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Abstract

Therapeutic protein drugs are widely used to treat a variety of diseases. Although, they offer a favorable
benefit-risk ratio, one key hurdle for the maintenance of clinical safety and efficacy has been the devel-
opment of unwanted immune responses against them. While some patients develop harmless non-
neutralizing antibodies, others develop pathogenic antibodies which attenuate or neutralize the biologi-
cal activity of the protein drug or cause devastating health problems. Therefore, regulatory authorities
demand immunogenicity risk assessments for new biological drug candidates during preclinical and
clinical development. The establishment and validation of analytical methods for immunogenicity risk
assessments of new drug candidates, is one of the main focus areas of the Research Institute for Ap-
plied Bioanalytics and Drug Development at the IMC University of Applied Sciences Krems. One prom-
inent example for pathogenic anti-drug antibodies is the development of neutralizing antibodies against
blood coagulation Factor VIl in the course of replacement therapy of Hemophilia A patients with human
Factor VIII products. These antibodies may neutralize the biological activity of Factor VIII and render
replacement therapies ineffective resulting in life-threatening bleeding complications. Therefore, it is of
utmost importance to distinguish non-neutralizing from neutralizing antibodies against Factor VIl and
unravel nature and evolution of these. In close cooperation with the Research division of Baxalta Inno-
vations GmbH, part of Shire plc, the Research Institute for Applied Bioanalytics and Drug Development
at the IMC University of Applied Sciences Krems is dedicated to generate novel insights into the evolu-
tion of antibodies against Factor VIII. For this purpose, two different strategies, which are based on
state-of-the-art ELISA-based platform technologies that were validated/qualified according to current
regulatory guidelines of EU- and US-regulatory authorities, are followed: (1) the analysis of plasma sam-
ples obtained during clinical studies involving Hemophilia A patients treated with Factor VIII; (2) initiation
of an inhouse research project to improve the understanding of immune regulation and the nature of
harmless and pathogenic anti-drug antibodies. Particularly the latter is intended to establish a scientific
basis for the development of novel, patient-specific diagnostics with the intention to enable early per-
sonalized therapies.
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Since the approval of the first recombinant, therapeutic protein drug, recombinant human Insulin in 1982,
more than 200 therapeutic protein drugs have entered the market (Dewan 2016). Therapeutic protein
drugs have been widely used to treat a variety of diseases including cancer, autoimmune diseases,
neurological diseases, metabolic diseases, bleeding disorders and others. The huge success of these
drugs is related to their high specificity and low intrinsic toxicity. Although most protein drugs offer a
favorable benefit-risk ratio, one key hurdle for the maintenance of clinical efficacy and safety has been
the development of unwanted immune responses against protein drugs, in particular the development
of anti-drug antibodies (Koren et al. 2002, Schellekens / Casadevall 2004, Yin et al. 2015). The root
cause for the development of anti-drug antibodies is not well understood. Some patients develop harm-
less antibodies which resemble natural low-affinity autoantibodies found in healthy individuals, other
patients develop pathogenic antibodies which attenuate or neutralize the biological activity of the exog-
enously supplied protein or cause devastating health problems such as anaphylaxis or autoimmune
pathologies (Gunn et al. 2016). Therefore, regulatory authorities demand immunogenicity risk assess-
ments for biological drugs and new biological drug candidates during preclinical and clinical develop-
ment. The establishment and validation of analytical methods for immunogenicity risk assessments of
new drug candidates, is one of the main focus areas of the Research Institute for Applied Bioanalytics
and Drug Development at the IMC University of Applied Sciences Krems. New analytical methods are
designed and applied to identify, characterize and quantify potential adverse immune reactions such as
the development of anti-drug antibodies but also the potential to induce the release of inflammatory
cytokines or the potential to activate the complement system.

