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Abstract

Background
Inhibitor development is the most severe complication of hemophilia A care, and is 
associated with increased morbidity and mortality.

Aims
The aim of this study was to use a novel IgG epitope mapping method to explore the 
factor VIII (FVIII)-specific epitope profile in the SIPPET cohort population.

Methods
The population consisted of 122 previously untreated patients with severe hemophilia 
A that were followed-up for 50 days of exposure to FVIII. Sampling was performed 
before FVIII treatment and at the end of the follow-up. The outcome was inhib-
itor development. The FVIII-specific IgG epitope repertoire was assessed by means 
of a novel high-throughput epitope mapping technique using a random peptide 
phage-display library and the resulting peptide sequences were clustered on the 
basis of sequence similarity. For each cluster, a consensus motif was generated which 
was then aligned to the linear sequence of FVIII. The degree to which these clusters of 
peptide sequences could be used to discriminate between patients with and without 
an inhibitor was assessed by ROC analysis.

Results
The FVIII-specific antibody response is polyclonal with several clusters. The most 
predominant clusters in inhibitor-positive patients were mapped to the heavy chain of 
the FVIII molecule. Using plasma samples taken before exposure to FVIII, three clus-
ters (with the consensus motifs “pxyNw”, “PSLxWK” and “sWphxxxxk”) were identi-
fied that predicted inhibitor development (with a C-statistic of 0.73, 0.80 and 0.76 
respectively). 

Conclusion
Information on immunodominant epitopes could be used to generate novel, less 
immunogenic FVIII proteins and set up diagnostic tests that predict the risk of inhib-
itor development before starting treatment with FVIII.
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Introduction

Recent advances in the treatment of patients with hemophilia A (HA) have greatly 
improved clinical outcomes and quality of life. Nevertheless, one of the greatest treat-
ment complications in severe hemophilia A is still the development of anti-factor VIII 
(FVIII) alloantibodies that neutralize FVIII (also called inhibitors). At least one third of 
patients treated with FVIII replacement therapy develop an inhibitor during the first 
20-30 days of exposure to FVIII (EDs)1, making treatment with FVIII ineffective. This in 
turn leads to increased morbidity and mortality among these patients.1

This complication is the result of a multi-causal immune response involving both 
patient- and treatment-related factors.1 The type of FVIII product is one of the most 
important risk factors for inhibitor development, with the SIPPET randomized clin-
ical trial showing that patients treated with recombinant FVIII (rFVIII) have an almost 
twofold higher risk of developing an inhibitor than those treated with plasma-derived 
FVIII (pdFVIII) products.2 The pathophysiological mechanisms behind this increased 
immunogenicity remains unknown. Some plausible biological explanations have 
been postulated, such as the different post-translational modifications caused by the 
use of different cell lines during the manufacturing process of rFVIII products and the 
protective role played by Von Willebrand factor (VWF) in pdFVIII products.3

Mature FVIII consists of six major domains (A1, A2, B, A3, C1 and C2) and three acidic 
linking regions (a1, a2, a3); A1-a1-A2-a2-B-a3-A3-C1-C2. The VWF-FVIII complex 
forms through a high-affinity interaction between the FVIII light chain and the VWF 
D′D3 domains.4 FVIII is activated by limited proteolysis through thrombin cleavage of 
three peptide bonds at Arg391 (a1-A2 junction), Arg759 (a2-B junction) and Arg1708 
(a3-A3 junction).5 After thrombin cleavage, activated factor VIII (sans B-domain) is 
released from VWF and binds to phosphatidylserine PS on the extracellular surface of 
activated platelets.6,7

The anti-FVIII humoral immune response is highly polyclonal and consists primarily 
of IgG antibodies, with variable multiple epitopes among patients and even in the 
same patient over time.8 Several studies have examined the immunogenicity of FVIII 
and the mechanisms underlying inhibitor development during treatment with FVIII.3, 9, 

10 The role of FVIII epitopes in inhibitor development has been previously investi-
gated using different techniques. Specific regions in the A2 (region encompassing 
Arg484-Ile508)11, A3 (Gln1778-Asp1840)12, C1 and C2 (residues Glu2181-Val2243) 
FVIII domains13 were shown to be target domains for FVIII alloantibody interaction by 
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several methods including low resolution immunoprecipitation, western blotting and 
antibody neutralization assays8,14, as well as high resolution methods such as the 
phage display technique15-18.

