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Abstract

Investigating Genetic Predictors of Inhibitors among Persons with Hemophilia

By Amanda B. Payne

Hemophilia A (HA), an inherited bleeding disorder affecting approximately 20,000 males in the
United States, is caused by pathogenic variants in the F8 gene leading to loss or reduced
functionality of the procoagulant factor VIII (FVIII). HA is most-commonly treated by replacing
the missing or dysfunctional FVIII. Unfortunately, 10%-15% of persons with HA develop
antibodies (inhibitors) to the replacement FVIII, rendering it ineffective. Identifying persons at
highest risk of developing inhibitors is important, as treatment may be altered. A previously-
validated inhibitor-risk-prediction tool has limitations, including its reliance on prior
hemophilia treatment and knowledge of family history. An inhibitor-risk-prediction tool that
relies on information available at the time of HA diagnosis could be more useful clinically. Risk
factors for inhibitors include situations that make recognition of foreign FVIII and upregulation
of the immune system more likely. Family studies have indicated a genetic component to
inhibitor risk. This dissertation explores the feasibility of constructing an inhibitor-risk-
prediction tool that uses only genetic information.

In Aim 1 information about the hemophilia genotype was used to predict inhibitor status. Three
different paradigms to categorize hemophilia genotype were constructed, and the ability of each
to predict inhibitor status was evaluated. The tool that used previously-published estimates of
hemophilia genotype effect performed best; however, none of the tools performed as well as the
previously-validated tool.

In Aim 2 variation in immune response genes was used to predict inhibitor status. Estimates
for the effect size of genetic variants were obtained in two ways: a meta-analysis was performed
on published studies, and estimates were empirically derived from a genetic association study.
Two tools were then developed, using estimates from the meta-analysis or the empirically-
derived data. Neither of the tools performed as well as the previously-validated tool.

Aim 3 combined information from aims 1 and 2, using both hemophilia genotype and variation
in immune response genes. The best-performing tool performed similarly to the previously-
validated tool, without requiring treatment or family history information

The results of this investigation indicate that prediction of inhibitors using only genetic
information may be possible. Further validation of the results in an external population is
warranted.
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Chapter 1: Introduction and Rationale

Hemophilia A, a genetic disorder caused by mutations in the F8 gene on the X chromosome,
leads to loss or reduced functionality of factor VIII — an important pro-coagulant protein that
plays a role in the conversion of prothrombin to thrombin in the ultimate formation of the stable
fibrin blood clot. Hemophilia is associated with bleeding that leads to increased risk of joint
damage, intracranial hemorrhage, complications following procedures and surgeries, and severe
bruising. The disorder occurs in approximately 1 in 5,000 male births in the United States each

year and currently affects approximately 20,000 males in the United States.!

Hemophilia treatment involves the replacement of the missing or dysfunctional clotting protein.
The use of factor replacement products is not without risk. Approximately 10%-15% of all
persons with hemophilia will develop an antibody, known as an inhibitor, which attacks the
treatment product, making it ineffective.2 Inhibitors result in increased risk of bleeding3 and

early mortality4, factor product utilization3, and healthcare costss.

It has been hypothesized that inhibitor development is likely a function of at least three
components, including environmental characteristics, patient genetics, and treatment
characteristics.® There have been some attempts the develop risk stratification tools to identify
persons with hemophilia at increased risk for inhibitor development based on these risk factors.”
However, some? have criticized that current risk stratification tools are not ideal because they
require exposure to factor product and knowledge of family history and argue that a score based

on genetic markers would be more useful in the clinical setting.

There are at least two important genetic components related to inhibitor development: the
hemophilia genotype and drivers of immune response. It is understood that the hemophilia
genotype is a major predictor of inhibitor risk, with large-impact hemophilia-causing variants
having the highest risk or inhibitor development, and low-impact hemophilia-causing variants

having the smallest risk.9 However, it has been estimated that among those with low-impact



variants, the risk of inhibitor development is not zero.® This indicates better classification of
hemophilia-causing variants may improve inhibitor prediction. It is also understood that, at
some level, inhibitor development is an immune response complication.® Inhibitor development
likely involves several cell types and proteins involved in immune response, including the major
histocompatibility complex (MHC) and cytokines.® Genetic variation in either the MHC region

or in genes that code for cytokines and their receptors could affect inhibitor risk.

The Aims of this dissertation project center around evaluating the feasibility and utility of
developing an inhibitor risk stratification tool that relies heavily on genetic information. The
two genetic components of the tool are: 1) information regarding the hemophilia genotype and

2) information regarding variation in genes in the immune response pathway.

Aim 1 explores the hemophilia-causing genotype and its relationship to inhibitor risk among
persons with hemophilia A. The ability of several hemophilia-causing variant classification tools
to correctly assign inhibitor status in a cohort of patients with hemophilia A with and without
inhibitors is evaluated, with the goal of finding the tool that most accurately predicts inhibitor

status. These results will be used to inform the first component of the risk prediction tool.

Aim 2 explores the relationship between variation in genes in the immune response pathway
and inhibitors among persons with hemophilia. The results of a systematic review and meta-
analysis of available data regarding associations between variants in genes in the immune
response pathway an inhibitors among persons with hemophilia A are presented as well as the
results of an analysis examining the association between variants in genes in the immune
response pathway and inhibitors among persons with hemophilia A in a large study of inhibitors
conducted in the United States. These results are used to inform the second component of the

risk prediction tool.

Aim 3 combines information from Aims 1 and 2 to produce a series of inhibitor risk prediction

tools. The ability of each tool to correctly assign inhibitor status in a cohort of patients with



hemophilia A with and without inhibitors is evaluated. The performance of each tool is also
compared to a previously-validated tool that includes non-genetic risk factors for inhibitor

development.



