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Neutralizing antibodies against factor VIII (FVIIl) remain the major complication in the
replacement therapy of hemophilia A patients. To better understand the evolution of

¢ Antibodies against factor VIII
show distinct characteristics in
healthy individuals and differ-
ent cohorts of hemophilia A
patients.

¢ 1gG4 antibodies against FVIII
are only found in patients with
inhibitors but not in healthy
individuals or patients without
inhibitors.

these antibodies it is important to generate comprehensive datasets which include both
neutralizing and nonneutralizing antibodies, their isotypes, and IgG subclasses. We
developed sensitive ELISAs to analyze FVIlI-binding antibodies in different cohorts of
hemophilia A patients and in healthy individuals. Our data reveal the prevalence of
FVIll-binding antibodies among healthy individuals (n = 600) to be as high as 19%, with
a prevalence of antibody titers = 1:80 of 2%. The prevalence of FVIlI-binding antibodies
was 34% (5% for titers = 1:80) in patients without FVIIl inhibitors (n = 77), 39% (4% for
titers = 1:80) in patients after successful immune tolerance induction therapy (n = 23),
and 100% (n = 20, all titers = 1:80) in patients with FVIIl inhibitors. We found significant
differences for IgG subclasses of FVIlI-binding antibodies between the different study
cohorts. IgG4 and IgG1 were the most abundant IgG subclasses in patients with FVIII
inhibitors. Strikingly, IgG4 was completely absent in patients without FVIIl inhibitors and
in healthy subjects. These findings point toward a distinct immune regulatory pathway responsible for the development of

FVIll-specific IgG4 associated with FVIIl inhibitors. (Blood. 2013;121(6):1039-1048)

Introduction

The development of neutralizing antibodies against factor VIII
(FVIII) inhibitors in approximately 25% to 30% of severe hemo-
philia A patients represents the most serious adverse event after
replacement therapy with FVIII products.! This problem has been
known for many years, yet why some patients develop FVIII
inhibitors while others do not is still far from clear.

Antibodies directed against FVIII have been found to be
comprised of a polyclonal IgG response.?? Clinical and experimen-
tal data indicate that FVIII inhibitor development depends on
CD4" T-cell help.*© Interactions between B cells and CD4* T cells
not only initiate expansion and differentiation of B cells, but also
trigger isotype switching and affinity maturation of antibodies.”$

In clinical practice, antibody responses against FVIII are
commonly identified as FVIII inhibitors by using the Bethesda or
Nijmegen-modified Bethesda Assay.” Although these assays have
provided important results, greatly contributing to our understand-
ing of the loss of FVIII function seen in patients, FVIII inhibitors
do not reflect the whole picture of FVIII-specific antibody re-
sponses. More recently, several assay platforms for the detection of

total FVIII-binding antibodies were presented which were based on
classic ELISA formats, immunoblotting or bead-based formats.!%-13
Studies using these platforms clearly showed that neutralizing
antibodies represent only part of the overall antibody spectrum
directed against FVIII. As expected, there are binding antibodies
with specificity to FVIII that do not neutralize the protein and,
therefore, are not detectable using a Bethesda assay. In addition,
circulating antibodies against FVIII are found in a proportion of
patients without FVIII inhibitors and even in some healthy
individuals.'? So far, the biologic significance of FVIII-binding
antibodies in patients without FVIII inhibitors and in healthy
individuals has not been elucidated. Studies in other diseases
indicated that nonneutralizing binding antibodies against therapeu-
tic proteins may alter the protein ‘s pharmacokinetic or pharmacody-
namic profiles.'*!> Furthermore, recent studies of self-reactive
antibodies in healthy individuals indicated that these antibodies
might be involved in the maintenance of immune homeostasis.'®!7

Gilles et al and others reported that the antibody response to
FVIII in patients is not isotypically restricted and involves all IgG
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subclasses with a preponderance of IgG1 and IgG4.!8 Only limited
information is available on the characteristics of antibodies against
FVII which are found in patients without FVIII inhibitors and in
healthy individuals. Most studies that have been published have
incorporated affinity purification steps associated with acid treat-
ment of the antibody preparation'®?! which might have created
artificial multireactivity that would not be seen in vivo.?>?
Therefore, results of previous studies have to be interpreted with
caution.

We present a comprehensive set of data on antibodies against
FVIII, including their Ig isotypes and IgG subclasses, found in
healthy individuals and in hemophilia A patients with and without
FVIII inhibitors. We established and validated ELISA-based assays
that were set up according to current regulatory guidelines for the
assessment of the immunogenicity of protein therapeutics.?*>
Using these assays, we analyzed plasma samples from 600 healthy
individuals stratified by age, sex, and geography as well as samples
from 77 hemophilia A patients without FVIII inhibitors, 20 hemophilia
A patients with inhibitors, and 23 hemophilia A patients who had
undergone successful immune tolerance induction therapy (ITI). In
addition, we included plasma samples from 9 acquired hemophilia
A patients for comparison.

Our results estimate the prevalence of FVIII-binding antibodies
in the healthy population and in different populations of patients
with hemophilia A, with separate calculations for antibody titers
< 1:80 and antibody titers = 1:80. Moreover, data on Ig isotypes
and IgG subclass distribution of FVIII-binding antibodies indicate
important differences between antibodies found in patients with
FVIII inhibitors and antibodies found in patients without inhibitors
and in healthy individuals. These differences might be indicative of
different immune regulatory pathways that drive the development
of antibodies against FVIII in the different study cohorts.