In recent years, quantitative immunoproteomics has developed rapidly, offering high 
throughput analyses at relatively low cost. The aim of this study was to use a novel 
high-throughput epitope mapping technique based on a random peptide phage-dis-
play method in order to explore the overall antibody response before and after expo-
sure to either plasma-derived or recombinant FVIII products and to identify specific 
immunoprofiles that could be predictive for inhibitor development.

Methods

Patient population
Study samples were obtained from patients enrolled in the SIPPET trial, which was 
designed to investigate the immunogenicity of different FVIII products in patients 
with severe hemophilia A who were previously untreated with any FVIII concentrates 
(PUPs) or minimally treated with blood components.2 Samples from 122 patients 
were used for this study. These patients were treated with 8 different FVIII products 
(4 pdFVIII products and 4 rFVIII products). Inhibitor development was measured using 
the Bethesda assay with Nijmegen modification.19 Thirty-nine out of 122 individuals 
developed an inhibitor. 

One sample of citrated plasma was collected at baseline (T0) and two samples at the 
end of the study (EOS). As previously described2, in inhibitor-positive patients the 
end of the study was the time of inhibitor development. In inhibitor-negative patients 
the study ended when the patient reached 50 EDs or after three years of follow-up 
(whichever came first).

Approval for this study was obtained from the medical ethics committee at each study 
center and informed consent was obtained from all parents/guardians of patients.

Mimotope-variation analysis 

Assay set-up
The total IgG epitope repertoire was assessed using mimotope-variation anal-
ysis (MVA), a next generation phage display method.  (Protobios, Tallinn).20 MVA 
was conducted  as previously described.  Briefly, 2 µl of plasma was incubated 
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with 5 µl of phage library (~5 × 1010  phage particles,  derivative of Ph.D.-12, NEB, 
UK) overnight at  +4  °C. The human  immunoglobulin G (IgG)-captured phages were 
pulled down by protein G-coated magnetic beads (NEB, S1506S). Phage DNA was 
extracted,  enriched  and samples  were  barcoded  by PCR amplification. Pooled 
samples were  analyzed by Illumina  sequencing (50-bp single end read, Genohub, 
USA).   The resulting DNA sequences were in silico translated to 12 amino acid (aa) 
long peptide sequences. To correct for differences in sequencing depth among the 
samples, the total count of each unique peptide sequence per sample was normalized 
in its counts per three million. The resulting output consisted of a database of 12-mer 
peptide sequences with varying degrees of affinity for IgG antibodies. These peptide 
sequences are often referred to in the literature as “mimotopes”, due to the fact that 
they may mimic the true epitope of an antibody.

Two versions of the assay were performed, the standard MVA assay (described above) 
and a competition assay. In the MVA competition assay, different factor VIII prod-
ucts (Alphanate (Grifols), Fanhdi (Grifols), Emoclot (Kedrion Biopharma), Factane 
(LFB), Advate (Baxalta), Kogenate FS (Bayer AG), ReFacto AF (Pfizer), Recombinate 
(Baxalta)) were used to precondition study samples before competition analyses. In 
detail, respective FVIII products (final concentration: 3 uM) were incubated with 2 µl 
of plasma for 2 hours at room temperature before proceeding with the MVA assay as 
described above.

Removal of target unrelated peptides (TUPs)
One issue in conducting phage display experiments is the presence of so-called 
target-unrelated peptides (TUPs). These are false-positive results caused by selec-
tion-related TUPs which are peptide sequences binding to materials and reagents 
used in the assay (for example, plastic surfaces, albumin), or propagation-related 
TUPs caused by faster propagation of some phage clones, resulting in a higher 
peptide count for some peptide sequences. To minimize the effect of these TUPs, we 
removed all peptide sequences that were predicted to be TUPs using the SAROTUP 
software.21 Briefly, known TUPs were filtered out exploiting the TUPscan and the 
mimosearch algorithms. Peptides with a high likelihood (P > 0.8) to bind to polysty-
rene, as assessed by the PSBinder algorithm, were also filtered out.