Chapter 2: Background

Hemophilia A

Hemophilia A (HA) is an inherited bleeding disorder that occurs in 1 in 5,000 male births and
affects approximately 20,000 males in the United States.! HA is an X-linked recessive disorder
caused by pathogenic variation in the F8 gene that leads to loss or reduced functionality of
factor VIII (FVIII).®* FVIII is a pro-coagulant protein that interacts with factor IX in the
presence of calcium ions and phospholipids to form a complex that converts factor X to
activated factor X.2 Activated factor X converts prothrombin to thrombin, which in turn
converts fibrinogen to fibrin to form a stable blood clot.*> FVIII is protected in circulation from
proteolytic cleavage by von Willebrand factor.2 The loss or reduced functionality of FVIII
associated with HA causes bleeding episodes that can lead to increased risk of intracranial
hemorrhage, joint damage, severe bruising, and complications following surgery.'-3.14 The
severity of the phenotype is closely correlated with the FVIII activity level (FVIII:C), with severe
disease being associated with <1% FVIII:C, moderate disease being associated with 1% < FVIII:C

< 5%, and mild disease being associated with >5% FVIII:C.15

Inhibitors in Hemophilia A

HA is treated by replacing the missing or defective protein using either plasma-derived FVIII
from donated blood or FVIII manufactured using recombinant technologies.’® A subset of
persons with HA will develop antibodies directed against the treatment product.'*7 Inhibitory
and non-inhibitory antibodies can develop.!89 Inhibitory antibodies (inhibitors), which render
treatment products ineffective, are directed against FVIII epitopes that play a role in FVIII
function, such as interaction sites with factor IX, phospholipids, or von Willebrand factor.2c-22 It
has been estimated that inhibitors occur in up to 30% of persons with severe HA and 3-13% of
persons with mild/moderate HA.223-27 Among persons with severe HA, the risk of inhibitors is

highest during the first few exposure days to treatment, with peak inhibitor development usually



occurring after 10-14 exposure days then leveling off at a lower rate after 150 exposure days.28-3°
In contrast, the risk among persons with mild/moderate HA, while initially lower than that of
those with severe HA, continues to rise with increasing number of exposure days throughout the
lifespan.3* This leads to a bimodal distribution with respect to age, with a peak in early age

groups and another peak in older age groups.28.32

Impact of Inhibitors

Inhibitors are associated with increased risk of bleedings, disability33, early mortality+-=2s,
healthcare costs3534-40, and decreased quality of life4'. Because inhibitors render treatment
products ineffective, more-costly and less-effective bypassing agents are used to control bleeding
episodes.35384243 The half-life of traditional bypassing agents, such as recombinant factor VII, is
approximately 2.5 hours#4, compared to 8-12 hours for traditional FVIII products4s. These leads
to a reduced capacity to control and prevent bleeding episodes. A 2014 report by Armstrong et
al reported that the annual bleeding rate among persons with inhibitors was over 4 times greater
than that among persons without inhibitors.3 Furthermore, the use of bypassing agents to treat
and prevent bleeding episodes is considerably more expensive than traditional treatment, with
the average annual costs among persons with inhibitors being 4 times that of persons without

inhibitors.34.40

How Inhibitors Develop

Inhibitor development is a T cell mediated process.®4¢ Foreign FVIII binds to surface
immunoglobulin on the surface of antigen presenting cells (APCs).%4¢ The bound FVIII is
endocytosed and proteolytically cleaved by the APC.123447 The resulting peptides are bound to
class II major histocompatibility complex (MHC) molecules and transited to the APC surface
where the peptide is presented to T cell receptors on CD4 lymphocytes.4748 A second interaction

between the APC and the T cell through CD80/86 molecules on the APC and CD28 molecules on



the T cell is required for proper presentation of the antigen to the T cell receptor, thereby
activating the T cell.495° T cell activation, the release of cytokines, and the upregulation of
several proteins on the surface of the CD4 lymphocyte promotes the interaction between the T
cell and B lymphocytes, thereby promoting B cell proliferation and differentiation into antibody-

secreting plasma cells.5!

Risk Factors for Inhibitor Development

Risk factors for inhibitor development include situations that would make antigen presentation

and immune system response more likely.6:46.52

Non-Genetic Risk Factors

Studies indicating discordant inhibitor phenotypes among monozygotic twins highlights the
likelihood of a non-genetic component to inhibitor risk.53:54 As inhibitor development is most
likely to occur within the first 10-14 exposure days among persons with severe HA when
exogenous FVIII is most likely to be recognized as foreign, age is a known risk factor for
inhibitor development — with younger age groups being at highest risk.555¢ Furthermore,
intense treatment at the first exposure has been shown to be associated with increased risk.3°:57-
59 Conversely, low-dose, regular treatment (i.e., prophylactic treatment) has been shown in
some studies to be protective against inhibitor development.30.60.61 Tt has been hypothesized that
intense treatment can lead to cell injury or inflammation that leads to immunologic ‘danger
signals’ that can stimulate APCs and amplify the immune response.®2-64 The type of treatment
product used at initiation of treatment also appears to be important, with recombinant FVIII
products shown to be associated with an 87% higher incidence of inhibitors compared to

plasma-derived FVIII among previously untreated patients in a randomized trial.®s



Genetic Risk Factors

While family studies suggest a likely environmental component to inhibitor risk, they also
suggest a strong genetic component. The Malmo International Brother Study (MIBS) found an
overall concordance of 78.3% with respect to inhibitor phenotype among enrolled brothers
pairs.53 Furthermore, the risk of inhibitors in families with a known family history of inhibitor
development was 48%, over 3 times the risk in families with no family history (15%).3° Genetic
risk factors for inhibitor development include the hemophilia-causing genotype and variation in

genes involved in immune response.

