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This systematic review was designed to
provide more precise effect estimates of
inhibitor development for the various
types of F8 gene mutations in patients
with severe hemophilia A. The primary
outcome was inhibitor development and
the secondary outcome was high-titer-
inhibitor development. A systematic litera-
ture search was performed to include
cohort studies published in peer-reviewed
journals with data on inhibitor incidences

in the various F8 gene mutation types and
a mutation detection rate of at least 80%.
Pooled odds ratios (ORs) of inhibitor de-
velopment for different types of F8 gene
mutations were calculated with intron
22 inversion as the reference. Data were
included from 30 studies on 5383 pa-
tients, including 1029 inhibitor patients.
The inhibitor risk in large deletions and
nonsense mutations was higher than in
intron 22 inversions (pooled OR = 3.6, 95%

confidence interval [95% CI], 2.3-5.7 and
OR = 1.4, 95% Cl, 1.1-1.8, respectively), the
risk in intron 1 inversions and splice-site
mutations was equal (pooled OR = 0.9; 95%
Cl, 0.6-1.5 and OR = 1.0; 95% Cl, 0.6-1.5),
and the risk in small deletions/insertions
and missense mutations was lower (pooled
OR = 0.5; 95% Cl, 0.4-0.6 and OR = 0.3; 95%
Cl, 0.2-0.4, respectively). The relative risks
for developing high titer inhibitors were simi-
lar. (Blood. 2012;119(12):2922-2934)

Introduction

Patients with severe hemophilia A have a factor VIII (FVIII)
activity level of less than 0.01 IU/mL. Over the past decades,
severe hemophilia has changed from a debilitating disease to a
condition with a good quality of life.! Great advances in efficacy
and safety of FVIII products and treatment strategies have made
this possible. The current standard of care for children is primary
prophylaxis—regular FVIII infusions aimed at preventing joint
bleeds and joint damage. However, in 1 of 4-5 patients with severe
hemophilia A, treatment with FVIII is complicated by the occur-
rence of neutralizing inhibitory Abs against FVIII at a young age.?
These inhibitors not only make adequate correction of the bleeding
diathesis more difficult in case of bleeding and surgery, but also
make regular prophylaxis with FVIII impossible. This situation
may last until immune tolerance is achieved or may even persist for
a person’s lifetime if immune tolerance therapy fails.

One of the most important predictors of the risk of inhibitor
development in severe hemophilia A is the F§ gene mutation
type.>* Reported absolute and relative risks of inhibitor develop-
ment according to the different /8 mutation types vary markedly
between studies, because the estimates per study are based on
relatively few patients. A meta-analysis can yield more precise
estimates of the risk for different types of F§ mutations. These data
may contribute to the knowledge on the risk factors of inhibitor

development that allows clinicians to assess whether an individual
patient is at high risk. In the future, when treatment strategies such
as immune-modifying treatments become available to prevent the
development of inhibitors, this information will be essential to
weighing the potential harmful side effects of such treatments
against the inhibitor risk.

We performed a systematic review to summarize the currently
available evidence on the relationship between inhibitor develop-
ment and the various types of F§ mutations and a meta-analysis to
obtain more precise estimates of the relative risks of inhibitor
development according to the F'§ genotypes in patients with severe
hemophilia A.

Methods

This systematic review is reported in accordance with the Preferred
Reporting Items for Systematic reviews and Meta-Analyses (PRISMA)
statement (Www.prisma-statement.org).’

Inclusion criteria and methodological quality criteria were specified and
documented in a protocol in advance. Methods of the analysis were
specified in advance, except for the type of random effects model, which
was adjusted to an appropriate model during data analysis.
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Study eligibility criteria

Types of studies. Observational cohort studies studying the relationship
between F8 genotype and inhibitor development published as an article or
letter in a peer-reviewed journal in English, German, Dutch, French, Italian,
or Spanish without publication date restrictions were eligible for inclusion.

Types of participants. Cohorts of patients with severe congenital
hemophilia A (baseline FVIII activity level of < 0.01 IU/mL) in whom
inhibitor tests had been performed were considered. Study inclusion was
not restricted to cohorts of unrelated patients.

Types of outcome measures. The primary outcome was inhibitor
development, defined according to the methods of the investigators of the
original study. The secondary outcome was high-titer-inhibitor develop-
ment, defined as a peak inhibitor titer of at least 5 Bethesda units/mL.

Type of determinants. The determinant was the F8 mutation type as
assessed by any strategy. The F'§ genotype was classified as large deletions
(single exon or multiple exons), nonsense mutations (light chain or
non-light chain), intron 1 and 22 inversions, small deletions/insertions/
combined deletions and insertions (in poly-A runs or outside poly-A runs),
missense mutations (light chain or non-light chain), splice site (conserved
or nonconserved nucleotide positions). A poly-A run was defined as at least
6 adenines in a row. Conserved splice-site mutations were defined as those
affecting the +1, +2, —1, or —2 nucleotide position at a splice site.
Nonconserved splice-site mutations were all other splice-site mutation
types.

