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Abstract

Introduction: Type of F8 gene mutation is the most important risk factor for inhibi-
tor development in people with severe hemophilia A. However, there are few large
cohort studies on the F8 mutation spectrum of people with severe hemophilia A with
inhibitors.

Objective: This was the first large cohort study in children with severe hemophilia A
with inhibitors from China that aimed to analyze the association between F8 variant
types and inhibitor status.

Methods: The single-center retrospective cohort study was conducted on children
with severe hemophilia A with inhibitors admitted from January 2015 to December
2021. The clinical data were collected, and F8 genetic tests were performed.
Results: Among the 203 patients investigated, a mutation in F8 was identified in
196 cases. Most patients had deleterious mutations (153; 75.4%), including 82
cases of intron 22 inversions (40.4%); 40 cases of honsense mutations (19.7%), with
15 cases in the light chain and 25 cases in the heavy chain; and 31 cases of large
deletions or insertions (15.3%), with 29 cases involving more than one exon and 2
cases involving one exon. The large deletions or insertions encompassing multiple
exons and nonsense mutations residing in the light chain were associated with not
only the progression to a high-titer inhibitor (P < .05) but also higher peak inhibitor
titer (P < .05).
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Conclusion: The F8 gene deleterious mutations, including intron 22 inversions, non-
sense mutations, and large deletions or insertions, constitute the main mutation types
in people with severe hemophilia A with inhibitors in China, with the latter mutation
types (large deletions or insertions in multiple exons, and nonsense mutations in the
light chain) signifying for a higher peak titer of inhibitor.

China, F8 gene, hemophilia A, inhibitors, mutation, peak inhibitor titer

1. There are limited studies on the F8 gene mutation spectrum in people with inhibitors.

2. We report clinical data and F8 genetic testing results from a single-center retrospective study.

3. Intron 22 inversion, nonsense mutation, and large deletion or insertion were the main mutation types.

4. The high-risk F8 mutation types were associated with a higher peak titer of inhibitor.

1 | INTRODUCTION

Hemophilia A is an X-linked inherited bleeding disease with a preva-
lence of =1 in 5000 in males and caused by coagulation factor VIII
(FVIII) deficiency attributing to FVIII gene (F8) mutations.? There are
estimated >30 000 people with severe hemophilia A with a FVIII ac-
tivity level of <0.01 IU/mL in China. People with hemophilia need
FVIII replacement therapy for life as prophylaxis and treatment for
bleeding; however, inhibitor development against FVIII in 25% to
35%?2 of people with severe hemophilia A renders the replacement
therapy ineffective. Inhibitors usually develop in =20 to 50 exposure
days (EDs) upon initiation of replacement therapy and become the
most challenging issue in the management of people with severe
hemophilia A.° Although the exact mechanism underlying the gen-
eration of inhibitors is not fully understood, the previous studies sug-
gested that F8 genotypes were the most important risk factor for
inhibitor development.** Based on the review article by Garagiola
et al* that included 15 published articles involving dozens of single-
center and multicenter cohort studies with the sample size ranging
from 15 to 206 people with severe hemophilia A with inhibitors, gene
mutation types with high risk of inhibitor development were large
deletions or insertions in multiple exons and nonsense mutations in
the light chain; gene mutation types with medium risk were large de-
letions or insertions in single-exon, nonsense mutations in the heavy
chain, and intron 22 and 1 inversions; and gene mutation types with
low-risk were small deletions or insertions, splice-site mutations, and
missense mutations.

The current study aimed to retrospectively analyze the F8 mu-
tation spectrum in a large cohort of 203 people with severe he-
mophilia A with inhibitors from a single center in China to further
explore the relationship between the mutation types and inhibitor

status.

2 | MATERIALS AND METHODS

2.1 | Study design and participants

This study was a single-center, retrospective cohort study. We col-
lected clinical data and F8 genetic testing results of children with
severe hemophilia A with inhibitors from January 2015 to December
2021 retrospectively. The study was approved by the Ethics Review
Committee of Beijing Children’s Hospital, and written informed con-
sent was acquired from the patients/guardians accordingly.