Hemophilia Genotype

HA is caused by pathogenic variation in F8, a 26-exon gene that codes for the 2,332-amino-acid
FVIII protein.* The FVIII protein is split into 2 chains.®® The heavy chain contains domains A1,
A2, and B.%® The light chain contains domains A3, C1, and C2.°¢ The A1 domain participates in
FX binding.%¢ The A2 domain participates in FIX binding.®®¢ The B domain is proteolytically
cleaved and is relatively dispensable for FVIII activity.®® The A3 and C2 domains participate in
binding to von Willebrand factor.6®¢ Approximately 45% of severe HA is caused by 1 of 3 gene
inversions: an inversion between a repetitive region in intron 1 and a similar region 140 kb 5’ to
F8 (intron 1 inversion), an inversion between a repetitive region in intron 22 and a similar
region 300 kb 5’ to F8 (intron 22 type 2 inversion), or an inversion between a repetitive region
in intron 22 and a similar region 400 kb 5’ to F8 (intron 22 type 1 inversion).67:6¢8 While most
with a gene inversion will exhibit the severe HA phenotype, inversions have been reported in up
to 3% of persons with moderate disease.®® Furthermore, it has been shown that large
polypeptide chains, though not full-length FVIII, can be synthesized in inversion-transfected
cells.7o The remaining 55% of severe HA and vast majority of mild/moderate HA is caused by
pathogenic variation elsewhere in F8. Over 2,500 variants have been reported to cause HA.”

The most common non-inversion variants among persons with severe HA are those resulting in



a single amino acid substitution in the amino acid sequence (missense variants — 17%) or single-
nucleotide insertions or deletions that alter the reading frame and subsequently result in early
termination of the protein sequence (frameshift variants — 17%).69 Less common are single-
nucleotide switches that result in an early termination of the protein sequence (nonsense —
11%), large deletions or duplications encompassing more than 50 nucleotides (6%), variants that
alter exon splicing (splice site — 3%), and multi-nucleotide insertions or deletions that do not
alter the reading frame (1%).99 Among persons with mild/moderate disease missense variants
are the most common non-inversion variants (80%), followed by single-nucleotide switches that
do not result in changes to the amino acid sequence (6%), splice site (3%), frameshift (2%), and
multi-nucleotide insertions or deletions that do not alter the reading frame (0.4%). Up to 1% of
persons with severe HA and 3% of persons with mild/moderate HA have no identifiable

variant.%9

The risk of inhibitor has been associated with the hemophilia-causing genotype in multiple
studies.'©:317274 Variants that are likely to interfere with protein production are particularly
immunogenic. A meta-analysis investigating the relationship between the hemophilia-causing
variant and inhibitor development among persons with severe HA indicated that, compared to
persons with intron 22 inversions, persons with large deletions were 3.6 times more likely to be
inhibitor-positive, persons with nonsense variants were 1.4 times more likely to be inhibitor-
positive, and persons with missense variants were 70% less likely to be inhibitor-positive.1°
Furthermore, a recent investigation of 231 persons with severe HA indicated that participants
with variants predicted by in-silico analyses to produce no protein product were twice as likely
to develop inhibitors than participants with variants that were predicted to produce some
protein product. Participants who were antigen-negative (indicating no protein product
production) were 3.5 times more likely to develop inhibitors than participants who were
antigen-positive.7”s The location of the variant also appears to be important. Among a large

cohort of persons with mild/moderate HA, 19 of 214 missense variants were identified in at least



one inhibitor-positive participant. Of the variants seen in at least 10 participants, variants

associated with the highest risk of inhibitor development were in the A1, C1, or C2 domains.3!

Immune Response Genetics

Variation in genes involved in the immune response pathway has also been linked to inhibitor
risk. Several groups have investigated the association between variants in genes involved in
immune response and inhibitors among persons with HA.5976-112 However, the degree to of
consistency in methods and results among the various investigations is unclear. For example,
Astermark et al*°° reported an association between variants in IL10, a gene that codes for a
protein that plays an important role in limiting the immune response, and inhibitors among
persons with HA, but Bafunno et al'°3, Lozier et al79, and Pavlova et al34 did not replicate this
association. Variation in genes that code for the proteins involved in immune response could
increase or decrease protein function, thereby promoting or limiting the likelihood of immune
response. Variation may also play a role in the propensity for foreign antigen recognition. For
example, each class II MHC molecule recognizes a unique repertoire of peptide sequences.!3
Certain class I MHC variants are more promiscuous than others, recognizing a wider repertoire
of protein sequences. Persons with these variants may be more likely to develop inhibitors than
others. In alarge-scale computational study of inhibitor risk, Shepherd et al reported that
certain HLA-DRB1 variants recognized a wider variety of peptide sequences than others (e.g.,
HLA-DRB1*01:01 was predicted to recognize a wider variety of peptide sequences than HLA-
DRB1*01:03).14 Finally, variations in genes involved in the immune response pathway may not
directly influence gene function but may be markers of alleles that do. Because segments of a
chromosome that are close together tend to be inherited togetherss, it could be that variants
outside the coding region are genetically linked with more important variants within the coding
region or in regulatory regions of the gene. Fine mapping of genes in the immune response

pathway could identify regions of genes that are important in inhibitor development.”o
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Race/Ethnicity