Quality control using intra- and inter-assay replicates
To increase assay reliability, all peptide sequences with a count lower than a certain 
threshold were removed from the dataset. To establish the level of the threshold, 
a healthy control sample was compared with all its intra- or inter-assay replicates, 
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and the percentage of unreplicated peptide sequences according to each possible 
count threshold was calculated. (Figure S1) Below a peptide count threshold of 250, 
a strong increase in the percentage of unreplicated sequences was seen (Figure S1) 
For the following analyses, we only kept sequences retrieved at least 250 times in at 
least one patient.

Identification of peptide sequences with high affinity for FVIII
FVIII-specific peptide sequences were defined as present in the EOS sample in which 
the standard MVA assay was performed but not in the EOS sample in which the MVA 
competition assay was performed (which was depleted of FVIII-specific antibodies). 
Thus, the count of each peptide sequence in the two EOS samples (standard MVA 
assay vs. MVA competition assay) was compared using the Fisher’s exact test. We 
corrected for multiple testing using the Bonferroni method. Only peptide sequences 
significantly underrepresented in the MVA competition assay samples when 
compared to the standard MVA assay samples were considered to be FVIII-specific 
peptide sequences and used for further analyses.

Clustering workflow
Each FVIII epitope can be conceptualized as being represented by multiple peptide 
sequences, each containing the epitope binding motif. Therefore, the Hammock algo-
rithm, a hierarchical clustering algorithm, was used to cluster peptides sequences 
based on sequence similarity before further analyses.22 Applying the algorithm 
resulted in clusters of highly similar peptide sequences. For each cluster, a consensus 
motif was generated based on the multiple sequence alignment of the sequences. 
Highly conserved residues (>  60%) were denoted with an uppercase symbol while 
moderately conserved residues (30%-60%) were denoted with a lower case symbol. 
Columns in the multiple sequence alignment where no single residue had a preva-
lence of > 30% were denoted with “x”. The total peptide count of each cluster was 
calculated as the sum of the count of each peptide sequence included in a cluster. The 
clustering algorithm was performed firstly on the whole dataset and then separately 
for data from patients using pdFVIII and patients using rFVIII. 

Alignment of consensus motifs to FVIII
The consensus motif derived from each cluster of peptide sequences was then aligned 
to the linear sequence of FVIII.
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Statistical analyses
For the descriptive analyses, a PCA plot of all the clusters identified after the clus-
tering step were generated. To find clusters with a significantly higher count among 
inhibitor-positive patients compared to inhibitor-negative patients, a Wilcoxon Rank 
Sum test was performed. Correction for multiple testing was done using the Bonfer-
roni method23, and an adjusted p-value < 0.05 was considered statistically significant.

To find biomarkers that were able to predict inhibitor development before the start of 
FVIII therapy, clusters showing a significant association with inhibitor development 
in the samples taken at the end of the study (the EOS samples) were also evaluated in 
samples taken before FVIII treatment (the T0 samples). Correction for multiple testing 
was done using the Bonferroni method23 and an adjusted p-value < 0.05 was consid-
ered statistically significant.

To assess the discriminative performance of the clusters that were also significantly 
associated with inhibitor development in the T0 samples, we calculated the C-statistic 
and plotted a receiver operating characteristic (ROC) curve. In addition, a cut-off was 
selected using Youden’s index for each cluster, and based on this cut-off we calcu-
lated the sensitivity and specificity of each cluster for inhibitor development.

Results

The MVA assay methodology was applied to 124 previously untreated patients with 
hemophilia. Of this group, thirty-nine patients were inhibitor-positive. The mean 
number of unique peptide sequences generated for each patient was 356,365. After 
removing potential target-unrelated peptides, the mean number of unique peptides 
generated for each patient decreased to 313,340. From this dataset, we kept only 
the peptide sequences with a count of at least 250 in at least one patient and used 
this dataset to identify FVIII-specific peptide sequences as described in the Methods 
section. This yielded 286 unique peptide sequences per patient.