One prominent example for pathogenic anti-drug antibodies is the development of neutralizing antibod-
ies against blood coagulation Factor VIII (FVIII) in the course of replacement therapy of Hemophilia A
patients with human FVIII products (DiMichele 2013). About 20-30% of patients with severe Hemophilia
A (plasma FVIII activities <1%) and about 3-13% of patients with moderate (plasma FVIII activity 1-5%)
and mild (plasma FVIII activity 5-25%) Hemophilia A develop neutralizing antibodies (Gouw et al 2013,
Hay 1998). Anti-drug antibodies against FVIIIl may neutralize its biological activity and render replace-
ment therapies ineffective resulting in life-threatening bleeding complications. The development of neu-
tralizing antibodies is therefore associated with an increased morbidity and a decreased health-related
quality of life (HRQoL) for patients (Gringeri et al 2003). Immune tolerance induction (ITl) therapy using
regular high-dose applications of FVIII over a period of up to two or more years is the only strategy that
has been proven to successfully eradicate neutralizing antibodies and enable normal therapy with FVIII
products. Besides being a huge burden for patients and their care givers, ITl is only successful in 60-
85% of patients with neutralizing antibodies (DiMichele 2013). Therefore, it is of utmost importance to
unravel nature and evolution of pathogenic neutralizing antibodies against FVIII in order to facilitate the
development of advanced diagnostic tools which would allow for early personalized therapies to prevent
the development of antibodies interfering with FVIII replacement therapy in Hemophilia A patients.

In close cooperation with the Research division of Baxalta Innovations GmbH, now part of Shire plc, the
Research Institute for Applied Bioanalytics and Drug Development at the IMC University of Applied Sci-
ences Krems is dedicated to generate novel insights into the evolution of pathogenic antibodies against
FVIIl in patients with Hemophilia A. For this purpose, we have followed two different strategies: (1)
support the Research division of Baxalta Innovations GmbH, part of Shire plc, with the analysis of
plasma samples obtained during clinical studies involving Hemophilia A patients treated with FVIII; (2)
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initiation of an inhouse research project which is run in close cooperation with the Research division of
Baxalta Innovations GmbH, part of Shire plc.

In the last two years, we established and optimized two ELISA-based platform technologies for the
identification, quantification and characterization of FVIlI-specific antibodies: a FVIII-binding antibody
ELISA platform and a competition based apparent affinity ELISA platform.

The FVIII-binding antibody ELISA platform enables the discrimination, semi-quantitative characteriza-
tion and FVIlI-specificity testing of a broad spectrum of FVIII-binding antibodies of different isotypes
(IgM, IgG, IgA) and IgG subclasses (IgG1, 2, 3, 4) (Whelan et al. 2012). The technology platform involves
three sequential analytical steps:

1.) Ig isotype- and IgG subclass-specific screening ELISAs to identify samples with FVIll-specific
antibodies

2.) lgisotype- and IgG subclass-specific titration ELISAs to determine the corresponding titer levels
to the detected antibodies.

3.) lgisotype- and IgG subclass-specific competition ELISAs to confirm FVIII-specificity of the iden-
tified and quantified anti-FVIII antibodies.

All individual assays were established and validated according to current regulatory guidelines of the
European Medicines Agency (EMA) and United States’ Food and Drug Administration (FDA) which
makes them applicable for sample analysis during clinical assessment of FVIII products and new FVIII
product candidates (EMA/CHMP/BMWP 2015, FDA/CDER/CBER/CDRH 2016).

The second platform technology, a competition based apparent affinity ELISA platform, was established
and optimized for FVIII-specific IgG subclasses (IgG 1-4), and for IgA. This platform is based on modified
competition ELISAs according to Hofbauer et al 2015. Therefore, a defined series of FVIll-concentra-
tions is incubated with a plasma sample to be analyzed. After incubation, unbound antibodies within the
sample are detected by ELISA. By blotting the ELISA read-outs as a function of the different FVIII com-
petition concentrations, a sample-specific competition function is obtained. Upon analysis with a non-
linear regression model, which is based on previous publications by Stevens and Bobrovnik (Stevens /
Bobrovnik 2007, Bobrovnik et al. 2010), apparent affinity parameters for up to two different antibody
populations in the same plasma sample can be determined (Hofbauer et al. 2015). In order to demon-
strate reliability of the modified competition ELISAs, test parameters such as precision (inter- and intra-
assay Vvariability) and robustness, as defined in current EMA and FDA regulatory guidelines
(EMA/CHMP/BMWP 2016, FDA/CDER/CBER/CDRH 2016), were assessed during assay qualification.