In addition to treatment-related and genetic risk factors for inhibitor development,
race/ethnicity has also been identified as a risk factor for inhibitor development.53.59-116.117 Blacks
and Hispanics have a nearly 2-fold increased risk of inhibitor development compared to
Whites.5917 The reason for this is unclear. Viel et al proposed the difference in risk could be
explained by a mismatch between the F8 sequence commonly seen in almost exclusively Blacks
and Hispanics and the sequence of recombinant FVIII most frequently used for treatment.8
They reported a 3.6-fold increased prevalence of inhibitors among participants with this rarer
sequence.”® However, critics of this investigation cite concerns about sample size adequacy,
appropriate control for confounding, and how the hemophilia genotyping was conducted, as
hemophilia genotype was not determined for all study enrollees as was, instead, imputed.19-123
A subsequent investigation by Gunasekera et al used three different approaches to evaluate the
relationship between F8 sequence mismatch and inhibitors.24 The first was a larger case-
control study that showed no correlation between inhibitor status and rare sequence.'2¢ The
second was an investigation of binding affinities of peptides containing the relevant sequence
mismatches that indicated weak or no binding in 85% of assays, indicating a low likelihood that
the immune system would detect these sequences as foreign.’24 The third was as examination of
cultured CD4 T cells from patients with mismatched F8 and factor product sequences that
indicated no reactivity of cells to sequence mismatch.’24 Based on these results it seems unlikely
that sequence mismatch could explain the difference in inhibitor risk seen among Blacks and
Hispanics as proposed by Viel et al.’25 Other hypotheses, such as differences in the frequencies

of genetic variants that may influence immune response function, have not been formally tested.

Predicting Inhibitor Risk

Only one tool to predict persons with HA most likely to develop inhibitors has been validated.”

This tool, developed by the Concerted Action on Neutralizing Antibodies in patients with severe
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HA (CANAL) study investigators, is based on scoring of three components: 2 points for a
positive family history of inhibitor development; 2 points for having a high-risk hemophilia-
causing variant; and 3 points for intensive treatment at the first product exposure.” In a
validation study, inhibitor incidence was shown to increase with increasing point totals.
Inhibitor incidence among those with no points was 6, rose to 23% among those with two
points, and to 57% among those with 3 points or more.” The tool showed good discriminative
ability, with an area under the receiver operating curve of 0.74.7 While the CANAL investigators
indicated the tool performed equally well in an external population, Hashemi et al report
underestimation of risk in the “low-risk” category and overestimation of risk in the “high risk”
category when they evaluated the performance of the tool in a different population of persons

with severe HA.126

While the CANAL tool showed good performance, it has been validated only among persons
with severe HA. Furthermore, its reliance on factor product exposure has been cited as a
drawback, as this limits the ability to guide a physician as to whether exposure should be
avoided.8 The tool’s reliance on family history has also been cited as a drawback, as 30% of

persons with HA will have no family history of hemophilia.8

A reliable tool that could predict inhibitor risk among persons with severe as well as
mild/moderate HA would be valuable. Identification of persons at high risk for inhibitor
development could alert clinicians to investigate alternative treatment strategies that could
reduce risk, such as avoiding intensive therapy, avoiding recombinant factor products during
early exposure days, initiating early prophylaxis, or delaying exposure to FVIII by using other
treatment products. As previously discussed, intensive therapy may cause “danger signals” that
may upregulate the immune response to foreign FVIII.62-¢4 Understanding which patients may
be “primed” to elicit such immune upregulation could help guide clinicians when deciding the

type of therapy to use to control bleeding. Similarly, because use of recombinant FVIII products
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during the first exposure days has been associated with inhibitor development, understanding
which patients may be most likely to elicit a response could help guide factor product choice.%5
Finally, among patients with the highest risk of inhibitor development, avoiding the use of FVIII
may be a valid treatment option.’?” For example, among persons with mild/moderate disease
with hemophilia-causing variants known to be particularly immunogenic, the use of
desmopressin, a drug that causes the release of endogenous FVIII, has been shown to be

effective in controlling bleeding episodes.!28

Dissertation Aims

Given the limitations of the current risk prediction tool, this dissertation project will attempt to
develop a risk prediction tool for use across all hemophilia severity types and, by requiring no
information about family history and prior treatment with FVIII, could be more useful clinically.
Genetic information, including the hemophilia genotype and information on a limited set of
variants in the immune response pathway, could be available before the initiation of treatment
as part of the diagnostic workup. This dissertation project will explore ways to maximize this
information in order to predict inhibitor risk. Aim 1 will explore the hemophilia genotype and
will evaluate different methods of categorizing hemophilia-causing variants with the goal of
predicting inhibitor risk. Aim 2 will explore the role of variation in immune response in
predicting inhibitor risk. Because little is known about the degree of consistency in
methodology and results among reports of associations between variants in genes in the
immune response pathway and inhibitors, a systematic review and meta-analysis will attempt to
summarize the data and provide summary estimates of effect. Also, an analysis using gene
mapping will attempt to identify novel loci that may influence inhibitor risk. Finally, Aim 3 will
attempt to develop a risk prediction tool that incorporates both hemophilia genotype and
immune-response-variant genotype information into an inhibitor risk prediction tool that is

based on genetic information only. The performance of the tool will be evaluated by



investigating the ability to correctly assign inhibitor status in a cohort of persons with HA in

which the inhibitor status is known.

