlinear distribution of FVIII concentrations was used for optimal coverage

of different competition behavior in individual samples. A monoclonal human FVIII-

specific IgG1 antibody spiked into human plasma not containing any FVIII-binding

antibodies (sample A; circles) requires lower FVIII concentrations for competition

than a human plasma sample containing low-affinity FVIII-specific IgG1 antibodies

(sample B; triangles). A mixture of samples A and B was used to mimic bimodal

affinity distribution (sample C; diamonds).

Table 1. Model selection for the determination of apparent affinities

Sample*

R2 > 0.7
Lower limit of
95% CI > 0

F test Selected model Population 1 KA [M21] Population 2 KA [M21]M1 M2 M1 M2

A Yes Yes Yes No NA M1 4.9 3 109 NA

B Yes Yes Yes No NA M1 9.1 3 107 NA

C Yes Yes Yes Yes M2 M2 5.4 3 109 9.9 3 107

An explanation of the model-selection strategy can be found in “Materials and methods.” Model 1 (homogenous apparent affinity distribution), assuming 1 major antibody

cluster, resulted in the best description of the FVIII competition curves for samples A and B. In contrast, model 2 (bimodal apparent affinity distribution), assuming 2 major

antibody clusters with distinct affinities, provided the best fit to describe the competition curve of sample C.

*Sample A: monoclonal human FVIII-specific IgG1 antibody spiked into human plasma not containing any FVIII-binding antibodies; sample B: human plasma

from a healthy individual with FVIII-specific IgG1, diluted with human plasma not containing FVIII-binding antibodies; and sample C: a mixture of samples A and B.

CI, confidence interval; M1, model 1; M2, model 2; NA, not applicable; R2, coefficient of determination; KA, apparent affinity.
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and the low-affinity antibody-containing plasma sample (KA5 9.13
107 M21). Model 2, which identified 2 antibody clusters with high
apparent affinity (KA 5 5.4 3 109 M21) and low apparent affinity
(KA5 9.93 107M21), provided the best fit to describe the binding
curve of the mixed antibody preparation (Table 1). The 2 apparent
affinities identified were almost identical to the results calculated for
the individual antibody preparations. We conclude that the affinity
ELISA platform enables the detection of 2 major antibody clusters
with low and high affinities in a single plasma sample.

To validate the stability of the affinity ELISA for total IgG, we
tested the method for intrarun and interrun reproducibility and for
the freeze/thaw-cycle robustness. In addition, we tested the corre-
sponding affinity ELISA for assessment of FVIII-specific IgG1 for
intrarun reproducibility. The coefficient of variation (CV) for all
tested conditions was ,25% (Table 2), confirming the assay’s
reproducibility and robustness. We also considered the polyclonal
nature of antibody-containing clinical samples obtained from pa-
tients with FVIII inhibitors. We tested the reproducibility and ro-
bustness of the affinity ELISA to assess the apparent affinity of 1 or 2
major antibody clusters in 2 representative clinical samples (samples
D and E in Table 3). The affinity ELISA reproducibly detected 1
major antibody cluster in sample D and 2 major antibody clusters
with different apparent affinities in sample E (Table 3). The specific
values for the apparent affinity had a CV #25% when only 1 anti-
body cluster was present in the sample (sample D) and had CVs
between 30% and 51% when 2 antibody clusters with different af-
finities were present in the sample (sample E).

Next, we asked how the results obtained with the competition-
based affinity ELISA compare with the results obtained with alter-
native technologies. We used the purified FVIII-specific human
monoclonal IgG1 antibody to compare the affinity ELISA with
the competition-based SET technology, the direct binding SPR
technology using a carboxymethylated sensor chip (C1) or a
carboxymethylated dextran-coated sensor chip (CM5), and the
direct binding BLI technology. The results of the affinity ELISA
(KA 5 5.3 3 109 M21) are in excellent agreement with the results
obtained using the SET platform (KA 5 4.23 109 M21) and are in
good agreement with the results generated using the label-free
platforms BLI (KA 5 2.33 108 M21) and SPR when using the C1
sensor chip (KA 5 1.5 3 109 M21) but not the CM5 sensor chip
(KA 5 5.13 107 M21). Interestingly, the results obtained with the
SPR technology were dependent on the type of sensor chip used,
which confirms a previous report.20

Purified antibodies are required when quantifying affinity using
direct-binding approaches. Nevertheless, we used the direct-binding
technology BLI to run a qualitative comparison of the binding
characteristics of all samples used for the validation of the affinity
ELISA (see the supplemental Data, Online Supplement 5). This
comparison indicates that differences in apparent affinity as
quantified by the affinity ELISA are also detectable in the
association and dissociation analysis using BLI.