The major advantage of the two platform technologies established at the Research Institute for Applied
Bioanalytics and Drug Development at the IMC University of Applied Sciences Krems is the utilization
of very small volumes of native, human plasma without the need for antibody purification. This is essen-
tial for the target population of previously untreated Hemophilia A patients. The patients are born with
the disease and usually receive their first dose of FVIII during the first 18 months of their life. The other
advantage of using native human plasma samples rather than purified antibody preparations is the pre-
vention of artefacts which might be introduced during the purification procedure.

After establishment and validation respectively qualification of all assays, which are part of the two plat-
form technologies, a cross-qualification study with 21 blinded, human plasma samples was performed

at the two research sites: the Research Institute for Applied Bioanalytics and Drug Development at the
IMC University of Applied Sciences Krems and the research labs of Baxalta Innovations GmbH, part of
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Shire plc, in Vienna. Both, validation/qualification and cross-qualification studies delivered subclass/iso-
type-specific FVIII-binding Ab-titers and associated apparent affinity values as expected. Hence, perfor-
mance similarity of the two ELISA platforms could be demonstrated at both laboratory sites.

Using these two platform technologies we have participated in the analysis of human plasma samples
obtained during the Hemophilia Inhibitor PUP (previously untreated patients) study (HIPS, clinicaltri-
als.gov NCT01652027). HIPS is a prospective multicenter observational study with the primary objective
to elucidate immune system changes in severe Hemophilia A patients during their first 50 exposure days
to a FVIII product. So far, 25 patients in 19 study centers in the US and Europe have been enrolled in
this study. Interim data coming out of this study suggested that the development of neutralizing antibod-
ies against FVIII is preceded by the detection of high-affinity FVIlI-specific antibodies which undergo
class switch from IgG1 and IgG3 to IgG4 (Reipert et al. 2016). The findings confirm affinity maturation
of FVIlI-specific antibodies which require T-cell dependent antibody responses resulting from germinal
center reactions. While low affinity IgG1 antibodies were sometimes seen in subjects without neutraliz-
ing antibodies, high-affinity antibodies were only seen in subjects who developed neutralizing antibod-
ies. These data indicate that high affinity FVIII-specific antibodies preceded the clinical diagnosis of
neutralizing antibodies and may serve as early biomarkers for the development of neutralizing antibod-
ies against FVIII facilitating early immune intervention (Reipert et al. 2016).

In addition to neutralizing antibodies against FVIII, there have also been reports on the development of
non-neutralizing antibodies in patients undergoing FVIII replacement therapy. The functional activity of
these antibodies is not fully understood (Whelan et al. 2012, Klintman et al. 2013). Some of these anti-
bodies have similar characteristics as low-affinity autoantibodies against FVIII which are found in some
healthy individuals (Whelan et al. 2012). These antibodies are mostly of low-affinity and can persist long-
term without any pathology (Hofbauer et al. 2015). Other non-neutralizing antibodies reduce the half-life
of FVIII in patients which could result in the requirement for more frequent treatments and higher doses
of FVIII, or increase its clearance rate (Batsuli et al. 2016). These findings are supported by clinical
reports of patients with undetectable neutralizing antibodies who have severe bleeding episodes despite
infusions of high doses of FVIII (Kempton et al. 2011).