13
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Abstract
Development of inhibitory antibodies against factor replacement products is the most

concerning public health problem facing persons with hemophilia (PWH). Although the genetic
variant causing an individual’s hemophilia is the best-characterized risk factor for inhibitor
development, there is only one validated tool available to predict whether PWH A, with one of
over 2,000 different disease-causing variants, are at increased risk of inhibitor development,
and this tool has only been validated among persons with severe disease. To evaluate methods
of scoring disease-causing variants three different variant-scoring tools were applied to 758
PWH A enrolled in the multi-center Hemophilia Inhibitor Research Study. Tools included a
score based on American College of Medical Genetics (ACMG) guidelines for determining
pathogenicity (pathogenicity tool), a score based on predicted functional implications of the
variant (function tool), and a score developed using severity-specific externally-produced
estimates of effect (evidence-based tool). The pathogenicity score was determined by assigning
point values to each of the components outlined in the ACMG guidelines. The function score
was assigned using the following criteria: 4 points for variants predicted to produce no protein

product (multi-exon deletions), 3 points for variants predicted to produce a possible protein
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product (inversions, single-exon deletions, large duplications, nonsense variants, splice-altering
variants, and frameshift variants), 2 points for predicted immunogenic gene products (missense
variants at known inhibitor epitope locations), and 1 point for missense variants outside of
inhibitor epitope locations. The evidence-based score was assigned using log-odds-ratio values
for specific variant categories from either a previously-published systematic review (for persons
with severe disease) or using previously-published data from the INSIGHT cohort (for persons
with mild/moderate disease). Tools were evaluated by comparing the score distributions among
persons with and without an inhibitor using the non-parametric Wilcoxon rank sum test and by
comparing the area under the receiver-operating curve (AUC). Among the 3 tools evaluated, the
evidence-based tool performed best (AUC=0.6712 and AUC=0.6050 for persons with
mild/moderate and severe disease, respectively). However, none of these tools performed
particularly well, indicating risk stratification based on categorizing the disease-causing variant
alone may not be effective. These tools attempted to stratify inhibitor risk based on only one
aspect of inhibitor-development etiology. Tools that include other aspects of the etiology would

likely perform better.

Introduction
Hemophilia A (HA), an X-linked inherited bleeding disorder, affects approximately 20,000

males in the United States.! HA is caused by defects in the F8 gene that lead to missing or
defective factor VIII (FVIII), a pro-coagulant protein necessary for normal hemostasis. It is
most commonly treated by replacing the missing or defect protein with either plasma-derived or
recombinant FVIII. Unfortunately, a subset of persons with HA (PWH) will develop antibodies
(inhibitors) to the replacement FVIII, rendering the therapeutic ineffective. It has been
estimated that this occurs in up to 15% of all PWH at some point during their lifetime.2

Inhibitor development has been associated with increased frequency of bleeding3, factor product

utilizations, healthcare costs35:39, and risk of early mortality4.



16

Understanding which patients may be most likely to develop inhibitors is important because it
may help guide treatment decisions. Intensive factor replacement therapy may cause “danger
signals” that upregulate the immune response to foreign FVIII.62-6¢4 Furthermore, use of
recombinant FVIII products during the first exposure days has been associated with inhibitor
development.®s Understanding which patients may be “primed” to elicit an immune response

could help guide clinicians when deciding the type of therapy to use to control bleeding.

The only validated risk stratification tool to predict which PWH may be most likely to develop
inhibitors is based on family history of inhibitor development, type of HA-causing genetic
defect, and intensity of first treatment product exposure.72¢ However, this scores may be of
limited utility because it relies on prior exposure to factor product.® Risk stratification tools that
rely on genetics alone may be more valuable, as decisions regarding treatment can be made
before the first exposure to factor replacement products.8129 Furthermore this score has been
validated among severe PWH only, leading to questions about performance in non-severe

PWH.7126

One of the most well studied genetic risk factors for inhibitor development is the HA-causing
genetic variant itself. There have been more than 2,500 unique genetic variants reported to
cause HA.” Disease severity is correlated with variant type.97* Among those with severe HA the
most common genetic defects are gene inversions, while among those with mild and moderate
HA the most common genetic defects are missense changes that lead to substitutions for one
amino acid in the FVIII peptide chain.7* Among those with severe HA, genetic defects
predicted to cause a complete loss of factor VIII protein production have been associated with
highest risk of inhibitor development.’® On the other hand, among those with mild and
moderate HA only a few specific genetic missense variants or missense variants that occur in

specific domains of F8 gene have been associated with increased risk of inhibitor development.3t
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The possible utility of a risk stratification tool based solely on categorizing HA-causing genetic
defects across all severity subgroups has not been established. The purpose of this study was to
evaluate different categorization schemes in development of a risk stratification tool and to
assess whether or not such a tool could be useful clinically to identify PWH at highest risk of

inhibitor development.

Methods

Population
Data from participants enrolled in the Hemophilia Inhibitor Research Study (HIRS) were used

for this analysis. The HIRS methodology has been previously described.:3° Briefly, PWH
receiving care at 17 participating hemophilia treatment centers were enrolled in HIRS in order
to determine the feasibility of conducting national surveillance for inhibitors and to identify
potential risk factors for inhibitor development. Demographic, treatment and inhibitor history
data were collected by a study coordinator from clinic records using a standard data collection
tool. Participants underwent baseline and annual inhibitor testing and submitted blood
specimens for genotyping. For this analysis, data from participants with HA were analyzed.
Data from participants who refused genotyping or whose blood samples lacked sufficient DNA
for genotyping were excluded. When relatives were co-enrolled in the study, data from the first
enrolled relative was used. In order to control for the potential impact of race and due to a
relatively small sample size, participants with race/ethnicity other than White, Non-Hispanic

were excluded.