Methods

Human plasma samples

Samples of citrated human plasma were collected and stored at —20°C until
analysis. All patient samples were received after the subjects or their
guardians, respectively, gave written informed consent in accordance with
the Declaration of Helsinki, and with the approval from the local ethical
committees.

Healthy individuals

Plasma samples from 600 healthy donors were chosen from registered
plasma donors in 6 different geographies: 100 plasma samples from centers
throughout Austria and 100 samples from each of the following locations in
United States: Ammon, ID; Elkhart, IN; Fargo, ND; Lakeland, FL; and
Laredo, TX. This was done to achieve an equal proportion of each sex
(50 females and 50 males per plasma center) and a uniform distribution of
age (18-66 years) within each sex and plasma center.

Patients with hemophilia A

Plasma samples from 120 subjects with severe congenital hemophilia A
(FVIII < 1%) were obtained from the Medical University in Bonn,
Germany, the Medical University in Vienna, Austria, and the Institute of
Hematology and Transfusion Medicine, Warsaw, Poland. Twenty samples
were obtained from subjects with current FVIII inhibitors, with a median
time from inhibitor diagnosis of 52 months (intraquartile range [IQR],
12-176 months) and a median historic peak inhibitor titer of 143 BU/mL
(IQR, 88-213 BU/mL). Twenty-three samples were obtained from subjects
after successful ITI, with a median time after successful completion of ITI
of 165 months (IQR, 95-251 months) and a median historic peak inhibitor
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titer of 11 BU/mL (IQR, 2-22 BU/mL). The criteria of successful comple-
tion of ITI were negative Bethesda assay, FVIII recovery > 66% and FVIII
half-live > 6 hours. The remaining 77 samples were obtained from subjects
with no history of FVIII inhibitors after at least 100 exposure days to FVIII
products without any record of transient inhibitors.

Patients with acquired hemophilia A

For comparison, 9 samples from subjects with acquired hemophilia A were
included which were obtained from the Medical School in Hannover,
Germany. Samples were taken after the first diagnosis with a median FVIII
inhibitor titer of 35 BU/mL (IQR, 7-205 BU/mL).

Human recombinant proteins

Full-length recombinant human FVIII (FVIII) was obtained from Baxter
BioScience. Refacto (Pfizer) was used as source for B-domain—deleted
recombinant human FVIII (BDD FVIII).

ELISAs for the detection of binding antibodies

ELISAs for the detection of binding antibodies against FVIII were
established in compliance with the most recent regulatory guidelines.?*?
Polysorp microtiter plates (Nunc) were coated with 1 pg/mL FVIIL
overnight at 4°C. All washing steps were done with phosphate-buffered
saline (PBS; pH 7.4, Invitrogen) containing Tween (Merck). Unspecific
binding sites were blocked by incubation with preselected blocking buffers
for 1 hour at room temperature (RT). Afterward, plasma samples and
controls were incubated for 2 hours at RT. Enzyme-conjugated secondary
antibodies (see supplemental Table 1, available on the Blood Web site; see
the Supplemental Materials link at the top of the online article) were added
followed by incubation for 1 hour at RT. All detection antibodies were
tested and confirmed for specificity to their appropriate human Ig isotype or
IgG subclass (data not shown). Appropriate substrates were added and
incubated at RT in the dark. The delta optical density (DOD) for each
sample was assessed using a Microplate Reader (Synergy HR BioTek
Instruments) in dual mode at 405 nm (for alkaline phosphatase [AP]),
450 nm (for 3,3',5,5'-tetramethylbenzidine [TMB]), 492 nm (for
o-phenylenediamine [OPD]) measuring wavelength and 630 nm reference
wavelength. DOD of each sample was corrected for blank values.

Determination of cutoffs

A predetermined cutoff was established for each assay using a statistical
approach based on background signal levels of 160 healthy plasma donors
as described in Jaki et al.?® The initially determined cutoff for IgG2 and
IgG4 was very close to the limit of detection of the ELISA reader and
outside of the linearity of the positive control curve. To account for the
inherent fluctuations in the ELISA signal, the cutoffs for IgG2 and 1gG4
were increased by a factor of 2 and 3, respectively. This increased the
robustness of the assays while maintaining similar sensitivities.

For the assessment of IgM antibodies a “floating cut point” was
established. To account for daily variation, a “floating cut-point correction
factor” was used as described by Shankar et al.?’

Screening assay

Each plasma sample was analyzed twice at a dilution of 1:20. The minimum
dilution of 1:20 was chosen to prevent unspecific matrix effects. If the DOD
of both analyses was below cutoff, the sample was deemed negative. If the
DOD of both analyses was equal to or greater than the cutoff, the sample
was considered positive, and subsequently analyzed for antibody titers (see
“Determination of antibody titers”). In case of discrepancy, a third
repetition was done which determined whether the sample was considered
positive or negative.

Determination of antibody titers

The titer of a sample was defined as the highest dilution that still gave a
positive signal (DOD = cutoff). Appropriate positive controls and samples
were diluted in geometric progression, starting at a dilution of 1:20 and
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continuing with 1:2 dilution steps. Each sample was analyzed at least twice.
Based on the validated assay precision of * 1 titer step (see “Validation of
ELISAs for the detection of FVIII-binding antibodies” and supplemental
Figure 1), a difference of 2 titer steps between the 2 analyses of the same
sample was the maximal variation accepted. In approximately 10% of
cases, the difference in the results of the 2 analyses of the same sample was
more than 2 titer steps. In these cases, a third repetition was done.