Inclusion criteria included people with an established diagno-
sis of severe hemophilia A%; people aged <18 years old at the first
visit to our center; people with FVIIl inhibitor titer of 20.6 Bethesda
units (BU) on two consecutive occasions within 1 to 4 weeks; people
who had clinical records available before inhibitor development; and
people who had an F8 gene analysis test conducted in our center.
Exclusion criteria included people who had acquired hemophilia and
people with severe hemophilia A with a comorbidity of autoimmune
or chronic infectious disease.

The FVIII coagulant activity (FVIII:C) levels were measured previ-
ously using clotting assays based on activated partial thromboplastin
time. The FVIII inhibitor titers were determined using the Nijmegen
modification of the Bethesda assay. The high-titer inhibitor was de-
fined as titers of 25 BU on at least one occasion. The low-titer inhib-

itor was defined as a peak inhibitor titer of <5 BU.

2.2 | Molecular genetic analysis

Genomic DNA was extracted from 2 mL peripheral blood in
EDTA using PD348 Kit (Tiangen, Beijing, China). All patients were
first screened for intron 22 and 1 inversions by the long-distance
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polymerase chain reaction method following the instructions of the
Severe Hemophilia A Genotyping kit (MyGenostics, Beijing, China).
In people found to be negative for intron 22 and 1 inversions, next-
generation sequencing (NGS) assay for the F8 gene was performed
to detect point mutations (nonsense mutations, missense mutations,
and splice-site mutations) and small deletions or insertions. In pa-
tients who had potential large deletions and duplications or nega-
tive by NGS, a multiplex ligation-dependent probe amplification
(MLPA) assay was conducted to detect complex rearrangements of
F8 using the SALSA MLPA Probemix P178-B4 F8 kit (MRC Holland,
Amsterdam, the Netherlands) according to the manufacturer’s
protocol.

The F8 variants were filtered from the following databases, in-
cluding the Genome Aggregation Database (http://gnomad.broad
institute.org/), Exome Aggregation Consortium (http://exac.broad
institute.org/), 1000 Genomes Project (http://browser.1000g
enomes.org/), and the Human Gene Mutation Database (http://
www.hgmd.cf.ac.uk/). Then, the deleterious effects of variants were
predicted in silico using a variety of prediction tools (SIFT, http://
sift.jcvi.org/; Polyphen2, http://genetics.bwh.harvard.edu/pph2/;
MutationTaster, http://www.mutationtaster.org/). Interpretation
of sequence variants was performed according to the American
College of Medical Genetics and Genomics guidelines.” The identi-
fied mutations were verified by Sanger sequencing. In addition, ped-
igree verification was performed for patients with positive results

including MLPA and inversion.

2.3 | Clinical data collection

All clinical data (including baseline FVIII:C levels, treatment methods
and types of FVIII concentrate used before inhibitor development,
peak inhibitor titer, age, titer, and EDs of inhibitor development)
were obtained from the medical records retrospectively. All patients
had at least three records of inhibitor titers from the data of our
center. Peak inhibitor titer indicated the highest inhibitor titer re-
corded in the clinical follow-up data, including historical, pre- and
post-immune tolerance induction (ITl) (if the patient was placed on
ITI treatment) until December 2021.

2.4 | Statistical analysis

Statistical analysis was performed using IBM SPSS Statistics ver-
sion 26.0 for Windows (IBM Corp., Armonk, NY, USA). Descriptive
analysis of basic characteristics was conducted. Count data was
expressed in frequency (n) and percentage (%), and measurement
data were expressed as median (interquartile range [IQR]). The
Kruskal-Wallis test on multiple independent samples was used
to analyze the relationship between F8 mutation risk groups
and inhibitor status. Bonferroni-corrected normal approxima-
tion method was used for multiple comparisons between groups.
Comparisons of the incidence of peak inhibitor titer of 25 BU,
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225 BU, 2100 BU, and 2200 BU among mutation risk groups was
conducted using Pearson’s chi-square test or Fisher’s exact test
(R x C table), and the chi-square test of Bonferroni-corrected
2 x 2 table was used for multiple comparisons between groups.
All P values are two-sided, and values of <.05 were considered
significant.