Inhibitor status was determined based on historical data and on inhibitor testing results during
the course of the study. We considered a participant to have a history of inhibitor development
if he was reported to have a measureable inhibitor titer of >1.0 Bethesda Unit (BU) on at least
two occasions, or one measured inhibitor titer of >1.0 BU followed by the institution of immune
tolerance induction therapy, or was confirmed inhibitor-positive using a modified Nijmegen

Bethesda assay?3! by the centralized HIRS laboratory during the study period.
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Genotyping
The hemophilia-causing genetic defect was determined as previously described.o Briefly,
sequencing of the 5’ untranslated region, all exons, intron-exon junction regions, and the 3’
untranslated region of F8 was performed in forward and reverse directions using an automated
analyzer (3730 DNA Analyzer, Applied Biosystems, Carlsbad, CA, USA) and the VariantSEQr™
protocol. Inversions of F8 were detected using PCR.¢7:¢8 Large duplications were identified
using Multiplex Ligation-dependent Probe Amplification™ (MLPA)*32 using SALSA MLPA Kits

P178-A1 Factor VIII (MRC Holland, Amsterdam, The Netherlands).

Risk Prediction Tools
Three different risk prediction tools based on the hemophilia-causing genotype were evaluated.

A description of each tool is provided below. Variants were scored using the criteria for each

tool.

Tool based on predicted pathogenicity (Pathogenicity Tool)
The American College of Medical Genetics (ACMG) has published guidelines for determining

pathogenicity of genetic variants.'33 The guidelines outline how to categorize genetic variants as
pathogenic, likely pathogenic, unknown significance, likely benign, and benign based on various
pieces of evidence, including allele frequency in normal populations and predicted impact on
gene function. Pieces of evidence were graded as ‘very strong’, ‘strong’, ‘moderate’, and
‘supporting’. For this analysis each piece of evidence was assigned a point value. Points were
summed across all evidence categories in order to produce a final variant score. The
operationalization of each of the evidence categories is outlined in Supplementary Table 1.

Participants with no HA-causing variant identified were not assigned a score.

Tool based on predicted impact on gene function (Function Tool)
A score based on predicted impact of each variant on protein function was assigned using the

following criteria: 4 points for variants predicted to produce no gene product (multi-exon
deletions)'34; 3 points for variants predicted to produce a possible gene product (inversions,

single-exon deletions, large duplications, nonsense variants, splice-altering variants, and
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frameshift variants)¢7.70.135-161; 2 points for predicted immunogenic missense variants (missense
variants at known epitope locations); and 1 point for missense variants outside of known
inhibitor epitope locations. Epitope locations were identified by searching for antibody epitopes
reported in the Immune Epitope Database.1¢2 Participants with HA-causing variants identified
as in-frame deletions less than 50 base-pairs in length or synonymous variation or with no HA-

causing variant identified were not assigned a function score.

Tool based on prior evidence (Evidence-Based Tool)
A severity-specific score based on previously-published estimates of effect of hemophilia-

causing genetic variant types on inhibitor risk was assigned. For participants with severe HA
the log-odds-ratio value for HA-causing variant types reported in a meta-analysis!® was assigned
as the evidence-based score. Scores for each variant category were assigned as follows: multi-
exon deletions (OR 9.24), single-exon deletions (OR 1.09), nonsense variants occurring in the
light chain of F8 (OR 1.80), nonsense variants occurring outside the light chain (OR 1.04),
intron 22 inversions (reference group — OR 1.00), intron 1 inversions (OR 0.92), small deletions
within poly-A-runs (OR 0.27), small deletions outside poly-A-runs (OR 0.65), missense variants
occurring in the light chain (OR 0.37), missense variants occurring outside the light chain (OR
0.23), splice site variants (OR 0.95), and no variant identified (OR 0.37). Participants with
severe disease with HA-causing variants identified as complex gene rearrangements or with
synonymous changes were not assigned an evidence-based score. For participants with mild or
moderate HA the log-odds-ratio value for HA-causing variant types reported from the INSIGHT
cohort3' was assigned as the evidence-based score. Variant categories included missense
variants not in the light chain of F8 and not identified as high-risk (i.e. not p.Arg612Cys,
p-Tyr2124Cys, or p.Arg2169His; reference group — OR 1.00), missense variants in the light chain
and not identified as high-risk (OR 5.74), high-risk variants (OR 17.27), and all other variant
types (OR 2.99). Participants with mild or moderate disease that did not have a HA-causing

variant identified were not assigned an evidence-based score.
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Statistical Analysis
Differences in variant scores between inhibitor-positive and inhibitor-negative participants were
compared using the Wilcoxon rank sum test. The ability of a tool to correctly classify inhibitor
status was evaluated using the area under the receiver operating curve (AUC) using a logistic
model with history of inhibitor as the outcome and the score as the predictor. Performance was
evaluated overall and by HA severity. All analyses were done using SAS, version 9.4 (SAS
Institute, Cary, NC, USA).
Results
Among 1,300 participants in HIRS, 758 were eligible for this analysis, after exclusions based on
hemophilia type (N=233), race/ethnicity (N=236), lack of genotyping data (N=34), and co-
enrollment of a relative (N=39). Of these, 162 were inhibitor-positive, with 14 participants
developing an inhibitor during the study period. HA-causing F8 variants were identified in 739
participants. There were 306 unique variants identified. A summary of variant types by severity

and inhibitor status is provided in Table 1.

Pathogenicity Tool
Pathogenicity scores did not differ significantly by inhibitor status (Figure 1A). When stratified

by severity, there was also no significant difference in pathogenicity scores by inhibitor status.
Furthermore, the AUC was not above 0.6, either overall or when stratified by disease severity

(Figure 2).