If the difference of the 2 analyses of the same sample was 1 titer step,
the higher titer was reported. Otherwise, the median titer was reported.

Confirmation of specificity

Plasma samples and controls were preincubated with recombinant human
FVII (100 pwg/mL) for 1 hour at RT and subsequently assessed for antibody
titers as described in “Determination of antibody titers.” The specificity of
an antibody was confirmed if the competition assay showed an antibody
titer that was at least 3 titer steps lower than the antibody titer detected
without competition. Based on the validated assay precision, a difference of
only 1 or 2 titer steps could be a reflection of the variability of the method.
Thus, only plasma samples with an antibody titer = 1:80 could be evaluated
for specificity.

Positive and negative controls

Each assay involved a FVIII-binding human monoclonal antibody of the
respective Ig isotype or IgG subclass as a positive control, all recognized
the same FVIII epitope (AbD Serotec). The positive controls were spiked
into a negatively screened plasma pool from healthy donors. The positive
control antibodies were used to determine the sensitivity of each assay (see
supplemental Table 1) and for assay validation.

The negative control was a plasma pool generated from negatively
screened healthy individuals.

Validation of ELISAs for the detection of FVIlI-binding
antibodies

All ELISAs were validated with regard to precision (interassay and
intraassay variability), specificity, linearity, and robustness. The acceptance
criteria for precision of all ELISAs was =* 1 titer step (see supplemental
Figure 1). Based on this assay precision, differences in antibody titers
between 2 samples had to be at least 3 titer steps to be evaluated as different.
Differences of only 1 or 2 titer steps could simply reflect the variability of
the assays.

The mode titer of the positive controls was defined as the median titer
detected during assessment of interassay precision. The validation of an
assay was considered successful if the positive control did not differ more
than = 1 titer step from the mode titer, and if all negative controls (diluted
1:20 and tested in 4 parallels) tested negative. During routine analysis of
plasma samples, the negative and positive controls had to meet these
acceptance criteria. On change of the lot of a critical component (FVIII-
coating antigen, secondary conjugated antibodies, positive and negative
controls), the compliance of the new lot with the acceptance criteria during
validation was verified by a requalification procedure.

Potential specificity of binding antibodies against FVIII
B-domain

Positive samples with titers = 1:80 against FVIII were tested for their
binding to BDD FVIII using “screening assays” as described in “Screening
assays.” BDD FVIII was coated at a concentration of 1 pg/mL. Samples
that tested positive against FVIII but negative against BDD FVIII, were
considered to potentially contain only antibodies that recognize the
B-domain of FVIII. However, we would like to emphasize that this is a
simplified assumption because differences in reactivity against FVIII and
BDD FVIII could be because of other reasons, for example, loss of
conformational epitopes because of changes in the tertiary structure of the
protein.
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Detection of neutralizing antibodies against FVIII

All plasma samples that contained FVIII-binding antibodies were tested for
the presence of neutralizing antibodies against FVIII in clinical laboratories
using a Nijmegen modification of the Bethesda assay.?

The presence of FVIII inhibitors in 3 samples obtained from healthy
individuals were assessed in-house using a commercially available kit
(Technoclone) because the available plasma volume was not sufficient for
the routine clinical test.

Statistical analysis

The prevalence of FVIII-binding antibodies in study cohorts without FVIII
inhibitors was estimated along with 95% confidence intervals (ClIs)
calculated according to Wilson.?’

The nonparametric coefficient of correlation according to Spearman
was calculated for correlation analysis of FVIII-binding antibodies and
FVIII inhibitors and for correlation analysis of IgG1 and IgG4 FVIII-
binding antibodies using Prism 5.0 (GraphPad Software).

For the cohort of healthy individuals, subject-specific covariates (age,
sex, and geography) were used to model the observed FVIII-binding IgG1,
I1gG3, or IgA antibodies using a zero-inflated Poisson fixed effects
regression model similar to Bonate et al.’® A fully specified model
(including covariates sex, age, and geography in both components) was
compared with the null model (trivial model with intercepts only) using the
likelihood ratio test. These statistical analysis were performed with SAS
Version 9.2 and R Version 2.13.23! using R packages pcsl®? and Imtest.*3

The level of statistical significance was set to 5%.

Results

Prevalence of FVIlI-binding antibodies in healthy individuals
and in different cohorts of hemophilia A patients

We investigated plasma samples from 600 healthy individuals,
77 subjects with hemophilia A and no history of FVIII inhibitors,
20 subjects with hemophilia A and FVIII inhibitors, 23 subjects
with hemophilia A after successful ITI, and 9 subjects with
acquired hemophilia A for the presence of FVIII-binding antibodies
(IgM, IgA, IgG1, IgG2, IgG3, 1gG4). We found the prevalence of
FVIII-binding antibodies to be 19% (116 of 600) in healthy
individuals, 34% (26 of 77) in patients with hemophilia A and no
history of FVIII inhibitors, 100% (20 of 20) in patients with
hemophilia A and FVIII inhibitors, 39% (9 of 23) in patients with
hemophilia A after successful ITI, and 100% (9 of 9) in patients
with acquired hemophilia A (Table 1). When we differentiated the
results by antibody titers = 1:80 and antibody titers < 1:80, it
became apparent that most of the FVIII-binding antibodies that we
found in healthy individuals and patients without FVIII inhibitors
were antibodies with titers << 1:80 (Table 1). Nevertheless, 2% (14 of
600) of healthy individuals, 5% (4 of 77) of patients without FVIII
inhibitors and 4% (1 of 23) of patients after successful ITI had
antibodies with titers = 1:80 that we could confirm for specificity
by competition assays. As expected, all hemophilia A patients with
inhibitors and all acquired hemophilia A patients had FVIII-binding
antibodies with titers = 1:80 in at least 1 IgG subclass.