In summary, we established a competition-based affinity ELISA
platform to assess apparent affinities of FVIII-specific antibodies in
human plasma samples.

Apparent affinity of FVIII-specific antibodies in different

study cohorts

We screened plasma samples containing FVIII-specific antibodieswith
titers $1:80 from cohorts of patients with hemophilia and healthy
individuals as presented in Figure 2.

The pattern of apparent affinities differentiated for individual
antibody isotypes and IgG subclasses showed clear differences
between patients with hemophilia with and without FVIII inhib-
itors (Figure 3A-B) and between patients with acquired hemophilia
A and healthy individuals (Figure 3C-D). The highest apparent
affinities were seen for FVIII-specific IgG4 present in samples from
patients with FVIII inhibitors. A proportion of samples in each
study group contained 2 major antibody clusters with different ap-
parent affinities (Figure 3).

FVIII-specific IgG1 was unique because it was found in all
study groups. The apparent affinity pattern of FVIII-specific IgG1
found in healthy individuals was similar to the affinity pattern of
the lower-affinity IgG1 antibody cluster found in patients who ex-
pressed 2 FVIII-specific IgG1 antibody clusters with different
affinities (Figure 3).

When we compared the apparent affinities of FVIII-specific
IgG1 from patients with and without FVIII inhibitors, we found
that patients with inhibitors expressed significantly higher affin-
ities (Table 4). On the basis of this finding, we calculated an
affinity cut point KA to differentiate between neutralizing and non-
neutralizing FVIII-specific IgG1. The cut point KAwas 1.33 109M21

(Table 4).
Whenwe compared the apparent affinities of FVIII-specific IgG1

from patients with acquired hemophilia A to those from healthy
individuals, we found that the patients expressed significantly higher
affinities (Table 4). We also calculated an affinity cut point KA to
differentiate between neutralizing IgG1 (as found in patients) and
nonneutralizing IgG1 (as found in healthy individuals). The cut point
KAwas 2.53 109M21 (Table 4), which is similar to the cut point KA

of 1.3 3 109 M21 found for FVIII-specific IgG1 in patients with
congenital hemophilia A with and without inhibitors.

Table 2. Summary of results obtained during affinity ELISA
validation

Assay validation
criteria Sample A* Sample B†

Sample C‡

Population 1
(high affinity)

Population 2
(low affinity)

Total IgG

Intraassay stability 10 5 15 9

Interassay stability 18 11 17 5

Robustness

(freeze/thaw)

20 4 8 8

IgG1

Intraassay stability 5 2 5 11

Data are CVs in percent.

*Sample A: monoclonal human FVIII-specific IgG1 antibody spiked into human

plasma not containing any FVIII-binding antibodies.

†Sample B: human plasma from a healthy individual with FVIII-specific IgG1

diluted with human plasma not containing FVIII-binding antibodies.

‡Sample C: a mixture of samples A and B.

Table 3. Reproducibility of affinity ELISA results for representative
samples of FVIII inhibitor patients

Total IgG assay
validation criteria Sample D*

Sample E*

Population 1
(high affinity)

Population 2
(low affinity)

Intraassay stability 11 30 43

Interassay stability 25 41 41

Robustness (freeze/thaw) 8 51 37

Data are CVs in percent.

*Samples D and E: human plasma from 2 subjects with severe congenital

hemophilia A and FVIII inhibitor, diluted with human plasma not containing

FVIII-binding antibodies.
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Additionally, we compared the apparent affinities of FVIII-
specific antibodies found in patients with congenital hemophilia A
and inhibitors to those in patients with acquired hemophilia A.
Patients with congenital hemophilia A and inhibitors expressed
significantly higher affinities for FVIII-specific IgG2 and IgG4, but
not for FVIII-specific IgG1 and IgG3 (see the supplemental Data,
Online Supplement 6).

We conclude that the apparent affinities of FVIII-specific
antibodies are significantly higher in patients with FVIII inhib-
itors compared to those in patients without FVIII inhibitors and
in healthy individuals. FVIII-specific IgG4 found in patients with
congenital hemophilia A and FVIII inhibitors expresses the highest
affinity of all IgG subclasses.

Longitudinal monitoring of FVIII-specific antibodies

After we had established the patterns of apparent affinities of FVIII-
specific antibodies in the different study cohorts, we were interested
to know whether the various species of FVIII-specific antibodies per-
sist during long-term follow-up. Moreover, we wanted to determine
whether high-affinity antibodies couldbe detected before the diagnosis

of FVIII inhibitors. We retrospectively studied longitudinal samples
from a patient with congenital hemophilia A and FVIII inhibitors, a
patient with acquired hemophilia A, and a healthy individual.