3 | RESULTS

3.1 | Clinical information

A total of 203 cases of children with severe hemophilia A with FVIII
inhibitors, all male, were included in this study. The ethnicities of
all participants included in the analysis were 193 Han, 4 Zhuang,
3 Tujia, and 1 each of Manchu, Hui, and Mongolian. Before the de-
velopment of inhibitors, 147 cases (72.4%) were treated only on
demand, and 56 patients (27.6%) were receiving regular prophylaxis
therapy. Plasma-derived FVIII was the primary replacement therapy
and was used in 122 cases (60.1%). Recombinant FVIII was admin-
istered in 71 cases (35.0%), and 10 cases (4.9%) were treated with
both types of FVIII preparations.

The median age at inhibitor development was 2.6 (IQR, 1.4-
5.4; range, 0.1-14.4) years, and the median Eds was 29 (IQR, 17-
50; range, 4-555) days. Among all patients, 144 patients (71.0%)
developed inhibitors in <50 EDs, 50 cases (24.6%) developed in
50 to 150 EDs, and 9 cases (4.4%) generated in >150 EDs. The me-
dian titer at inhibitor development was 10.1 (IQR, 2.6-32.0; range,
0.6-1000.0) BU. The median peak inhibitor titer was 35.2 (IQR,
12.0-106.2; range, 0.9-5529.0) BU. Among 70 patients with low-
titer inhibitor at first positive inhibitor test, 43 patients (61.4%) pro-
gressed to high-titer status, and only 27 cases (38.6%) maintained

persistent low titer.

3.2 | The F8 mutation spectrum

In study cohort, 196 cases (96.6%) had the F8 mutations identi-
fied, mainly including 82 cases (40.4%) of intron 22 inversions, 40
cases (19.7%) of nonsense mutations (15 cases in the light chain, 25
cases in the heavy chain), and 31 cases (15.3%) of large deletions
or insertions (29 cases with multiple exons, 2 cases with one exon)
(Figure 1). Of the 143 patients, 45 cases (31.5%) had a family his-
tory of hemophilia A by survey, whereas only 18 cases (12.6%) had
de novo mutations upon pedigree verification. Among the 92 differ-
ent mutations detected in this study, 23 mutations in the F8 gene
(25.0%) were neither identified in the European Association for
Haemophilia and Allied Disorders F8 gene variant database nor re-
ported in previous publications. Of the 23 novel mutations, 2 (8.7%)
were large deletions, 4 (17.4%) nonsense mutations, 12 (52.2%)
small deletions or insertions, 4 (17.4%) missense mutations, and 1
(4.3%) splice-site change. The details of these 23 novel mutations
are shown in Table 1.
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FIGURE 1 Distribution of F8 gene mutation types in a cohort of
203 children with severe hemophilia A with inhibitors

3.3 | Correlation analysis between F8 mutation risk
groups and inhibitor status

Based on the risk categories proposed by Garagiola et al,* among
the 196 people with severe hemophilia A with identified mutations,
44 cases (22.4%) belonged to the high-risk group, 116 cases (59.2%)
were in the medium-risk group, and 36 cases (18.4%) were in the
low-risk group.

There were significant differences in peak inhibitor titer and
the incidence of the progression to a high-titer inhibitor among
different F8 mutation risk groups (P < .05); however, there was no
difference of EDs and titer at inhibitor development among groups
(P> .05). The high-risk F8 mutations were associated with a higher
peak inhibitor titer (P < .05). Among 67 mutation-identified peo-
ple with low-titer inhibitor at first positive detection, people with
high-risk mutations were more likely to progress to high-titer in-
hibitor (P < .05; Table 2).