Function Tool
The distribution of function scores in the overall study population and stratified by severity and

inhibitor status is outlined in Figure 1B. Scores differed statistically significantly overall
(p<0.01) and among participants with severe disease (p<0.01); however, as can be seen in
Figure 3, these differences did not produce appreciably higher AUC (AUC=0.65 overall,

AUC=0.52 among mild or moderate participants, AUC=0.58 among severe participants).
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Evidence-based Tool
There are statistically significant differences in evidence-based scores when stratified by severity
(Figure 1C). Because scores were assigned based on severity, distributions of the scores overall
are not meaningful. The scores among inhibitor-positive participants with mild or moderate
disease were higher than the scores among inhibitor-negative participants with mild or
moderate disease (p<0.01). Similarly, the scores among inhibitor-positive participants with
severe disease were higher than the scores among inhibitor-negative participants with severe
disease (p<0.01). This is reflected in the AUC (Figure 4). The AUC among mild or moderate
participants was 0.67, and the AUC among severe participants was 0.61.
Discussion
Inhibitor development is the most significant treatment-related complication among PWH. The
ability to identify those at highest risk of inhibitor development early in their treatment
experience is important, as treatment may be altered to avoid intensive factor product exposure,
a strong environmental risk factor for inhibitors. A Previously-developed inhibitor risk
prediction tool7'2¢ has been validated only in subpopulations (e.g., among severe PWH) and
requires information obtained only after prior product exposures. A tool based on patient
characteristics alone would be more useful in the clinical setting, especially when faced with a

situation that requires a decision on treatment.

The tools evaluated in this analysis utilized information about hemophilia severity and the
disease-causing genetic variant — information that could be available prior to the need for
treatment. Unfortunately, none of these tools performed particularly well, as evidenced by low

predictive ability either overall or when stratified by hemophilia severity.

Each of the tools evaluated in this analysis were limited in some way. The pathogenicity tool
was developed based on ACMG guidelines!3ss for describing variant pathogenicity in terms of
causing hemophilia. It is not surprising then that this tool was of limited utility in determining

whether a variant may be immunogenic. Null variants that would likely be more immunogenic
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and non-null variants could have similar pathogenicity scores, as they would both be predicted
to cause hemophilia. Furthermore, the ability to determine pathogenicity of variants related to
non-Mendelian outcomes, such as inhibitors, is listed as a limitation of the guidelines. The
function tool was developed to avoid this limitation, as null variants were scored differently than
non-null variants on an arbitrary scale. While this resulted in a score that differed between
inhibitor-positive and inhibitor-negative participants, these differences were minimal and did
not allow better prediction of inhibitor status based on score value. This may be related to the
arbitrary nature the point values were assigned. The evidence-based tool attempted to assign
values to variant categories based on prior evidence, rather than use of an arbitrary scale.
Previously-published estimates of the effect of variant categories on inhibitor risk among
severe'© and mild/moderate3' PWH were used to assign the evidence-based score in a severity-
specific manner. This resulted in the best performing score. However, the score did not
perform as well as the previously-published risk prediction tool712¢ that incorporated other
patient and treatment characteristics such as family history of inhibitor development, type of

HA-causing genetic defect, and intensity of first treatment product exposure.

Inhibitor development is theorized to be a T-cell dependent process that involves the
presentation of exogenous factor peptides by major histocompatibility class (MHC) II and the
regulation of antibody development by various immune-response molecules.? A systematic
review and meta-analysis investigating the effect of genetic variants in immune-response-
related genes on risk of inhibitor development indicated variants in two MHC II genes, tumor
necrosis factor alpha, and interleukin 10 were significantly associated with inhibitor risk.¢s
Inclusion of these genetic variants in a genetic-based risk prediction tool could enhance tool
performance, as these variants my help explain a proportion of the variance in inhibitor risk not
related to the hemophilia genotype. Furthermore, categorization of variants for each of these
tools is relatively broad, considering the more than 2,5007* F8 variants known to cause

hemophilia. This investigation was not sufficiently powered to detect small differences in
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inhibitor risk introduced by rare variants seen in only one or two participants, thus some sort of
categorization was necessary. Perhaps finer categorization could enhance tool performance, as a
subset of variants with large impact on risk of inhibitors may currently be collapsed together
with variants exhibiting less effect. The My Life, Our Future project has genotyped over 3,000
PWH.% The results of this project could enable finer classification of hemophilia-causing

variants in a way that would better able risk prediction.

In addition to the power issue discussed above, this investigation is also limited in the ability to
describe the generalizability of these tools to other populations. Inhibitors occur more
frequently in black and Hispanic PWH.2 In order to minimize the effect of race/ethnicity on
evaluating tool performance, participants of non-white race were excluded from this analysis. It
is not clear how the tools presented here would perform in these minority population. We
intend to investigate this in future efforts. Furthermore, the utility of these tools for predicting
inhibitor risk in patients with no identified hemophilia-causing variant may be limited. Over 2%
of all participants in our investigation did not have a hemophilia-causing variant identified,
most commonly among mild and moderate PWH. Deep intronic variation and variation in
genes other than F8 that produce a hemophilia-like phenotype can not be ruled out for these
participants, as our genotyping methods would not have detected such variation. The
appropriate categorization of such variation in a way that would enable inhibitor risk prediction
among this sub-population is not clear.