Only studies that had determined the whole spectrum of F8 mutations
and reached a mutation detection rate of at least 80% were eligible for
inclusion. Studies that reported only gross gene derangements such as
partial gene deletions or intron 22 inversions detected by restriction enzyme
cleavage with Southern blotting were excluded. Studies in which the study
population only included patients who were negative for intron 22 inversions
were also excluded, because the reference group was lacking.

Information sources

Studies were identified by searching electronic databases, by screening the
bibliographic references of retrieved studies and reviews, and by contacting
experts in the field (J.O. and J.A.) to identify any studies that were not
retrieved by the literature search. The following bibliographic databases
were searched: PubMed (1966-present), EMBASE (1980-present), Web of
Science (1945-present), Cochrane database (1992-present), CINAHL (1982-
present), Academic Search Premier (1975-present), and ScienceDirect
(1995-present).

Search

We used the following search terms to search all databases: hemophilia A,
FVII deficiency, mutation,* gene,* inhibitor,* and antibody. The full
search for each database is listed in supplemental Table 1 (available on the
Blood Web site; see the Supplemental Materials link at the top of the online
article). The aim of the search was a high sensitivity. The search was
designed and supervised by an experienced librarian (J. W. Schoones, MA,
Walleus Library of the Leiden University Medical Center, Leiden, The
Netherlands). The search was run on February 22, 2010. After February
2010, additional studies were included by performing monthly searches in
PubMed up to February 28, 2011.

Study selection

Titles and abstracts were examined to identify potentially relevant studies
by one investigator (S.G.) because the eligibility criteria were apparent and
the risk of rejecting relevant reports was low. All potentially relevant studies
were retrieved as complete manuscripts. S.G. examined the studies for
compliance with the inclusion criteria. In case of any doubt for eligibility of
the study for inclusion, this was discussed with a methodological expert
(J.G.v.d.B.).

Data collection process

Duplicate reports of studies were excluded by checking the authors’ names,
authors’ affiliations, and catchment areas. Duplicate inclusion of individual
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patients who participated in more than one study was avoided by
systematically evaluating patient recruitment periods and catchment areas.
In case of duplicate patients, the investigators of the original studies were
contacted to provide the data after exclusion of the duplicate patients. In
several cases, reported anonymous patient identifiers enabled the investiga-
tor to exclude the individual patients who were reported in duplicate.

Data extraction and management

Data extraction from manuscripts was performed by one investigator
(S.G.). A structured electronic data collection form was used. In 22 studies,
the published reports did not provide all required information. Therefore,
we contacted the corresponding authors of these studies by e-mail for
further information. We requested to restrict the data for patients with
severe hemophilia only, to categorize patients in subclassifications of
genotypes, and to provide numbers of patients with high responder inhibitor
development. Of the contacted investigators, 17 responded and 16 provided
the required data.

Data items

The following data were extracted from the included studies: manuscript
identifier, study identifier, year of publication, eligibility for inclusion,
number of patients with severe hemophilia A, city/country, study period,
definition of inhibitor development, frequency of inhibitor screening,
inhibitor assay used, methods of mutation analysis, mutation detection rate,
ethnicity, methodological quality items (see “Sensitivity analyses”), total
number of patients with inhibitor development, total number of patients
with high-titer-inhibitor development, total number of patients with inhibi-
tor development, cumulative incidence of inhibitor development in the
different F§ genotype categories, and the total study population.

Summary measures

Odds ratios (ORs) with 95% confidence intervals (95% Cls) for each
category of '8 mutation in every study were calculated with the patient
group with intron 22 inversions as the reference. Because approximate 95%
CIs cannot be computed in studies with 0% or 100% events in the genotype
category of interest and/or reference category, the exact mid-P 95% Cls
were calculated.® No continuity correction was used. No data were imputed.

Data exploration

To explore the within-study and between-study variability (heterogeneity),
we visually assessed the extent of overlap in 95% Cls in forest plots. In
addition, we estimated 7,> which is an estimate of the between-study
variance. We did not test for statistical significance of heterogeneity with
the Cochran Q test because of its known limitations.”

Data synthesis

Because of limited clinical and methodological heterogeneity, we pooled
the results of each study in a meta-analysis. We calculated the pooled ORs
for patients in each F§ genotype category with the patient group with intron
22 inversions as the reference because this was the largest group. To
account for variability between studies in frequency of inhibitor screening,
we used a random-effects model. Because of the small sample sizes and low
number of inhibitor patients in some F8 genotypes, conventional methods
for meta-analysis can be severely biased.® Therefore, we applied exact
methods for meta-analysis using a mixed-effect hypergeometric-normal
model.® Furthermore, this model avoids the potential problems associated
with the use of continuity corrections.” In case the between-study variance
(7%) was zero, a fixed-effect hypergeometric normal model was used.