The samples from the patient with congenital hemophilia A were
taken at different time points before and after FVIII inhibitor diagnosis
as defined by positive Bethesda assay. Data presented in Figure 4
demonstrate that high-affinity FVIII-specific antibodies were already
detectable 543 days before the first FVIII inhibitor diagnosis. Im-
portantly, these antibodies contained not only high-affinity IgG1 but
also high-affinity IgG4, which differentiates neutralizing FVIII in-
hibitors from nonneutralizing FVIII-specific antibodies. These high-
affinity antibodies persisted for the whole observation period but
increased in titer over time. Together with the high-affinity anti-
bodies, low-affinity FVIII-specific antibodies were detectable at
543 and 444 days before the diagnosis of FVIII inhibitors. These low-
affinity antibodies were not detectable at later time points.

The samples from the patient with acquired hemophilia A were
taken at day 10, 31, and 57 after initial FVIII inhibitor diagnosis. Data
presented in Figure 5 demonstrate that high-affinity FVIII-specific IgG1
and IgG4 antibodies persisted during the whole observation period,
even at day 31 when the FVIII inhibitor had disappeared.

Figure 2. Titers of FVIII-specific antibodies assessed for individual immunoglobulin isotypes and IgG subclasses. Presented are the results of all plasma samples

that contained FVIII-specific antibodies with a titer $1:80 of at least 1 immunoglobulin isotype or IgG subclass. (A) Twenty-four of 24 patients with severe hemophilia A

and FVIII inhibitors (HA-INH). (B) Four of 77 patients with severe hemophilia A without FVIII inhibitors (HA-noINH). (C) Nineteen of 19 patients with acquired hemophilia A

(Acqu-HA). (D) Seventeen of 634 healthy individuals (Healthy). A titer of 1:20 represents the screening cutoff of the method to differentiate positive and negative samples. The

dotted line at a titer of 1:80 represents the lower limit of detection for FVIII-specific antibodies.3 Circles depict positive results for FVIII-specific antibodies; triangles represent

results that were below the lower limit of detection for FVIII-specific antibodies. ND, not detectable.
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The samples from the healthy individual covered a period of more
than 3 years. The initial sample contained FVIII-specific IgG1 anti-
bodies with a titer of 1:640 and a KA of 1 3 108 M21. During sub-
sequent follow-up at day 63, 366, 798, 987, and 1001, we did not see
any significant change in antibody titer or apparent affinity (Figure 6).
None of the samples was positive for FVIII inhibitors, which indicates
that low-affinity FVIII-specific antibodies can persist long-term.

In summary, high-affinity FVIII-specific IgG1 and IgG4 might
indicate evolving or persisting FVIII inhibitor responses, even when
FVIII inhibitors are not detectable.

Discussion

The regulation of antibody responses against FVIII in patients with
hemophilia A and in healthy individuals is not well understood, which
is why a better characterization of FVIII-specific immune responses
is required. The affinity of antibodies to their respective antigen is an
important feature, reflecting thematuration stage of antibody responses
and potentially implicating immune regulatory pathways involved in

their generation. We present the first study that provides a comprehen-
sive data set that assesses the apparent affinities of FVIII-specific
antibodies, separated for individual isotypes and IgG subclasses, in
different cohorts of patients with congenital or acquired hemophilia A
and in healthy individuals.

The strength of the affinity ELISA platform that we established
in this study is illustrated by low sample consumption, no need for

Figure 3. Apparent affinities of FVIII-specific antibodies assessed for individual immunoglobulin isotypes and IgG subclasses. Presented are apparent affinities KA [M21]

of FVIII-specific antibodies found in the different study cohorts presented in Figure 2. All samples containing FVIII-specific antibodies with a titer $1:80 as presented in Figure 2

were included in the analysis. (A) Patients with severe hemophilia A and FVIII inhibitors (HA-INH). (B) Patients with severe hemophilia A without FVIII inhibitors (HA-noINH).

(C) Patients with acquired hemophilia A (Acqu-HA). (D) Healthy individuals (Healthy). Some samples in each study cohort contained 2 populations of FVIII-specific antibodies

with distinct apparent affinities. These 2 populations present in the same sample are indicated by an open circle and a closed circle connected by a straight line.