FVIII-specific epitope profile of patients that developed an inhibitor after replace-
ment therapy with pdFVIII or rFVIII
As shown in Table 1, we found 17 clusters with a significantly higher count in patients 
who developed an inhibitor as compared with patients who did not. The PCA plot 
showed a clear difference between patients with or without inhibitors (Figure 1). 
Clusters that were more common in inhibitor-positive patients were predominantly 
mapped to the heavy chain of the FVIII molecule (Table 2).
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Clusters associated with an inhibitory response against rFVIII
The clustering workflow was then applied to FVIII-specific peptide sequences 
retrieved in the rFVIII group. Eleven clusters had a significantly higher count among 
inhibitor-positive patients when compared to inhibitor-negative patients at the end 
of the study (Table 3). Of these 11 clusters, one cluster (with the consensus motif 
“pxyNw”) was also significantly associated with inhibitor development in the base-
line (T0) samples (Figure 2). This cluster was mapped to the A2 domain. The C-statistic 
of this cluster was 0.73 (95%CI: 0.60-0.86), sensitivity was 86% and specificity was 
59%. (Figure 3A)

Clusters associated with an inhibitory response against pdFVIII
Next, the clustering workflow was then applied to the FVIII-specific peptide sequences 
retrieved in the pdFVIII group. In this group, we found 14 clusters with a significantly 
higher count among inhibitor-positive patients when compared to inhibitor-negative 
patients at the end of the study (Table 4). Of these 14 clusters, two were also signifi-
cantly associated with inhibitor development in the baseline (T0) samples. (Figure 2) 
The C-statistic of the first cluster (with consensus motif “PSLxWK”) was 0.80 (95%CI: 
0.66 – 0.93), sensitivity was 76% and specificity was 77%. (Figure 3B) This cluster 
was mapped to the B domain. The C-statistic of the second cluster (with consensus 
motif “sWphxxxxk”) was 0.76 (95%CI: 0.63 – 0.89), sensitivity was 88% and speci-
ficity was 59%. (Figure 3B) This cluster was mapped to the C2 domain.

Discussion

Summary
We assessed the FVIII-specific epitope profile of 122 previously untreated patients 
with hemophilia A, using a novel random peptide phage-display assay. Our results 
show that the FVIII-specific antibody response is 

highly polyclonal, as our analysis generated many different clusters. In our cohort, 
we saw an overall slightly stronger response against the A1-A2-B domains than the 
C1-C2 domains. Using samples obtained before exposure to FVIII, we identified three 
clusters of peptide sequences (with the consensus motifs “pxyNw”, “PSLxWK” and 
“sWphxxxxk”), that were predictive for inhibitor development (with an C-statistic of 
0.73, 0.80 and 0.76 respectively). 
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Table 1. Consensus motifs of clusters of peptide sequences with a significantly 
higher count in either inhibitor-negative (INH-) patients or inhibitor-positive (INH+) 
patients in all patients.

Consensus 
motif

Mean 
peptide 
count* 
in IHN- 
Group

Mean 
peptide 
count* 

in IHN+ 
Group

Adjusted 
P-value

FVIII 
Domain(s)

Number of 
unique peptide 

sequences in 
cluster (%)

Peptide count of 
cluster (%)

kxPxstw 6.10 8.50 2.4e-05 A2 31 (0.11%) 62423 (0.18%)

Yvntxxxt 5.70 8.20 8.0e-04 A1 41 (0.15%) 48730 (0.14%)

pxxWxKp 6.40 8.80 8.2e-04 C1 66 (0.24%) 93414 (0.26%)

kxxTgpq 5.60 7.60 2.2e-03 A2 35 (0.13%) 37907 (0.11%)

KnxHxxxxp 5.50 7.90 2.5e-03 A3 73 (0.26%) 154368 (0.44%)

QxxlPf 4.80 7.20 3.5e-03 A2 73 (0.26%) 89871 (0.25%)

WDrxxxxt 4.60 6.90 8.4e-03 A1 16 (0.06%) 35821 (0.1%)

lsxpK 6.40 8.40 2.3e-02 A1 46 (0.17%) 85081 (0.24%)

QPxxPf 7.60 9.40 4.0e-02 A1 275 (0.99%) 385819 (1.09%)

snHk 6.70 3.90 1.4e-03 B 38 (0.14%) 42742 (0.12%)

pxPtxn 7.30 5.30 3.0e-03 B 49 (0.18%) 43449 (0.12%)

kxtPxnIS 6.70 4.20 3.3e-03 A2 37 (0.13%) 48498 (0.14%)

pskT 8.10 6.50 5.1e-03 B 47 (0.17%) 64470 (0.18%)

kxRPtxxt 8.20 6.40 1.4e-02 A1 86 (0.31%) 122694 (0.35%)

YxDxxLN 9.20 7.50 1.6e-02 A2 224 (0.81%) 334062 (0.94%)

rxxDTxxs 10.40 9.30 2.0e-02 B 421 (1.52%) 532983 (1.5%)

pqNtk 9.20 7.50 3.1e-02 B 130 (0.47%) 216865 (0.61%)

*	 Mean peptide count is reported as the mean 2log.Total number of unique peptide sequences: 27775. 
Total peptide count: 35452858.