Specificity of FVIll-binding antibodies found in healthy
individuals and in patients with hemophilia A without
detectable inhibitors

The question arose of whether antibodies with titers = 1:80 found
in healthy individuals and in patients without detectable FVIII
inhibitors were directed against nonfunctional domains of FVIIIL,
for example, against the B-domain, which could explain the lack of
neutralizing capacity. To approach this question, we tested the
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Table 1. Estimated prevalence of FVIlI-binding antibodies in healthy individuals and in different patient cohorts

Prevalence of

Prevalence of antibodies Prevalence of antibodies

Sample positive individuals, with titers = 1:80, with titers < 1:80,
Patient type size % (95% Cl) % (95% Cl) % (95% Cl)
Healthy 600 19 (16-22) 2 (1-4) 17 (14-20)
Severe hemophilia A without inhibitor (HA-no/INH) 77 34 (24-45) 5(2-13) 31 (22-42)
Severe hemophilia A after successful ITI (HA-ITI) 23 39 (22-59) 4 (1-21) 35 (19-55)
Severe hemophilia A with inhibitor (HA-INH) 20 100 (84-100) 100 (84-100) 0 (0-16)
Acquired hemophilia A (Acqu-HA) 9 100 (70-100) 100 (70-100) 0 (0-30)

Estimated prevalence of FVIII-binding antibodies in healthy individuals, in patients with hemophilia A without inhibitors, and in patients with hemophilia A after successful
immune tolerance induction therapy (ITl). Some samples contained more than one population of antibodies of different |g isotypes and IgG subclasses which were individually
assessed for antibody titers = 1:80 and antibody titers < 1:80, respectively. Therefore, the prevalence of antibody titers = 1:80 and antibody titers < 1:80 does not necessarily

add up to the total prevalence of positive individuals.
FVIIl indicates factor VIII; and Cl, confidence interval.

reactivity of all plasma samples with antibody titers = 1:80 for
their reactivity against BDD FVIII. Our results demonstrate that
18 of 19 samples analyzed bound to full-length FVIII but not to
BDD FVIIL. Only 1 plasma sample, obtained from a healthy
individual, contained antibodies that bound to both full-length
FVIII and BDD FVIII (Table 2).

Isotype and IgG subclass distribution of FVIIl-binding antibodies
found in healthy individuals and in patients with hemophilia A

As several previous reports indicated that the production of certain
IgG subclasses might be associated with the involvement of
different CD4*% T helper cell subtypes in the immune response
against protein antigens,®3+3> the analysis of Ig isotypes and IgG
subclasses of anti-FVIII antibodies could contribute to a better
understanding of the regulation of unwanted immune responses
against FVIII products. Our results confirm previous reports which
showed that the antibody response in patients with FVIII inhibitors
is not restricted isotypically and involves all IgG subclasses.'8 1gG1

and IgG4 antibodies were most prominent in both hemophilia A
patients with inhibitors and in patients with acquired hemophilia A.
1gG2 and 1gG3 were less frequently detected in these cohorts. IgM
and IgA antibodies were rarely seen (Table 3 and Figure 1). The
isotype and IgG subclass distribution of FVIII-binding antibodies in
healthy individuals and in patients without FVIII inhibitors was differ-
ent. IgG4 was completely absent in these cohorts (Table 3 and Figure 1).
Instead, IgG1, IgG3, and IgA were prominent in healthy individuals;
IgG1 and IgG3 were dominant in patients without a history of FVIII
inhibitors and IgG1 was dominant in patients after successful ITI.

Next, we were interested to trace the presence of multiple
isotypes and IgG subclasses of anti-FVIII antibodies in the same
plasma sample. The simultaneous development of different iso-
types or IgG subclasses of anti-FVIII antibodies would confirm the
polyclonal nature of the antibody response and might also indicate
the involvement of different CD4" T helper cell subtypes in the
regulation of the immune response against FVIII. Our results
clearly demonstrate that almost all samples obtained from hemo-
philia A patients with inhibitors, and all samples obtained from

Table 2. Titers and specificities of FVIll-binding antibodies and results of FVIIl inhibitor assays

FVIll inhibitors,
Study cohort/identification code Antibody titer against FVIIl Binding to BDD FVIII Competition by FVIIl (BU/mL)
Healthy
Healthy 67 1:320 No Yes <0.6
Healthy 549 1:160 No Yes < 0.6
Healthy 226 1:80 No Yes < 0.6
Healthy 262 1:80 No Yes <0.6
Healthy 510 1:80 Yes Yes < 0.6
Healthy 304 1:80 No Yes < 0.6
Healthy 480 1:80 No Yes <0.6*
Healthy 79 1:320 No Yes <1.0*
Healthy 217 1:80 No Yes < 0.6
Healthy 512 1:160 No Yes <1.0*
Healthy 20 1:80 No Yes <0.6
Healthy 398 1:80 No Yes < 0.6
Healthy 62 1:80 No Yes <0.6
Healthy 282 1:80 No Yes <0.6
HA-noINH
HA-noINH 7 1:320 No Yes <0.6
HA-noINH 13 1:80 No Yes < 0.6
HA-noINH 52 1:80 No Yes < 0.6
HA-noINH 77 1:80 No Yes <0.6
HA-ITI
HA-ITI 5 1:80 No Yes < 0.6

Titers and specificities of FVIII-binding antibodies and results of FVIII inhibitor assays found in healthy individuals and in hemophilia A patients without FVIII inhibitors. All

cases with titers = 1:80 are included.

