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Abstract

Introduction: Bleeding episodes in patients who have haemophilia A (HA), a hereditary 

bleeding disorder caused by a deficiency in factor VIII (FVIII), are treated or prophylactically 

prevented with infusions of exogenous FVIII. Neutralizing antibodies, referred to as inhibitors, 

against infusion products are a major complication experienced by up to 30% of patients who have 

severe HA. Bypassing agents (BPA), a class of therapeutics given to patients who have inhibitors, 

bypass the need for FVIII in the coagulation cascade, and long-term inhibitor eradication is 

accomplished using immune tolerance induction therapy (ITI). Data examining the antibody levels 

in patients receiving BPA and ITI are limited.

Aim: Measure anti-FVIII antibody levels in specimens from patients receiving ITI or BPA in 

order to evaluate the anti-FVIII antibody response in those patients.

Methods: Specimens were tested using the CDC-modified Nijmegen-Bethesda assay (NBA) and 

the CDC fluorescence immunoassay (FLI) for anti-FVIII IgG1 and IgG4.

Results: NBA-negative specimens from patients undergoing ITI or receiving BPAs have a higher 

frequency of anti-FVIII IgG4 positivity compared with the previously published level for NBA-

negative HA patients. Analysis of anti-FVIII antibody levels in serial samples from patients 

undergoing ITI reveals that antibodies can persist even after the patient's NBA result falls into the 

negative range.

Conclusions: Measurement of anti-FVIII antibodies may be a useful means to better 

contextualize NBA results in specimens from patients receiving BPA or ITI. In addition, 

assessment of anti-FVIII antibody levels has the potential to improve inhibitor surveillance and 

clinical decision-making related to the progress of ITI.
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1 ∣ INTRODUCTION

Haemophilia A (HA), an X-linked inherited bleeding disorder characterized by a defect in 

coagulation factor VIII (FVIII), affects roughly 25,000 people in the United States.1 

Bleeding episodes in patients who have HA are commonly treated or prophylactically 

prevented with infusions of exogenous FVIII. A significant complication associated with 

FVIII infusion therapy is the development of neutralizing alloantibodies (inhibitors) against 

the infused product. Inhibitors interfere with the function of the infusion product and/or 

expedite its clearance, thereby nullifying the therapeutic effects of treatment. Patients who 

develop inhibitors present unique challenges to the healthcare system, including increased 

morbidity, the need for alternative therapies, more vigilant monitoring and increased cost of 

treatment, which can exceed one million U.S. dollars annually.2

The Nijmegen-Bethesda assay (NBA)3 to detect FVIII inhibitors utilizes in vitro reactions to 

measure the degree to which test-plasmas inhibit FVIII activity in plasma from a healthy 

donor, upon mixing. Techniques to directly detect anti-FVIII antibodies using fluorescence 

immunoassays (FLI),4-7 enzyme-linked immunosorbent assays (ELISA)8,9 and surface 

plasmon resonance (SPR)10,11 have been developed more recently. Direct antibody detection 

methods are more sensitive and less susceptible to false-positive results caused by non-

specific inhibitors of coagulation12 compared with the NBA, which reports inhibition of 

clotting without a means to assess FVIII immunoreactivity. Data using direct antibody 

detection methods indicate that the presence of anti-FVIII IgG4 and IgG1 are the best 

indicators that a clinically relevant, functional inhibitor is present.6,8 Inhibitor testing using 

direct antibody detection can serve as useful means to confirm results obtained using 

traditional clotting methods, particularly when the results approach the positive threshold. To 

this end, the Centers for Disease Control and Prevention's (CDC) Division of Blood 

Disorders (DBD) integrated a FLI into the FVIII inhibitor testing algorithm to confirm low-

positive NBA results on samples tested in the Community Counts inhibitor surveillance 

program, a public health surveillance program run by CDC’s DBD in collaboration with the 