Table 4. Statistical comparison and cut point calculation to
differentiate between pathogenic and nonpathogenic FVIII-specific
IgG1

Comparison Adjusted P Sensitivity Specificity
Cut point
KA [M21]

KA HA-INH IgG1

. KA HA-noINH IgG1

,.0001 0.875 0.987 1.3 3 109

KA Acqu-HA IgG1

. KA Healthy IgG1

,.0001 0.895 1.000 2.5 3 109

Statistical cut point calculation for apparent affinities of FVIII-specific IgG1,

comparing congenital hemophilia A patients with (HA-INH) and without (HA-noINH)

FVIII inhibitors, and comparing patients with acquired hemophilia A (Acqu-HA) with

healthy individuals (Healthy), using the Youden index approach as described in

“Materials and methods.”
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antibody purification, the potential to assess low-affinity antibody
clusters in mixtures with high-affinity antibody clusters, and the ability
to specify apparent affinities of individual antibody isotypes and IgG
subclasses. The ELISA-based technology reproducibly detects 1 or 2
antibody clusters of different affinities in the same plasma sample. The
absolute values for the apparent affinities represent estimates that are
reflected by CVs up to 51% when 2 antibody clusters with different
apparent affinities are present in the same plasma sample. Due to the
polyclonal nature of the antibody response, the values for apparent
affinities determined by nonlinear regression models can be only
estimates of average affinities of a particular antibody cluster. Although
separate analysis of association and dissociation kinetic parameters
is not feasible with this technology, we believe that the advantages
outweigh this limitation. Importantly, this platform has the potential of
distinguishing between the apparent affinities of different antibody
isotypes and IgG subclasses, which will improve our understanding
of the regulation of neutralizing and nonneutralizing FVIII-specific
antibodies.Data generatedwith the affinityELISAplatform are in good
agreement with alternative technologies such as SPR and BLI.

Our results reveal an up to 100-fold difference between apparent
affinities of FVIII-specific antibodies found in patients with FVIII
inhibitors and those found in patients without inhibitors and in healthy
individuals. On the basis of recent findings,4,5,7 we postulate that the
higher-affinity antibodies found in patients with FVIII inhibitors are
generated by plasma cells that arise from follicular differentiation
pathways in germinal centers and subsequently migrate to specific
plasma cell niches in the bone marrow where they can survive long-
term. The lower-affinity antibodies found in patients without FVIII
inhibitors and in healthy individuals, however, are more likely to be
produced by plasma cells arising from extrafollicular differentiation
pathways or from nonrecirculating marginal-zone B cells.

FVIII-specific IgG4, which was exclusively present in samples
from patients with FVIII inhibitors, expressed the highest apparent
affinity, confirming the importance of IgG4 in neutralizing antibody
responses against FVIII. The class switch to IgG4 has been described to
depend on a type 2 helper CD41 T-cell response.21 Growing evidence
links IgG4 to interleukin-10-producing regulatory CD41 T cells.22-24

The question arises as to which mechanisms cause the high affinity
of FVIII-specific IgG4. Recently, Collins et al25 proposed a model of
sequential IgG class switching in secondary germinal center responses,

Figure 4. Longitudinal monitoring of antibodies

against FVIII in a patient with congenital hemophilia

A. Presented are the results of a longitudinal monitoring

of antibodies against FVIII, including titers of binding

antibodies, differentiated for individual immunoglobulin

isotypes and IgG subclasses (A); Bethesda titers of FVIII

inhibitors (A-B); and apparent affinities of antibodies,

differentiated for individual immunoglobulin isotypes

and IgG subclasses (B). Antibody data for IgM, IgA,

IgG2, and IgG3 were below the cutoff of the antibody

assays and are, therefore, not shown. Data for titers of

antibodies against FVIII include the variation of the method

(61 titer step). Data for apparent affinity include the

95% CI. Presented are Bethesda titers of FVIII inhibitors

(BU/mL; filled red diamonds); titers of antibodies against

FVIII (IgG1 [open blue circles] and IgG4 [open green

diamonds]); and apparent affinities of FVIII-specific anti-

bodies for low-affinity IgG1 clusters (open blue bars) and

IgG4 clusters (open green bars) and for high-affinity

IgG1 clusters (filled blue bars) and IgG4 clusters (filled

green bars). The details of the medical history for this

patient are included in the supplemental Data, Online

Supplement 1.