For each genotype and outcome (inhibitor development and high-titer-
inhibitor development), the ORs and 95% CIs and the pooled estimate were
plotted in forest plots together with the numbers of patients, numbers of
inhibitor patients, and percentages of inhibitors.

Data evaluation

Small study data trends. We evaluated whether small study data trends
were present by arranging the studies in the forest plots by study sample
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size. To evaluate the impact of the small study bias, we visually assessed
asymmetry of the forest plots.

Sensitivity analyses. To verify whether the associations were influ-
enced by the methodological quality of the studies, we repeated the
calculations in a subgroup of studies that we considered to have a low
chance of bias for this specific research question. Because hemophilia
centers that publish their data are generally the larger and more experienced
centers, clinically challenging patients such as inhibitor patients tend to be
referred to these centers. This may lead to overestimation of the inhibitor
incidence and potentially to selection bias. Therefore, we included in the
sensitivity analysis only studies that did not include inhibitor patients who
were referred to that center because of the inhibitor. Further inclusion
criteria that were used for the sensitivity analysis were studies that reported
a cumulative incidence and were unlikely to have misdiagnosed inhibitor
patients (these studies measured the inhibitor titer at least once a year and
whenever there was a clinical suspicion) and studies including patients who
had been treated on at least 50 exposure days with FVIIIL.

Exact 95% Cls were calculated using Episheet 2007 spreadsheets for
the analysis of epidemiologic data.® The SAS Version 9.2 Academic
Analysis Suite and the Enterprise Guide 4.1 United Kingdom were used for
the meta-analyses.

HADB

To complement our findings, we summarized the data present in the
Hemophilia A Mutation Database (HADB, formerly the Hemophilia A
Mutation, Structure, Test and Resource Site [HAMSTeRS]) database.!? On
October 8, 2010, the data on all 2718 patients were downloaded from the

website. Patients with severe hemophilia A were identified as those patients
who had a FVIII activity of < 1% or a missing FVIII activity with a severity
reported as severe. There were 1276 patients with severe hemophilia A. We
excluded 16 patients who were entered twice because they were included in
more than one database (combined insertions and deletions were entered in
both the insertions and deletions databases; splice-site mutations were
entered in both splice site and missense mutations databases). Two patients
who had a concurrent intron 1 and 22 inversion were excluded. Four
patients who were entered twice (1 patient 3 times) because of additional
mutations that were regarded as a polymorphism were excluded. Of the
remaining 1253 patients, 922 patients had a known inhibitor status. These
patients were used for the summary. Data on patients with intron 1 and
22 inversions were not collected in the HADB. Data of the HADB were not
included in the meta-analysis.

Results
Study selection

Figure 1 presents the flow chart of the study selection process.
Using the above search strategies, 1552 unique references were
identified. After screening of the titles and abstracts, 201 unique
articles were retrieved. Screening reference lists of selected studies
identified no additional studies. In total, 151 studies were identified
as being potentially relevant. After strictly applying the inclusion
criteria, 26 were eligible for inclusion. Four eligible studies were
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identified by automatic literature search updates after the first
search. After contacting the investigators of 22 studies for addi-
tional information, a total of 30 studies were included in the data
analysis.

Excluded were 24 reviews or meeting abstracts, 17 duplicate
reports of studies, 2 studies in a foreign language that did not meet
the inclusion criteria (Czech and Portuguese), 14 publications that
did not report data on incident inhibitor patients and total numbers
of patients for each genotype, 2 studies without data on intron
22 inversions, 1 study without any data on inhibitor development,
44 studies that did not report the full mutation spectrum, 13 studies
that did not meet the mutation detection level, 6 studies in which
the study cohorts were nearly completely overlapping with other
included studies, and 2 studies with insufficient data.

Supplemental Table 2 summarizes the studies that appeared to
meet the eligibility criteria but on further inspection did not. One
potentially eligible study was excluded because of unavailable data
on patients with severe hemophilia.!! One study was excluded
during the exclusion of double patients because the majority of
study participants were already part of other study cohorts.'> One
study was excluded because it did not meet the criterion of a
mutation detection rate of at least 80%.!3

Included studies

The characteristics of the included studies are summarized in in
Table 1. All studies were published in English. Seventeen studies
were conducted in Europe, 3 in the United States, 7 in Asia, 1 in
South America, 1 in Europe and Northern America, and 1 in Europe
and Asia. The studies were published from 1995-2010. One study
had families as the unit of observation instead of individual
patients. The number of subjects per study varied from 20-971. The
mutation detection rate varied from 80%-100%.