American Thrombosis and Hemostasis Network and the United States Hemophilia 

Treatment Center Network.13

Strategies to treat patients who develop FVIII inhibitors include on-demand or prophylactic 

administration of bypassing agents (BPA) such as recombinant factor VIIa (FVIIa, 

NovoSeven®) or activated prothrombin complex concentrates (FEIBA®), and long-term 

eradication of inhibitors is accomplished using immune tolerance induction therapy (ITI) 

with FVIII-containing products.14 BPAs function to stop or prevent bleeding episodes in 

patients who have HA and inhibitors by bypassing the requirement for FVIII in the 

coagulation cascade, while ITI utilizes frequent high-dose FVIII infusions to accomplish the 

goal of tolerizing the patient's immune system to FVIII. Inhibitor status in patients receiving 
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ITI and/or BPAs is monitored by evaluating functional outputs such as FVIII infusion 

kinetics and FVIII inhibitor titres, typically without regard for anti-factor VIII antibody 

levels. Direct measurement of the antibodies responsible for FVIII inhibition may be a 

useful supplement to traditional assessments of ITI progress because it provides a more 

objective readout of the status of the immune response and due to the potential for inhibitor 

results obtained using clot-based testing methods to be compromised by BPAs or high levels 

of on-board FVIII used in ITI. Conversely, the clinical significance of antibodies that persist 

beyond inhibitor eradication is unknown and there are currently limited data in the literature 

describing anti-FVIII antibody profiles in HA patients receiving ITI and/or BPAs or in 

patients who have eradicated or transient inhibitors. The goal of the current study is to 

examine results obtained using the NBA and FLI for FVIII inhibitors in specimens from 

patients treated with ITI or BPAs in order to better contextualize inhibitor results in patients 

treated with those therapies and to improve FVIII inhibitor surveillance.

2 ∣ MATERIALS AND METHODS

2.1 ∣ Subjects

Specimens included in the study were from patients enrolled in Community Counts 

surveillance13 who have HA and indicated ITI or a BPA without ITI (NovoSeven® or 

FEIBA®) as their current treatment for one or more specimens at the time of draw. 

Emicizumab was not used as a criterion for inclusion as a BPA due to its ability to interfere 

with the NBA, but some serial specimens came from patients taking emicizumab as 

indicated. Participants were not required to give informed consent for surveillance 

specimens.

2.2 ∣ Nijmegen-Bethesda and chromogenic Bethesda assays

The CDC-modified NBA was performed as previously described.15 The chromogenic 

Bethesda assay was performed by an identical method while using a bovine-derived FVIII 

assay (Siemens Factor VIII Chromogenic Assay, Siemens, Marburg, Germany). NBA and 

CBA results ≥0.5 NBU were considered positive.

2.3 ∣ Fluorescence immunoassay

The anti-FVIII FLI was performed as previously described.6 Briefly, plasma was spun at 

20,000xg for 4 minutes, diluted 1:30 in phosphate-buffered saline containing 1% dried milk 

(PBSM) and incubated with FVIII-conjugated SeroMap beads (Luminex Corporation, 

Austin, TX, USA). Anti-FVIII antibodies were detected by incubating beads with biotin-

conjugated anti-human IgG1 or IgG4 followed by streptavidin-conjugated R-phycoerythrin 

on a Bio-Plex 200 suspension array system (Bio-Rad Laboratories, Hercules, CA, USA), 

and results were reported as median fluorescence intensity (MFI). Positivity thresholds are 

recalculated as necessary to accommodate reagent lot changes and were set at 2 standard 

deviations above the mean MFIs obtained from testing specimens from ≥50 healthy donors.6 

Over the course of data collection for the current study, positive thresholds varied from 14.6 

to 23.7 and 8.3 to 12.5 MFI for FVIII IgG1 and IgG4, respectively. FLI results are reported 

as positive or negative relative to the positivity threshold in use at the time of the test and 

those for serial samples are meant to demonstrate trends rather than strict quantitation 
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because the results were collected over time and results can vary between test runs. The 

beads used in the current study were conjugated to Kogenate (Bayer Healthcare, Tarrytown, 

NY, USA) and may not detect antibodies specific for epitopes unique to other FVIII 

treatment products.