Comparison with the literature
The consensus motif “pxyNw” was mapped to the A2 domain, on residues Phe528 to 
Trp532 of FVIII. It has been previously reported that this region is part of a binding site 
for FIXa.24 To our knowledge, there have been no previous publications of an epitope 
targeting this region of FVIII. Interestingly, this epitope motif was more common in 
inhibitor-negative patients than in inhibitor-positive patients. 

The consensus motif “sWphxxxxk” was mapped to the C2 domain, on residues 
Ser2331 to Arg2339, which have been reported to be involved in binding to von Wille-
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brand factor and phospholipids. Furthermore, there have been reports describing 
anti-FVIII antibodies targeting this region.25 

The consensus motif “PslxWk” was mapped to the B domain, on residues Glu1037 to 
Phe1042. To our knowledge, there have been no previous publications of an epitope 
targeting this region of FVIII. 

Figure 1. Principal component analysis performed on clusters of peptide sequences 
found at the end of the study, for the total cohort.

PD Inh No: inhibitor-negative patient using pdFVIII.
PD Inh Yes: inhibitor-positive patient using pdFVIII. REC Inh No: inhibitor-negative 
patient using rFVIII. REC Inh No: inhibitor-positive patient using rFVIII.
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Table 2. Distribution of consensus motifs on domains of FVIII.

FVIII domains Count 
(total group)

Count 
(pdFVIII group)

Count 
(rFVIII group)

INH+ clusters 9 13 7

A1 4 (44%) 3 (23%) 1 (14%)

A2 3 (33%) 2 (15%) 2 (29%)

B 0 (0%) 6 (46%) 3 (43%)

A3 1 (11%) 1 (8%) 1 (14%)

C1 1 (11%) 0 (0%) 0 (0%)

C2 0 (0%) 1 (8%) 0 (0%)

INH- clusters 8 1 4

A1 1 (12%) 1 (100%) 1 (25%)

A2 2 (25%) 0 (0%) 1 (25%)

B 5 (62%) 0 (0%) 2 (50%)

A3 0 (0%) 0 (0%) 0 (0%)

C1 0 (0%) 0 (0%) 0 (0%)

C2 0 (0%) 0 (0%) 0 (0%)

INH+ clusters:  clusters that were more common in inhibitor-positive patients. INH- clusters: clusters that 
were more common in inhibitor-negative patients

Interestingly, this epitope motif (that was mapped to the B-domain) was more 
common in inhibitor-positive patients than in inhibitor-negative patients. This is in 
contrast with previous studies that have suggested that antibodies against the B-do-
main might be predominantly of the non-neutralizing type26-28, as the B-domain is not 
essential for the role of FVIII in blood clotting and is cleaved off after FVIII is activated.

Overall, two out of three consensus motifs that were predictive for inhibitor develop-
ment were directed against the A2 and C2 domains respectively, which is in line with 
the results of previous studies that suggest that most antibodies are directed against 
the A2 and C2 domains.8, 29-31 

Previous studies have also shown that the peptide presentation profile of mono-
cyte-derived dendritic cells changes when exposed to the FVIII-VWF complex32,33. In 
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our study, the overall epitope profile in the rFVIII group was similar to that of the 
pdFVIII group in terms of the distribution across FVIII domains of the epitope motifs. 
However, due to the very small number of consensus motifs, no definitive conclusions 
can be drawn from these results. 

Table 3. Consensus motifs of clusters of peptide sequences with a significantly 
higher count in either inhibitor-negative (INH-) patients or inhibitor-positive (INH+) 
patients in the recombinant-derived FVIII treatment group.