Earlier studies done at the research labs of Baxalta Innovations GmbH, part of Shire plc, had indicated
that Hemophilia A patients with neutralizing antibodies have a distinct spectrum of FVIlI-specific IgG
subclasses when compared to patients with non-neutralizing antibodies. (Whelan et al 2012). Moreover,
FVlll-specific antibodies found in patients with neutralizing antibodies demonstrated an up to 100-fold
higher apparent affinity than antibodies found in patients with non-neutralizing antibodies (Hofbauer et
al. 2015).

These results demonstrate that differentiating neutralizing from non-neutralizing antibodies is evidently
not sufficient to understand and predict the pathogenic nature of FVIlI-specific antibodies in patients. Up
to now, no universal diagnostic tool to foresee and distinguish the development of harmless and/or
pathogenic antibodies in an individual patient is available. Therefore, research efforts are required to
improve the understanding of immune regulation and the nature of harmless and pathogenic anti-drug
antibodies as well as to establish a scientific basis for the development of novel, patient-specific diag-
nostics. Based on the two ELISA-based platform technologies, the Research Institute for Applied Bio-
analytics and Drug Development at the IMC University of Applied Sciences Krems in cooperation with
Baxalta Innovations GmbH, part of Shire plc, has initiated a new research project with the aim to close
a major gap in understanding the evolution of pathogenic antibodies against FVIII in patients with He-
mophilia A. Particularly, novel insights on the temporal association between epitope specificity, affinity,
isotype/lgG subclass profiles and functional activities of antibodies against FVIII, which develop in pa-
tients following replacement therapy with FVIII products, are to be generated.
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1.) Is the antibody response to FVIII restricted to protein epitopes or might carbohydrate residues
also be targeted?

For this purpose, the following questions will be addressed:

2.) Is there a correlation between the nature of the epitopes and their capacity to interfere with the
biological function of FVIII?

3.) Is there a difference in the affinity and/or the isotype/lgG subclass profile between antibodies
directed against carbohydrate structures or protein epitopes?

4.) Is there a temporal association between epitope specificity, affinity and isotype/lgG subclass
profile of FVIlI-specific antibodies which develop in patients undergoing replacement therapy
with FVIII products?

In order to address questions 1 and 3, the nucleotide sequences encoding FVIII-protein domains have
been cloned into mammalian expression vectors, host cells were transfected and best-expressing
clones were selected and cell banked. In parallel, deglycosylation studies are ongoing with the intention
to remove sugar moieties from purified recombinant FVIIl and FVIll-domains to compare them to their
glycosylated pendants upon their use in the ELISA-based platform technologies and further affinity eval-
uation technologies (e.g. Surface Plasmon Resonance (SPR) and Biolayer Interferometry (BLI)). Simi-
larly, commercially available monoclonal anti-FVIII antibodies, artificially synthesized published FVIII
epitopes and FVIll-epitopes identified by peptide mapping technologies will be included in the studies.
Furthermore, the establishment of functional assays was started to evaluate how antibodies against
carbohydrate structures and antibodies against protein epitopes of FVIII interfere with the biological
function of FVIII once they are identified (question 2). Based on these outcomes, a microarray containing
protein and carbohydrate epitopes of FVIII will be rationally designed and tested to address question 4.
The microarray will be tested using plasma samples from patients with neutralizing or non-neutralizing
antibodies against FVIIII. Finally, longitudinal samples obtained from Hemophilia A patients undergoing
FVII therapy will be tested Thereby, novel research findings could be directly translated into clinical
application. The results of this applied research project might provide the scientific basis to differentiate
patient-specific characteristics, design personalized treatment approaches and ultimately improve pa-
tient outcomes by an early recognition of evolving pathogenic antibodies against FVIII.

The following figure (Figure 1) provides the workflow of the research project which was initiated at the
Research Institute for Applied Bioanalytics and Drug Development at the IMC University of Applied Sci-
ences Krems.
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Figure 1: Work flow for the research project which was initiated at the Research Institute for Applied Bioanalytics
and Drug Development at the IMC University of Applied Sciences Krems.
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