There were significant differences in the incidence of peak inhibi-
tor titer of 25 BU, 225 BU, 2100 BU, and 2200 BU among different F8
mutation risk groups (P < .05). People with high-risk F8 mutation types
tended to develop a higher peak titer of inhibitor (P < .05; Figure 2).

4 | DISCUSSION

The incidence of FVIII inhibitors was the most severe complication
in people with hemophilia A receiving replacement therapy, and the
F8 genotype was suggested to be the most important risk factor for
inhibitor development.* With the as yet largest cohort of children
with severe hemophilia A with inhibitors in China, we found that the
high-risk F8 mutation types of inhibitor development were associ-
ated with a higher peak titer of inhibitor.

Consistent with previous studies,®>® the Chinese people with
severe hemophilia A with inhibitors investigated in the current
study showed that most people developed inhibitors within the
first 50 Eds, but the age, titer, and EDs of inhibitor development in
this study cohort were slightly higher than those in previous stud-
ies.” ! The reasons may have been related to China’s national situ-
ations such as (1) limited by economic factors, most people did not
regularly undergo inhibitor assays during on-demand or preventive
treatment; when the therapeutic effect was unsatisfactory, the al-
ready developed inhibitors with relatively high titer were present
before the patients visit; and (2) most local medical centers did not
perform inhibitor assays due to limited medical resources.

The main mutation types revealed in the current study were in-
tron 22 inversions, nonsense mutations, and large deletions or inser-
tions, which accounted for 75.4% (153/203) and were all deleterious
to the F8 gene, leading to FVIII deficiency in blood circulation.

The immune response to FVIII replacement treatment may be
due to a lack of central tolerance to FVIII protein.’? In detail, the
deleterious F8 mutations, such as large deletions or insertions and
nonsense mutations destructively affect the gene structure, tran-
scription, and translation, resulting in almost complete absence of
FVIII'in blood circulation, which were mostly associated with the de-
velopment of inhibitors.}>!® Garagiola et al* proposed that the F8
mutation types could be divided into high-, medium-, and low-risk
groups, with the above-mentioned deleterious F8 mutations boding
the highest risk of inhibitor development. The current study with
the large patient cohort investigated confirmed that the high-risk F8
gene mutation types had the highest incidence of high-titer inhibitor
and also tended to have higher peak inhibitor titer. This outcome in-
dicated that the F8 genotype was not only associated with the risk of
inhibitor formation but also significantly affected the levels of inhibi-
tor peak titer, particularly in people with large deletions or insertions
involving multiple exons and nonsense mutations in the light chain.

Currently, ITl is the only method that can successfully eradicate
inhibitors and achieve long-term tolerance. It is widely accepted
that a peak historical titer of <200 BU and a peak titer of <100 BU
while on ITI are the predictors of ITl success.!* The Future of
Immunotolerance Treatment group believes that a historical pre-ITI
peak titer of <25 BU is a very good prognostic indicator but a poor
prognosis when it is 2200 BU.}> Our research further found that
patients with high-risk mutation types were more likely to develop
inhibitors with a peak titer of >25, 100, and 200 BU, suggesting a
reference for predicting the prognosis.