A group of results previously reported for the FLI on specimens from patients enrolled in the 

Hemophilia Inhibitor Research Study16 were divided by history of inhibitor and positive or 

negative NBA results to produce a group with both negative NBA and negative history who 

had not undergone either ITI or BPA treatment for comparison with the study groups. This 

group had a FLI positivity rate of 6 of 281 (2.1%) for IgG4 and 64 of 281 (22.8%) for IgG1.

2.4 ∣ Statistics

Fisher's exact test was used to evaluate differences in categorical data.

3 ∣ RESULTS AND DISCUSSION

Specimens from HA patients who indicated ITI or BPAs as their current therapy were tested 

by the NBA and for anti-FVIII IgG1 and IgG4 in order to characterize the correlation 

between results obtained using a functional inhibitor assay and those obtained using direct 

antibody detection in the context of ITI or BPA usage without ITI (Table 1 and Figure 1). As 

expected, most specimens from 31 patients who indicated ITI as their current therapy and 

NBA were also positive by FLI for anti-FVIII IgG1 (83.9%) or IgG4 (96.8%). Examination 

of NBA-negative specimens from 45 patients who indicated current ITI revealed that 22.2% 

and 46.7% of specimens were positive for anti-FVIII IgG1 or IgG4, respectively. Similarly, 

most of the NBA-positive specimens from 57 non-ITI patients who indicated BPA usage at 

the time of specimen collection were positive by FLI for anti-FVIII IgG1 (89.5%) or IgG4 

(93.0%), and analysis of 30 NBA-negative specimens from patients using BPAs revealed 

that anti-FVIII IgG1 or IgG4 was present in 26.7% and 50.0% of specimens, respectively 

(Table 1 and Figure 1). These data were compared with the subset of NBA-negative 

specimens from patients with negative history of inhibitor in our previous study, in which 

anti-FVIII IgG4 was present in 6 (2.1%) of 281 NBA-negative specimens (p < 0.0001)6 from 

patients enrolled in the Hemophilia Inhibitor Research Study,16 demonstrating that NBA-

negative specimens from patients who are undergoing ITI or using BPAs are positive for 

anti-FVIII IgG4 at much higher frequencies than NBA-negative specimens from those who 

have never had an inhibitor. Although this observation is not unexpected, these data 

highlight the fact that all negative NBA results are not necessarily equivalent and raise the 

question: what is the relationship between antibody positivity and NBA results over time in 

patients who have persistent antibodies despite negative NBA results?

Anti-FVIII antibody levels were assessed in serial specimens from 35 of the ITI subjects 

shown in Figure 1 and Table 1. The FLI results for serial specimens (Table 2) were 

concordant with the results of a functional assay for each serial specimen in 13 of the 

subjects (Patients 1–13), including specimens from 5 subjects (Patients 1–5) whose 

NBA/CBA status changed during the course of sample collection. Notably, 22 of the 35 

subjects (Table 2; Subjects 14–35) had detectable anti-FVIII IgG1 and/or IgG4 in specimens 

that tested negative by NBA/CBA. In addition, 10 of those 22 subjects (Patients 26–35) 
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transitioned from NBA/CBA negative to positive while maintaining a positive FLI for anti-

FVIII IgG4 and/or IgG1, indicating that the positive FLI may be a signal that a patient's 

inhibitor had not been eradicated or that the patient may be at risk for inhibitor re-

emergence. Next, an examination of serial specimens from 44 of the BPA subjects shown in 

Figure 1 and Table 1 was conducted to assess antibody levels in patients who have a history 

of an inhibitor, but who were not undergoing ITI (Table 3). FLI results were concordant with 

NBA results for each serial specimen in 20 subjects (Patients 1–20), including 3 patients 

whose NBA status changed over the course of the study, while 24 subjects (Patients 21–44) 

had conflicting NBA and FLI results in at least one serial sample.

The mechanisms by which ITI facilitates inhibitor eradication are not well defined. 