Figure 5. Longitudinal monitoring of antibodies against FVIII in a patient with

acquired hemophilia A. Presented are the results of a longitudinal monitoring of

antibodies against FVIII, including titers of binding antibodies, differentiated for individual

immunoglobulin isotypes and IgG subclasses (A); Bethesda titers of FVIII inhibitors

(A-B); and apparent affinities of antibodies, differentiated for individual immunoglobulin

isotypes and IgG subclasses (B). Antibody data for IgM, IgA, IgG2, and IgG3 were

below the cutoff of the antibody assays and are, therefore, not shown. Data for titers of

antibodies against FVIII include the variation of the method (61 titer step). Data for

apparent affinity include the 95% CI. Presented are Bethesda titers of FVIII inhibitors

(BU/mL; filled red diamonds); titers of antibodies against FVIII (IgG1 [open blue circles]

and IgG4 [open green diamonds]); and apparent affinities of FVIII-specific antibody

clusters for IgG1 (filled blue bars) and IgG4 (filled green bars). The details of the medical

history for this patient are included in the supplemental Data, Online Supplement 2.
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where primarymemoryB cells reenter a germinal center in a secondary
response, undergo additional somatic hypermutations, and switch
to a more downstream IgG subclass. Their model is based on data
indicating that the number of somatic hypermutations in V(D)J
gene sequences of the different IgG subclasses corresponds to the posi-
tion of each constant region gene within the immunoglobulin heavy
chain locus, that is IgG3 , IgG1 , IgG2 , IgG4.25 The number
of somatic hypermutations is directly related to the number of cell
divisions in germinal centers and correlates with affinity maturation of
the B-cell receptor.26 This model could explain the higher affinity of
FVIII-specific IgG4 compared with FVIII-specific IgG1 in patients
with congenital hemophilia A and FVIII inhibitors. It would also
predict that high-affinity FVIII-specific IgG1 is likely to occur prior
to high-affinity FVIII-specific IgG4 in the course of the devel-
opment of FVIII inhibitors.

Another question is whether the appearance of high-affinity anti-
bodies against FVIII could provide a suitable biomarker for the early
detection of evolving FVIII inhibitor responses. The retrospective anal-
ysis of longitudinal samples from a patient with severe hemophilia A
indicated that high-affinity IgG1 and IgG4 were detectable as early
as 543 days before the first detection of FVIII inhibitors. Analyzing
cohorts of different patient populations, we previously demonstrated
that FVIII-specific IgG4was found in patients with FVIII inhibitors but
not in patients without inhibitors or in healthy individuals.3 Therefore,
we believe that even low titers of high-affinity FVIII-specific IgG4
might indicate an evolving FVIII inhibitor. If this hypothesis could be
confirmed in a prospective clinical study, it might offer an opportunity
for early immune intervention to prevent the clinical manifestation of
FVIII inhibitors.

The presence of high-affinity FVIII-specific antibodies might also
provide helpful information for monitoring patients with acquired
hemophilia A, which is only diagnosed after the FVIII inhibitor has
already been established. The presence or absence of high-affinity
antibodies might be a suitable biomarker for assessing treatment
efficacy. Our retrospective analysis of longitudinal samples illustrated
that the presence of high-affinity antibodies in the absence of detectable
FVIII inhibitors might be indicative of an early relapse associated with
the reappearance of FVIII inhibitors.

The origin and biological significance of low-affinity antibodies
against self-proteins such as FVIII as seen in some healthy individuals
is still a matter of debate. Previously, Cohen27 suggested that autoanti-
bodies present in healthy individuals are biomarkers of the im-
munologic homunculus, the body’s system to sense the current
immunogenic states and ensure immune homeostasis. Considering
the low affinity, we would expect that FVIII-specific antibodies in
healthy individuals arise from T cell–independent immune path-
ways. Interestingly, we observed persistent low-affinity antibodies
without any change in titer or affinity in a healthy individual whomwe
monitored for almost 3 years. Until recently, T cell–independent
antibody responses were believed to result in only short-lived plasma
cells lacking the generation of immunologic memory.5 However,
it is becoming increasingly clear that T cell–independent antibody
responses can generate both memory B cells and long-lived plasma
cells.28-30 There is evidence that a specific subpopulation of B cells,
termed B1b cells, can differentiate into memory B cells and long-lived
plasma cells in a T cell–independent fashion. Additional signals,
such as triggering of innate immune receptors, are assumed nec-
essary to complement signals coming through B-cell receptors in
order to provide sufficient stimulus for B1b cells to differentiate into
memory B cells and long-lived plasma cells.29 Future studies will
show whether B1b cells are responsible for producing persistent
low-affinity antibodies against FVIII in healthy individuals.

In summary, we present the first comprehensive assessment of
apparent affinities of FVIII-specific antibodies found in different
cohorts of patients with congenital or acquired hemophilia A and in
healthy individuals. We believe that the appearance or disappear-
ance of high-affinity FVIII-specific antibodies might provide useful
biomarkers for evolving or disappearing FVIII inhibitor responses.
Prospective, longitudinal clinical studies are needed to provide further
support for this hypothesis.
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