Consensus 
motif

Mean 
peptide 

count* in 
IHN- Group

Mean 
peptide 

count* in 
IHN+ Group

Adjusted 
P-value

FVIII 
Domain(s)

Number of 
unique peptide 

sequences in 
cluster (%)

Peptide count of 
cluster (%)

PTNlxk 7.50 10.00 2.2e-04 B 40 (0.16%) 98681 (0.67%)

sxPxfT 5.00 7.80 3.7e-03 A3 32 (0.13%) 35683 (0.24%)

kyQqlsxxlp 5.20 7.60 1.2e-02 A2 11 (0.04%) 23800 (0.16%)

Qqyxp 7.10 8.90 1.4e-02 A2 39 (0.15%) 60093 (0.41%)

tyvEPxqxxr 5.90 7.80 2.0e-02 A1 8 (0.03%) 32077 (0.22%)

ppxxnxs 5.80 8.30 2.3e-02 B 56 (0.22%) 53923 (0.36%)

pSdsVxs 4.30 7.00 4.3e-02 B 14 (0.06%) 28539 (0.19%)

pWsk 10.40 8.40 3.6e-03 B 147 (0.58%) 276673 (1.87%)

pSNp 6.80 3.80 7.4e-03 A1 42 (0.17%) 31351 (0.21%)

qxixNsK 7.70 4.50 2.8e-02 B 119 (0.47%) 194793 (1.31%)

pxyNw 8.40 5.40 4.7e-02 A2 63 (0.25%) 73568 (0.5%)

*	 Mean peptide count is reported as the mean 2log. Total number of unique peptide sequences: 25235. 
Total peptide count: 14820947.

The presence of peptide sequences with high affinity for anti-FVIII antibodies in 
samples taken before treatment with FVIII might seem unexpected at first glance. 
However, several studies have reported the presence of non-neutralizing anti-FVIII 
antibodies in healthy controls.34 In addition, a previous study using pre-treatment 
samples of the current cohort reported that roughly 10% of patients had measurable 
anti-FVIII antibodies.35 This suggests that natural autoreactivity against endogenous 
FVIII is relatively common in patients as well as healthy controls. Another hypoth-
esis could be that the detected antibodies were not initially directed against FVIII, 
but were the result of previous exposure to a pathogen (e.g. a bacteria or virus) that 
contained a similar epitope. This cross-reactivity of the antibody response has been 
previously reported in several auto-immune disorders.36
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Figure 2. Figure showing the location on the FVIII molecule and the mean peptide 
count in the pre-treatment samples of the three clusters (with motifs “pxyNw”, 
“PslxWk” and “sWphxxxxk”) that were able to predict inhibitor development before 
exposure to FVIII.

Figure 3. ROC curves showing the degree to which the three clusters (with motifs 
“pxyNw”, “PslxWk” and “sWphxxxxk”) were able to predict inhibitor development 
before exposure to FVIII.

Limitations
This approach has some major limitations. Firstly, it has been shown that only a 
handful of contact residues within an epitope make a significant contribution to anti-
body binding.37 In this study, we tried to identify these residues by clustering highly 
similar peptide sequences and generating a consensus motif. Using alanine walk 
mutational analysis, the study by Kahle et al.18 showed that there was reasonable 
agreement between a given consensus motif and the crucial binding residues of an 
epitope. Therefore, the consensus motifs derived from the multiple sequence align-
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ment of each cluster of peptide sequences can, in theory, be considered to be poten-
tial epitope motifs. However, the accuracy of this approach is unknown and further 
verification is needed to identify the exact residues involved in binding to an antibody.

Table 4. Consensus motifs of clusters of peptide sequences with a significantly 
higher count in either inhibitor-negative (INH-) patients or inhibitor-positive (INH+) 
patients in the plasma-derived FVIII treatment group.

Consensus 
motif

Mean 
peptide 

count* in 
IHN- Group

Mean 
peptide 

count* in 
IHN+ Group

Adjusted 
P-value

FVIII 
Domain(s)

Number of 
unique peptide 

sequences in 
cluster (%)

Peptide count of 
cluster (%)

PslxWk 5.60 9.90 1.3e-04 B 90 (0.34%) 83908 (0.41%)

qxNxStk 4.10 8.20 7.1e-04 B 52 (0.2%) 59042 (0.29%)

SqnK 8.40 11.40 7.9e-04 B 128 (0.48%) 314257 (1.52%)

Wskp 4.20 8.30 1.2e-03 B 39 (0.15%) 41553 (0.2%)