Hypotheses to define those mechanisms focus on 3 main areas, memory B-cell inhibition, T-

cell function and the development anti-idiotypic antibodies.17 First, memory B cells, long-

lived immune cells that can be rapidly reactivated into antibody-producing plasma cells upon 

re-exposure to antigen, specific for FVIII have been shown to be absent or present at low 

levels in patients who have undergone successful ITI,18 which is an observation that 

supports similar findings in an earlier study using a murine model of HA showing that high 

doses of FVIII can inhibit memory B-cell differentiation into antibody secreting plasma 

cells.19 The second area of hypotheses aimed at describing the underlying mechanisms 

responsible for successful ITI focuses on T-cell function. CD4+ T cells, a subgroup of 

lymphocytes that participate in the immune response by directing the function of other 

immune cells, are thought to become functionally inactive or undergo activation induced cell 

death (reviewed in Schep et al.17) when they are subjected to repeated interactions with an 

antigen in the absence of costimulatory signals.20 Notably, there is evidence indicating that 

functional inactivation of T cells in this manner can lead to the generation of regulatory T-

cell (Treg) precursors.21 Production of Tregs, which help to maintain tolerance to self-

antigens, with specificity to FVIII is thought to contribute to the success of ITI through 

mediation of T-cell and B-cell functions.17,22 The third potential mechanism hypothesized to 

play a role in the success of ITI involves the development of anti-idiotype antibodies. The 

unique structure of an antibody's variable region allows for antibody/antigen interactions and 

defines the antibody idiotype. Given their unique structure, antibody variable regions can 

themselves elicit an immune response leading to the generation of antibodies that bind to the 

variable region of other antibodies. In the case of a FVIII inhibitor, there is the potential for 

the development of anti-idiotype antibodies that bind to the variable region of the inhibitor, 

thereby preventing it from binding to and imposing inhibition on FVIII. In addition, anti-

idiotype antibodies have the potential to initiate B-cell suppression or apoptosis by 

crosslinking receptors on B cells responsible for inhibitor production.17

The clinical significance of anti-FVIII IgG4 in patients who have an inhibitor history and a 

negative NBA result is unclear. Potential explanations for the observation that antibodies can 

persist beyond eradication or spontaneous resolution of a clinically relevant inhibitor include 

the possibility that the antibodies detected are subclinical, non-neutralizing and/or low-

affinity. Additionally, it is possible that false-negative NBA results can explain the NBA-FLI 

discrepancies observed in the current study, and on-board BPAs and the frequent high doses 

of FVIII used for ITI may compromise the NBA results. A previous study in our laboratory 

showed that FVIII:C in plasma spiked with a conventional FVIII infusion product was 
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inactivated by the heat treatment utilized by the CDC NBA at levels up to 125 u/dL,23 but it 

is unclear whether the frequent high doses of infused FVIII received by ITI patients would 

be affected in the same manner. Similar studies for BPAs have not been done. We have 

recently shown, however, that IgG4 positivity was 28.8% among previously positive patients 

with current negative chromogenic Bethesda results when they were receiving emicizumab 

and no other FVIII or BPA product (Miller et al., submitted), suggesting that this 

phenomenon is not an artefact of the NBA.

The current criteria to define success of ITI in HA rely on the results of FVIII 

pharmacokinetics and functional FVIII inhibitor testing.24 The data from the current study 

indicate that patients who have received ITI and achieved a negative functional inhibitor 

result may still harbour anti-FVIII antibodies and likely a reservoir of B cells capable of 

anti-FVIII antibody production. Given the complex immunological mechanisms underlying 

the production and eradication FVIII inhibitors and the amount of time and resources 

invested in the therapy, it may be beneficial to include a direct measurement of anti-FVIII 

IgG4 as a parameter to periodically assess the progress of ITI for HA. Further studies are 

required to elucidate the underlying factors responsible for dictating whether antibodies that 

persist beyond “eradication” have a role in inhibitor re-emergence.
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FIGURE 1. 
Levels of anti-Factor VIII (FVIII) antibodies in specimens from patients who have 

haemophilia A and were receiving Immune Tolerance Induction (ITI) or bypassing agents 

(BPA) at the time of specimen collection. Scatter plots show median fluorescence intensities 

for anti-FVIII IgG1 or IgG4 in specimens that were positive or negative by the Nijmegen-

Bethesda Assay in subjects who indicated that their current treatment type was ITI (A) or 

bypassing agent (B). Per cent positives are listed above the x-axis. Horizontal lines indicate 

assay positivity thresholds.
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