Participants. The included studies involved 5383 patients with
severe hemophilia A, including 1029 patients with inhibitor
development. In 23 studies, data on high-titer-inhibitor develop-
ment were available, comprising 3686 patients and 510 inhibitor
patients. In 4 studies, all patients were at a low risk of subsequent
inhibitor development because all patients had received FVIII on at
least 50 exposure days.

Types of outcomes. The inhibitor assays reported were the
original Bethesda assay and the Bethesda assay with the Nijmegen
modification.*#¢ The frequency of inhibitor screening varied
markedly between studies. Some studies screened for inhibitors
only once, and others tested regularly for the presence of inhibitors.

Results of individual studies

The numbers and proportions of inhibitor development according
to the subgroups of F8 genotype and in the total study population
are presented in Table 2. Table 3 presents the numbers and
proportions of patients with high-responder inhibitor development.
The total cumulative incidence of inhibitor development in the
individual studies varied from 0%-40%. The total cumulative
incidence of high-titer-inhibitor development varied from 0%-
26%. No inhibitors were detected in 3 studies with study popula-
tion sizes of 21, 25, and 27 patients.!83136

Data synthesis

The relative proportions of genotypes are presented in Figure 2. Of
all 5383 patients, 3% had large deletions, 10% nonsense mutations,
45% intron 22 inversions, 2% intron 1 inversions, 16% small
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deletions or insertions, 15% missense mutations, and 3% splice-site
mutations. In 4.6% of patients, the mutation was unknown.

All inhibitor development. Figure 3 presents the pooled ORs of
all inhibitor development and 95% Cls for each F§8 genotype
including the numbers of patients in each category. Details
regarding the individual study ORs for each genotype can be found
in the appendix (supplemental Figure 1).

The pooled OR of large deletions compared with intron
22 inversions was 3.6 (95% CI, 2.3-5.7); for nonsense mutations,
1.4 (95% CI, 1.1-1.8); for intron 1 inversions, 0.9 (95% CI,
0.6-1.5); for small deletions and insertions, 0.5 (95% CI, 0.4-0.6);
for missense mutations, 0.3 (95% CI, 0.2-0.4); and for splice-site
mutations, 1.0 (95% CI, 0.6-1.5).

The risk of inhibitor development in patients with deletions of
more than one exon was higher than the risk in patients with
deletions of one exon or less. Nonsense mutations and missense
mutations in the light chain carried a higher risk than those not
located in the light chain. Small deletions, insertions, or combined
deletions/insertions located within a poly-A run were associated
with a lower risk than those located outside a poly-A run. The
location of the nucleotide substitution was only available for few
patients with splice-site mutations; therefore, the estimates of the
pooled ORs of splice-site mutations at conserved and noncon-
served nucleotide positions are imprecise and 95% Cls are wide.

High-titer-inhibitor development. Figure 4 presents the pooled
ORs of high-titer-inhibitor development and 95% ClIs for each F8
genotype including the numbers of patients in each category.
Details regarding the individual study ORs for each genotype can
be found in supplemental Figure 1.

The pooled OR of large deletions relative to intron 22 inver-
sions was 5.2 (95% CI, 3.4-8.0); for nonsense mutations, 1.2 (95%
CI, 0.8-2.0); for intron 1 inversions, 0.9 (95% CI, 0.4-1.8); for
small deletions and insertions, 0.6 (95% CI, 0.4-0.8); for missense
mutations, 0.2 (95% CI, 0.1-0.5); and for splice-site mutations,
0.7 (95% CI, 0.4-1.4). The effect of large deletions of more than
one exon on the risk of high-titer-inhibitor development was more
pronounced. Too few patients were available in the subgroups of
splice-site mutations at conserved and nonconserved nucleotide
positions to yield meaningful estimates.

Data evaluation

Small study trends. To explore the potential presence of small
study trends, the forest plots were sorted by study sample size
(supplemental Figure 1). No clear small study data trends could be
identified.

Sensitivity analysis. The analysis was repeated in a subgroup
of 5 studies meeting the methodological high-quality criteria and
resulted in similar ORs (supplemental Table 3).

HADB

In the HADB, the proportion of patients with inhibitor develop-
ment was 19.5% (180 of 922). The numbers of inhibitor patients in
each type of gene mutation are summarized in Table 4. Information
on patients with intron 1 and 22 inversions was not collected in the
HADB. In large deletions and insertions (greater than 50 base
pairs) the incidence of inhibitor development was 45% (= 1 exon,
21%; > 1 exon, 67%). In nonsense mutations, the incidence of
inhibitor development was 28% (nonsense mutations in light chain
(for A3, C1, and C2, 43%; for nonsense mutations outside of the
light chain, 12%). In small deletions and insertions (< 50 base
pairs), the proportion of inhibitors is 15% (in poly-A runs, 6%;
outside poly-A runs, 19%). In missense mutations, the proportion
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