FVIllindicates factor VIII; HA-noINH, hemophilia A patients without inhibitors; and A-ITI, hemophilia A patients after successful immune tolerance induction therapy (ITl).

*Samples were tested in-house with a commercially available kit.
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Table 3. Estimated prevalence of Ig isotypes and IgG subclasses of FVIII-binding antibodies found in healthy individuals and in different

cohorts of hemophilia A patients

Study cohort Sample size 19G1, %* 19G2, %* 19G3, %* 19G4, %* IgA, %* IgM, %*
Healthy 600 6 1 6 0 6 1
Hemophilia A without inhibitor (HA-noINH) 77 19 1 13 0 4 3
Hemophilia A after successful ITI (HA-ITI) 23 30 ) 4 0 0 0
Hemophilia A with inhibitor (HA-INH) 20 95 35 25 95 10 5
Acquired hemophilia A (Acqu-HA) 9 100 67 22 100 11 11

FVIIl indicates factor VIII; and ITI, immune tolerance induction therapy.

*Many samples contained different populations of antibodies that were individually assessed for prevalence. Therefore, the sum of the prevalence of the individual isotypes

and subclasses may be > 100%.

patients with acquired hemophilia A contained multiple isotypes
and IgG subclasses of anti-FVIII antibodies (Table 4). In contrast,
only a fraction of healthy individuals and patients without FVIII
inhibitors were found to have detectable anti-FVIII antibodies of
multiple isotypes and IgG subclasses (Table 4).

Correlation between Bethesda titer and titer of FVIlI-binding
antibodies in patients with FVIIl inhibitors

Once we completed the comprehensive analysis of FVIII-binding
antibodies in different cohorts of hemophilia A patients and in
healthy individuals, we were interested to determine whether titers
of FVIII-binding antibodies would correlate with Bethesda titers of
neutralizing antibodies. Furthermore, we wanted to know which of
the IgG subclasses that contributed to FVIII-binding antibodies in
patients with FVIII inhibitors would give the best correlation to
Bethesda titers of FVIII inhibitors. Our results indicate that IgG1
and IgG4 antibodies provide the best correlation between titers of
FVIII-binding antibodies and Bethesda titer of FVIII inhibitors
(Figure 2). Furthermore, we found a significant correlation between
titers of IgG1 and IgG4 subclasses of FVIII-binding antibodies in
patients with FVIII inhibitors (Figure 3). We also observed a

statistically significant correlation with Bethesda titers for IgG2
FVIII-binding antibodies. No statistically significant correlation
was observed for IgG3 antibodies (Figure 2). We did not perform a
correlation analysis for IgM or IgA antibodies because of the low
number of positive samples with IgM and IgA FVIII-binding
antibodies found in hemophilia A patients with inhibitors. Overall,
these results support the idea that multiple IgG subclasses contrib-
ute to FVIII inhibitors.

Correlation analysis of plasma donor covariates (age, sex, and
geography) with the prevalence of FVIll-binding antibodies in
healthy individuals

FVIII-binding antibodies in healthy individuals represent self-
reactive antibodies that might be associated with immune reactions
against a self-protein. Previous reports indicated that the preva-
lence of self-reactive antibodies in healthy individuals increases
with age.’¢ Therefore, we asked whether the prevalence of FVIII-
binding antibodies in healthy individuals correlates with the age of
the blood donors (Figure 4A-D). In addition, we were interested to
study the potential impact of sex and geography on the prevalence
of these antibodies.
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Figure 1. Titers of FVIll-binding antibodies assessed for individual Ig isotypes and IgG subclasses. The detected titers of Ig isotypes and IgG subclasses of FVIlI-binding
antibodies for (A) healthy individuals, (B) hemophilia A patients without inhibitors (HA-noINH), (C) hemophilia A patients with inhibitors (HA-INH), (D) acquired hemophilia A
(Acqu-HA) patients, and (E) hemophilia A patients after successful ITI (HA-ITI) are shown. Plasma samples were diluted at least 1:20. Samples that did not give a positive
signal at this minimum dilution were considered as negative (not detectable [ND]). The dotted line at a titer of 1:80 indicates the minimum titer required for proof of specificity.

Titers of < 1:80 were too low to be confirmed for specificity.
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Table 4. Subjects with multiple Ig Isotypes and/or IgG subclasses of FVIlI-binding antibodies