PHtxk 6.10 10.10 1.3e-03 A2 91 (0.34%) 100570 (0.49%)

pwwp 5.20 8.80 2.4e-03 A1 26 (0.1%) 32816 (0.16%)

PxtFxKp 5.20 8.80 4.2e-03 A1 52 (0.2%) 40083 (0.19%)

iKPxl 4.30 8.40 5.0e-03 B 22 (0.08%) 37313 (0.18%)

sWphxxxxk 6.20 9.70 6.1e-03 C2 41 (0.15%) 94409 (0.46%)

txpmMss 3.70 8.10 1.0e-02 A3 26 (0.1%) 37165 (0.18%)

sGPQ 3.60 7.80 1.0e-02 A2 24 (0.09%) 32688 (0.16%)

nqnK 5.80 10.00 1.2e-02 B 92 (0.35%) 195716 (0.95%)

pdxTpwp 5.00 8.80 1.4e-02 A1 45 (0.17%) 51658 (0.25%)

KxxNexY 7.30 3.70 2.5e-02 A1 57 (0.21%) 81886 (0.4%)

*	 Mean peptide count is reported as the mean 2log. Total number of unique peptide sequences: 26641. 
Total peptide count: 20631911.

Furthermore, peptide sequences were clustered based on sequence similarity. 
However, peptide sequences targeted by the same antibody could have similar physic-
ochemical properties despite not being similar in terms of their amino acid sequence. 
In this case, clustering based on sequence similarity will not yield optimal results 
and alternative approaches that take the physicochemical properties of peptide 
sequences into account might prove more useful.

Each cluster of peptide sequences contained only a small proportion (0.03-1.52%) 
of the total number of unique peptide sequences available for the clustering step. 



Factor VIII epitope mapping using a random peptide phage-display library approach

153

Ideally, each cluster would have contained a large proportion of the total number of 
unique peptide sequences as this would have provided us with stronger evidence for 
a cluster being related to an epitope.

In addition, the final epitope motifs were mapped to FVIII by aligning the motifs to 
the linear sequence of FVIII. However, it has been reported that the majority of B-cell 
epitopes are conformational.38,  39 (although the exact proportion of B-cell epitopes 
purported to be conformational is unknown) Therefore, the accuracy of this approach 
is most likely not high. An alternative approach would involve mapping the epitope 
motifs to the three-dimensional structure of FVIII, using an in-silico approach. 
However, a recent study that assessed a set of B-cell epitope prediction algorithms 
against a benchmark dataset reported that all algorithms performed relatively poorly 
at mapping a potential epitope to the right location on an antigen.40

We removed all peptide sequences that were predicted to be target-unrelated (based on 
software exploiting publicly available repositories21) from the final peptide sequence 
database. However, the residual impact of target-unrelated peptide sequences that 
were not removed from the database on the results is difficult to quantify. In addi-
tion, some peptide sequences have affinity to both elements of assay as well as an 
IgG antibody. (i.e. they can be classified as both target-unrelated and target-related 
peptides) By removing these peptide sequences, we might have inadvertently also 
removed some important peptide sequences from the initial database. 

From the output of the assay, only peptide sequences with a count higher than 250 
were selected, this resulted in a much smaller dataset. The cut-off was based on 
the intra- and inter-assay replicability (Figure S1). It is possible that many peptide 
sequences that were the target of a FVIII-specific antibody were removed in this step.

Lastly, our analysis of the immune response did not include non-peptidic epitopes 
(such as the glycans present on the surface of FVIII). One difference between rFVIII 
and pdFVIII is in their respective glycosylation patterns.41 Unfortunately, our approach 
does not allow assessment of the impact of differing glycosylation patterns on immu-
nogenicity.

Conclusion

The reported information on immunodominant epitopes may aid the development 
of novel, less immunogenic FVIII proteins. In addition, we found several clusters of 
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peptide sequences that were detectable in patients without any exposure to exoge-
nous FVIII. Information on these clusters could be used to set up diagnostic tests that 
predict the risk of inhibitor development before starting treatment with FVIII.
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Figure S1.  Data quality control. Experimental reproducibility was assessed by 
comparing technical replicates. Intra-assay reproducibility (A) and inter-assay 
reproducibility (B) by minimum count threshold was assessed by calculating the 
percentage of sequences not present in both technical replicates. A threshold of 250 
was chosen to ensure maximum experimental reproducibility. 