Meanwhile, the pedigree of 143 patients from this study cohort
was verified and found that just 12.6% of patients had de novo F8 mu-
tations with noncarrier mothers. It clued a higher heritability rate in
children with severe hemophilia A with inhibitors compared to previ-
ous studies'®! that did not mention the development of inhibitors.
Furthermore, the heritability rate in this study was also higher than the
data from the spectrum and origin of the 393 Chinese families with
sporadic hemophilia A,*8 which showed that 28% patients had de novo
mutations with noncarrier mothers. Point mutations (51%) were the
predominant mutation types in pedigrees with de novo mutations.
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FVIII light/heavy Amino acid
Mutation type F8 exon/intron chain FVIII domain Nucleotide change change
Large deletion Exon 4-13 Heavy chain A1-A2 NA NA
Large deletion Exon 3-10 Heavy chain A1-A2 NA NA
Nonsense mutation Exon 14 Light chain a3 c.5097T7>G p.Y1699*
Nonsense mutation Exon 14 Heavy chain c.3052A>T p.K1018*
Nonsense mutation Exon 14 Heavy chain B c.2344G>T p.E782*
Nonsense mutation Exon 8 Heavy chain al c.1081G>T p. E361*
Small deletion/insertion Exon 7 Heavy chain Al ¢.890_902delinsGAAATT p.V297Gfs*12
Small deletion/insertion Exon 17 Light chain A3 c.5661delinsCTCATGGA p.R18885fs*18
Small deletion Exon 6 Heavy chain Al c.712delG p.D238Ifs*20
Small deletion Exon 17 Light chain A3 c.5739delT p.N1913Kfs*32
Small deletion Exon 14 Light chain A3 c.5136_5140delGAAAA p.K1712Nfs*19
Small deletion Exon 14 Heavy chain c.4418delG p.G1473Vfs*94
Small deletion Exon 14 Heavy chain B c.2640_2641delGA p.K881Tfs*13
Small deletion Exon 14 Heavy chain c.2564_2565delAC p.H855Lfs*15
Small deletion Exon 11 Heavy chain A2 c.1740_1741delAA p.G582Kfs*17
Small deletion Exon 11 Heavy chain A2 c.1587delA p.K529Nfs*5
Small insertion (duplication) Exon 18 Light chain A3 ¢.5843dupT p.P1949Tfs*22
Small insertion (duplication) Exon 12 Heavy chain A2 c.1806_1807dupAA p.S603Kfs*58
Missense mutation Exon 17 Light chain A3 c.5629T>G p.C1877G
Missense mutation Exon 14 Heavy chain B c.2393T>C p.M798T
Missense mutation Exon 13 Heavy chain A2 c.2020G>A p.G674R
Missense mutation Exon 9 Heavy chain A2 c.1443G>C p.L481F
Splice-site mutation Intron 11 NA NA c.1752+2T>G NA

Abbreviations: FVIII, factor VIII; NA, not available.

TABLE 2 Correlation analysis between F8 mutation risk groups and inhibitor states in 196 children with severe hemophilia A with

inhibitors

Characteristic

Titer at inhibitor development/BU

Median (IQR) 10.7 (5.4-46.1)
EDs at inhibitor development/d

Median (IQR) 32 (13-55)
Peak inhibitor titer/BU

Median (IQR) 80.5(29.4-259.8)

SHA that progressed to high-titer inhibitor (%)  10/10 (100.0)*

High-risk group (n = 44)

Medium-risk group (n = 116)  Low-risk group (h =36) P value
12.3(2.0-28.6) 4.4(1.7-17.5) 10
25 (17-48) 30(20-57) .50
32.2(11.7-89.6)° 19.9 (5.2-75.2)° <.001
22/38(57.9)° 10/19 (52.6)° .03

Note: The different annotation with superscript letter a or b indicates that there is a significant difference between groups (P < .05), while the same
annotation means that there is no significant difference between groups (P > .05).

Abbreviations: BU, Bethesda units; EDs, exposure days; IQR, interquartile range; SHA, severe hemophilia A.

Our study was a single-center retrospective cohort study,
which included only children with severe hemophilia A with inhib-
itors. Some clinical data (EDs and historical inhibitor titers) came
from local hospitals or the records of the parents, and the accuracy
needed to be confirmed. Furthermore, this study lacked data on
plasma levels of FVIII antigen (FVIII:Ag), which might also be as-

|19

sociated with inhibitor levels. Spena et al*” found that people with

severe hemophilia A with undetectable FVIII:Ag (<1%) have an
increased risk of inhibitor development than people with measur-
able FVIII:Ag (21%) and confirmed the protective effect of minute
amounts of FVIII. Although no studies have evaluated the associ-
ation of undetectable FVIII:Ag with higher peak titers of inhibitor,
this potential link remains possible and requires further investiga-
tions to confirm.
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