No. (%) of positive samples that contain multiple Ig

Titer of FVIlI-binding antibodies

isotypes/lgG subclasses, identification code 19G1 19G2 19G3 9G4 IgA IgM
Healthy: 7 of 116 positives (6%),
sample size: n = 600
Healthy 12 neg neg 1:80 neg neg 1:20
Healthy 54 neg neg 1:20 neg neg 1:40
Healthy 93 1:20 neg neg neg 1:20 neg
Healthy 111 1:20 neg neg neg 1:40 neg
Healthy 297 1:40 1:40
Healthy 311 1:40 1:40
Healthy 595 1:20 1:40
Hemophilia A without inhibitor: 5 of 26 positives (19%),
sample size: n = 77
HA-noINH 13 1:80 1:40
HA-noINH 28 1:20 1:20
HA-noINH 55 1:40 1:40
HA-noINH 63 1:40 1:20
HA-noINH 77 1:80 1:20
Hemophilia A with inhibitor: 19 of 20 positives (95%),
sample size: n = 20
HA-INH 1 1:80 1:320 1:20
HA-INH 2 1:80 1:640
HA-INH 3 1:80 1:640
HA-INH 4 1:320 1:160 1:80 1:1280
HA-INH 5 1:40 1:1280
HA-INH 6 1:160 1:1280
HA-INH 7 1:640 1:20 1:5120
HA-INH 8 1:2560 1:320 1:40 1:10 240
HA-INH 9 1:1280 1:5120 1:40
HA-INH 10 1:160 1:40 1:80 1:10 240
HA-INH 11 1:5120 1:640 1:163840 1:20
HA-INH 12 1:80 1:20 1:1280
HA-INH 14 1:80 1:40
HA-INH 15 1:20 1:160
HA-INH 16 1:80 1:40 1:320
HA-INH 17 1:80 1:20 1:160 1:320
HA-INH 18 1:80 1:320
HA-INH 19 1:160 1:320
HA-INH 20 1:80 1:40 1:640
Acquired hemophilia A: 9 of 9 positives (100%),
sample size:n =9
Acqu-HA1 1:5120 1:40 1:20 480 1:20
Acqu-HA 2 1:1280 1:320
Acqu-HA 3 1:2560 1:80 1:640
Acqu-HA 4 1:320 1:1280
Acqu-HA 5 1:10 240 1:320 1:80 1:2560
Acqu-HA 6 1:40 960 1:160 1:320 1:2560
Acqu-HA 7 1:5120 1:20 1:5120 1:40
Acqu-HA 8 1:2560 1:5120
Acqu-HA 9 1:1280 1:80 1:20 480
Hemophilia A after successful ITI: 1 of 9 positives (11%),
sample size: n = 23
HA-ITI 11 1:40 1:40

FVIil indicates factor VIII; ITI, immune tolerance induction therapy; and neg, titer < 1:20.

A zero-inflated Poisson regression model was used to model the
most prominent FVIII-binding antibodies in healthy individuals
(IgG1, IgG3, and IgA, see Table 5) using subject-specific covari-
ates (age, sex, and geography). Regarding FVIII-binding IgG1 and
IgG3 antibodies, the statistical model provided no statistical
evidence that covariates age, sex, and geography of the blood donor
contributed to their development. On the other hand, for FVIII-
binding IgA antibodies, there was a statistically significant contri-
bution of age and geography of the blood donor to the development

of titers. The fitted statistical model states that controlling for
geography of the blood donor, the odds of having an IgA titer
= 1:20 increased by a factor of 1.395 (95% CI, 1.051-1.852) for
each 10-year increase in age. In addition, holding age at a fixed
value, the odds of having a titer = 1:20 over the odds of having a
titer = 1:20 in Austria was 1.00 (95% CI, 0.190-5.29) in Elkhart,
1.35 (95% CI, 0.282-6.47) in Lakeland, 1.80 (95% CI, 0.400-8.11)
in Ammon, 3.55 (95% CI, 0.881-14.29) in Fargo, and 5.57 (95%
CI, 1.44-21.5) in Laredo.
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Figure 2. Correlation between titers of FVIIl-binding A B
antibodies and inhibitor titers in hemophilia A pa-
tients with inhibitors (HA-INH). The correlation be-  « 1:327680 oy 1:327680 -
tween titers of FVIlI-binding antibodies and inhibitor titers % 1:81920 r=0.793* O 4.81920 ] r=0.744*
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Discussion

The development of antibodies against FVIII in patients with
hemophilia A has been shown to consist of both neutralizing (FVIII
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Figure 3. Correlation between titers of FVlll-specific IgG4 and titers of FVIII-
specific IgG1 in hemophilia A patients with inhibitors (HA-INH). The correlation
between titers of FVIlI-specific IgG4 and titers of FVIII-specific IgG1 in hemophilia A
patients with inhibitors was determined using the 2-tailed nonparametric correlation
according to Spearman, and calculated using GraphPad Prism 5 software. The
correlation coefficient (r) and the 95% confidence intervals (in parentheses) are
indicated. The correlation is significant (*P = .05).

Inhibitor [BU/mL]

inhibitors) and nonneutralizing antibodies.!'® Furthermore, the
presence of nonneutralizing FVIII-binding antibodies has been
reported not only in patients but also in healthy individuals.'> Yet,
the actual prevalence of total FVIII-binding antibodies in healthy
individuals and in hemophilia A patients with and without FVIII
inhibitors remains unclear.

Our study introduces a comprehensive analysis of the preva-
lence of FVIII-binding antibodies found in healthy individuals and
in different cohorts of patients with hemophilia A. Importantly, we
conducted a thorough investigation not only of the neutralizing
antibodies but of the total FVIII-binding antibody response,
including a breakdown of Ig isotypes and IgG subclasses. To ensure
the high quality of our dataset, the assays used in our study were
established in accordance with the most recent regulatory
guidelines.?+%

Investigations of self-reactive antibodies against FVIII have
presented conflicting results. The 2 largest studies found a preva-
lence ranging from 3% (4 of 150)'? to 17% (85 of 500)." Our
results reveal an overall prevalence of FVIII-binding antibodies in
healthy individuals of 19% (116 of 600). We discovered though that
these antibodies were mostly of titers << 1:80 which were to low to
confirm their specificity for FVIIL. Therefore, we cannot exclude
that these low-titer antibodies represent multireactive antibodies.
Only 2% (14 of 600) of our cohort of healthy individuals had
antibodies with titers = 1:80 which we could confirm for specific-
ity to full-length FVIII. Thirteen of 14 of these plasma samples
with titers = 1:80 bound to full-length FVIII but not to B-domain—
deleted FVIII, providing a hint that these antibodies might be
directed against an epitope in the B-domain. An alternative
explanation could be that the lack of the B-domain causes structural
alterations in the FVIII protein resulting in a loss of conformational
epitopes that are recognized by antibodies that bind to full-length
FVIII but not to B-domain—deleted FVIIL. One of 14 of the samples
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Figure 4. Ig Isotypes and IgG subclasses of FVIlI-binding antibodies in healthy individuals in relationship to age and sex. Plasma samples obtained from healthy
individuals were analyzed for FVIlI-binding antibodies of the Ig isotypes and IgG subclasses (A) IgG1, (B) IgG2, (C) IgG3, (D) IgG4, (E) IgA, and (F) IgM. Healthy individuals
were equally distributed by age between 18 and 66 years for both men (A; n = 300) and women (V; n = 300); see also supplemental Figure 2. Plasma samples were diluted at
least 1:20. Samples that did not give a positive signal at this minimum dilution were considered as ative (not detectable [ND]). The dotted line at a titer of 1:80 indicates the

minimum titer required for proof of specificity. Titers of < 1:80 were too low to be confirmed for specificity.

contained antibodies that bound to both full-length and B-domain—
deleted FVIII. We hypothesize that these antibodies are of low
affinity because they do not seem to negatively impact hemostasis.
Recent reports describe a role of low-affinity self-reactive antibod-
ies in the maintenance of immune homeostasis.'®!7 If this would be
the case for FVIII-binding antibodies found in healthy individuals,
these antibodies might be involved in the maintenance of periph-
eral immune tolerance against FVIIL.

Interestingly, we observed a statistically significant contribution
of age and geography to the development of FVIII-binding IgA
antibodies in healthy individuals. While IgA was described to be
induced by TGFB-producing CD4* T cells, T cell-independent
mechanisms for the induction of low-affinity IgA antibodies have
also been reported.’” Signals delivered by serum monomeric IgA

are essential in controlling the immune system by preventing the
development of autoimmunity and inflammation.’® Increases of
autoantibodies with age have been previously interpreted to be
mainly because of either environmental factors such as viral
infections and resulting cross-reactivity, or as ongoing changes in
immune regulatory mechanisms, such as a decline in regulatory
T-cell function.?® We hypothesize that the correlation of IgA to age
and geography could thus be because of both environmental and
genetic factors and that these antibodies are in fact of low affinity
and possibly involved in immune regulation.

In our cohort of hemophilia A patients without inhibitors, the
prevalence of FVIII-binding antibodies was 34% (26 of 77). Neverthe-
less, only 5% (4 of 77) of these patients had FVIII-binding
antibodies with titers = 1:80. Inhibitor patients who had undergone

Table 5. Statistical modeling of the relation of IgG1, I9G3, and IgA FVIll-binding antibodies in healthy individuals

FVIll-binding antibody Model Log-likelihood Residual degrees of freedom X2 statistic P

IgG1* Null model§ -172.3 598 7.9 .8938
Full specified model]] —168.4 584

1gG3t Null model§ -183.4 598 21.9 .0803
Full specified modelq| —-172.5 584

IgAT Null model§ -177.0 598 31.0 .0055
Full specified model] -161.5 584

Statistical modeling of the relation of IgG1, IgG3, and IgA FVIII-binding antibodies in healthy individuals with covariates age, sex, and location of the plasma center using a

zero-inflated Poisson regression model.

*The comparison of the full specified model with the null model using the likelihood ratio test resulted in a P value of .8938 indicating that age, sex, and location of the
plasma center taken together as predictor variables (not just individually) did not result in a statistically significant improvement in the model fit.

1The comparison of the full specified model with the null model using the likelihood ratio test resulted in a P value of .0803 indicating that age, sex, and location of the
plasma center taken together as predictor variables (not just individually) did not result in a statistically significant improvement in the model fit.

$The comparison of the full specified model with the null model using the likelihood ratio test resulted in a P value of .0055 indicating that age, sex, and location of the

plasma center taken together as predictor variables (not just individually) resulted in a statistically significant improvement in the model fit compared to the trivial model. The full
specified model was further refined based on clinical input and the akaike information criterion (AIC) criteria resulting in a final zero-inflated Poisson regression model
consisting of the intercept only in the titer = 1:20 component and with covariates age and plasma center in the titer < 1:20 component which resulted also in a statistically
significant improvement in the model fit compared to the null model (P = .0051).

§Null model: zero-inflated Poisson regression model without covariates (ie, trivial model with intercepts only).

YIFull specified model: zero-inflated Poisson regression model with covariates age, sex, and location of the plasma center in the titer = 1:20 component as well as in the
titer < 1:20 component.
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successful immune tolerance therapy were found to have a
prevalence of FVIII-binding antibodies of 39% (9 of 23) with only
4% (1 of 23) of them having antibody titers = 1:80. As expected,
100% of plasma samples tested from hemophilia A patients with
inhibitors (20 of 20) and from acquired hemophilia A patients (9 of
9) contained detectable FVIII-binding antibodies. All of them had
titers = 1:80 which were confirmed for specificity to FVIIL. For
comparison, 3 recent studies using bead-based assays reported a
prevalence of 50% (23 of 46), 33% (13 of 39), and 18% (28 of 210)
for FVIII-binding antibodies in hemophilia A patients without
inhibitors.!>133° Another study which used an ELISA-based ap-
proach found a prevalence of 12% (6 of 49).%0 In contrast to our
study which only included patients with severe hemophilia A
(FVIII activity < 1%), the studies presented by Krudysz-Amblo et
al, Lebreton et al, and Zakarija et al included patients with all
severities of hemophilia A.!>1339 We believe that discrepancies in
results for the prevalence of FVIII-binding antibodies between the
various studies might be because of differences in the patient
populations investigated and different assay formats. The study by
Lebreton et al presented findings indicating that FVIII-binding
antibodies found in patients without inhibitors are directed against
light chain, heavy chain, or B-domain, with a clear dominance of
antibodies directed against the heavy chain.!3 On the other hand,
results presented by Vincent et al found antibody specificities
directed against only the B-domain.*® Our own data presented in
this study seem to confirm the results reported by Vincent et al,
although we did identify 1 of 600 healthy individuals with
FVIII-binding antibody titers = 1:80 that recognized both full-
length FVIII and BDD FVIIL.

The antibody response against FVIII in patients with hemo-
philia A and FVIII inhibitors was demonstrated to be a polyclonal
IgG response that is not restricted isotypically. IgG1 and IgG4 were
reported to be the major components of anti-FVIII antibodies.?!!-18
Similar to previous findings, IgG1 and IgG4 were the dominant
subclasses of antibodies against FVIII found in our cohorts of
patients with FVIII inhibitors. Both subclasses correlated well in
titer with the titers of neutralizing antibodies. Samples tested from
acquired hemophilia A patients possessed a similar antibody
pattern as patients with congenital hemophilia A and FVIII
inhibitors. Strikingly, IgG4 was only found in patients with FVIII
inhibitors but not in healthy individuals, in patients without FVIII
inhibitors, or in patients after successful ITI. For comparison, the
most recent study investigating IgG subclass distribution in hemo-
philia A patients undergoing ITI by van Helden et al found
detectable FVIII-binding 1gG4 antibodies in 16 of 20 patients.!!
The 4 patients negative for [gG4 had low Bethesda titers (< 2.0 BU/
mL). The sensitivity of the assays used by van Helden et al was in
the range of 20 ng/mL. For comparison, the sensitivity of our assay
for FVIII-binding IgG4 antibodies was 0.8 ng/mL which is approxi-
mately 25-fold more sensitive than the assay used by van Helden et
al. Thus, minor differences in the prevalence of FVIII-binding
IgG4 antibodies between our study and the study by van Helden et
al might be because of differences in the sensitivity of the assays
used. Our findings highlight the significance of IgG4 in the
neutralizing immune responses against FVIII, and raise the ques-
tion of which immunologic pathways are responsible for the
differentiation of FVIII-specific B cells into IgG4-producing
plasma cells. Furthermore, it provokes an investigation into
understanding how these pathways are triggered selectively in
patients with neutralizing antibodies against FVIII. The class
switch to IgG4 has been described to depend on a type 2 helper
CD4 " T-cell response.*! Moreover, growing evidence links 1gG4 to
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IL-10—producing regulatory CD4* T cells, as IL-10 was shown to
be required to drive the differentiation of IgG4-switched B cells to
1gG4-secreting plasma cells.*? [gG4 has long been considered as a
nonpathologic antibody subclass with anti-inflammatory proper-
ties.*! It is functionally different from other IgG subclasses because
of its poor ability to activate complement and Fc-receptor—
expressing effector cells.** van der Neut Kolfschoten et al reported
that [gG4 antibodies can exchange their Fab arms by swapping a
heavy chain and attached light chain (half-molecule) with a
heavy-light chain pair from another molecule, which would result
in functional monovalency of IgG4 molecules and prevent cross-
linking of identical antigens.** Recently, a new class of IgG4-
related systemic fibroinflammatory diseases was described. One of
the immunologic characteristics of these diseases is the activation
of regulatory T (Treg) cells,**¢ which is indicated by a higher
expression level of the forkhead box P3 (FOXP3) mRNA in tissues
as well as infiltrates of CD4*CD25" Treg cells at affected sites and
increased numbers of CD4+tCD25"eh Treg cells in the blood.*54
These findings further support the association of IgG4 with the
activation of Treg cells. Still, it remains to be seen whether the
dominant induction of IgG4 FVIII-binding antibodies found in
patients with hemophilia A and FVIII inhibitors is indeed linked to
the activation of Treg cells.

In summary, our data confirm that FVIII-binding antibodies are
found not only in hemophilia A patients with FVIII inhibitors but
also in patients without FVIII inhibitors and in healthy individuals.
The distribution of Ig isotypes and IgG subclasses of FVIII-binding
antibodies differs between patients with FVIII inhibitors on one
hand and patients without inhibitors and healthy subjects on the
other hand. Total absence of detectable FVIII-binding IgG4 in all
study populations except patients with FVIII inhibitors is the most
striking finding of this study. These differences could be indicative
of different immune regulatory pathways that drive antibody
responses against FVIII in the different study cohorts. For a better
understanding on how the immune system decides whether or not
do develop FVIII inhibitors, future studies should focus on the
longitudinal analysis of FVIII-binding antibodies in early phases of
FVIII replacement therapy, which are likely to be most important
for the regulation of FVIII-specific immune responses in patients.
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