Conclusions

The results of this analysis indicate that an inhibitor risk prediction tool based only on broad
categorization of the HA-causing variant will be of limited utility. Perhaps inclusion of other
genetic variants related to inhibitor development could increase the utility of a score based only

on genetic variation.
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Tables
All Mild Moderate Severe
No No No No
All Inhibitor  Inhibitor All Inhibitor  Inhibitor All Inhibitor  Inhibitor All Inhibitor  Inhibitor

N (%) N (%) N (%) N (%) N (%) N (%) N (%) N (%) N (%) N (%) N (%) N (%)

Large Deletion 27(3.6) 16 (9.9) 11 (1.8) o (0) o (0) o (0) 1(0.9) 1(7.1) o (0) 23 (4.8) 12 (10.1) 11 (3)

Single Exon 14 (1.8) 7(4.3) 7 (1.2) o (0) o (0) o (0) 1(0.9) 1(7.1) o (o) 11(2.3) 4(3.4) 7(1.9)

Multi Exon 13 (1.7) 9(5.6) 4 (0.7) o (0) o (0) o (0) o (0) o (0) o (0) 12 (2.5) 8(6.7) 4 (1.1)
Inversion 232 (30.6) 70 (43.2) 162 (27.2) 1(0.7) 0(0) 1(0.7) 5(4.5) o(0) 5(5.2) 218 (45.2) 62 (52.1) 156 (43)

Intron 22 224 (29.6) 68 (42) 156 (26.2) 1(0.7) o (0) 1(0.7) 5(4.5) o (0) 5(5.2) 210 (43.6) 60 (50.4) 150 (41.3)

Intron 1 8 (1.1) 2(1.2) 6(1) o0 (0) o (0) o (0) 0(0) o (o) o (o) 8(1.7) 2(1.7) 6(1.7)
Frameshift 86 (11.3) 21(13) 65 (10.9) o (0) o (0) o (0) 5(4.5) 3(21.4) 2(2.1) 78 (16.2) 15 (12.6) 63 (17.4)
Inside Poly-A 52(6.9) 12(7.4) 40 (6.7) o (o) o (o) o (o) 3(2.7) 2(14.3) 1(1) 47(9.8) 8(6.7) 39 (10.7)
Outside Poly-A 34 (4.5) 9(5.6) 25 (4.2) o (0) 0 (0) o (o) 2(1.8) 1(7.1) 1(2) 31(6.4) 7(5.9) 24 (6.6)
Missense 292 (38.5) 29 (17.9) 263 (44.1) | 136(90.7) 12 (92.3) 124 (90.5) 82(74.5) 9(64.3) 73 (76) 73 (15.1) 7(5.9) 66 (18.2)
Inside Light Chain 74 (9.8) 5(3.1) 69 (11.6) 25 (16.7) 1(7.7) 24 (17.5) 27 (24.5) 2 (14.3) 25 (26) 22 (4.6) 2 (1.7) 20 (5.5)
Outside Light Chain | 218 (28.8) 24 (14.8) 194 (32.6) 111 (74) 11(84.6) 100 (73) 55 (50) 7 (50) 48 (50) 51(10.6) 5(4.2) 46 (12.7)
Nonsense 64 (8.4) 16 (9.9) 48 (8.1) 1(0.7) o (0) 1(0.7) 2 (1.8) o (0) 2(2.1) 60 (12.4) 15 (12.6) 45 (12.4)
Inside Light Chain 11 (1.5) 1(0.6) 10 (1.7) 0 (0) 0 (0) o (0) o (0) o (0) o (0) 11 (2.3) 1(0.8) 10 (2.8)
Outside Light Chain 53(7) 15 (9.3) 38 (6.4) 1(0.7) o (0) 1(0.7) 2(1.8) o (0) 2(2.1) 49 (10.2) 14 (11.8) 35(9.6)

Splice Site 18 (2.4) 2(1.2) 16 (2.7) 5(3.3) 0(0) 5(3.6) 4(3.6) 0(0) 4(4.2) 9(1.9) 2(1.7) 7(1.9)
Other 20 (2.6) 4(2.5) 16 (2.7) 4(2.7) 1(7.7) 3(2.2) 4(3.6) 1(7.1) 3(3.1) 12 (2.5) 2 (1.7) 10 (2.8)

Synonymous 3(0.4) o (o) 3(0.5) 2(1.3) o (o) 2(1.5) 1(0.9) o (o) 1(1) 0 (0) o (o) o (o)

Small Rearrangement 6 (0.8) o (o) 6 (1) 1(0.7) o (o) 1(0.7) o (o) o(0) o(0) 5(1) o(0) 5(1.4)

Large Rearrangement 7(0.9) 3(1.9) 4(0.7) 1(0.7) 1(7.7) o (0) 1(0.9) 1(7.1) o (0) 50) 1(0.8) 4(11)

Large Duplication 4(0.5) 1(0.6) 3(0.5) 0 (0) 0 (0) o (0) 2(1.8) o (0) 2(2.1) 2(0.4) 1(0.8) 1(0.3)

None 19 (2.5) 4(2.5) 15 (2.5) 3(2) 0(0) 3(2.2) 7(6.4) 0 (0) 7(7-3) 9(1.9) 4(3.4) 50.4)

Table 1: Distribution of hemophilia A-causing variant types by disease severity and inhibitor status.
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Figure 2: Receiver operating curves and Area Under the Curve statistics for pathogenicity tool,

overall and stratified by disease severity.

Overall Mild/Moderate Severe

ROC Curve for Model ROC Curve for Model ROC Curve for Model
Area Under the Curve = 0.6464 Area Under the Curve = 05190 Area Under the Curve = 05808

1.00 1.00 1.00
A A
/

075 075 075
z z E
% 050 % 050 % 050
5 5 5
a @ a

028 025 025

000 J 0.00 000 /

0.00 025 050 075 1.00 000 025 050 075 1.00 000 025 050 075 1.00
1- Spacificity 1 - Specificity 1 - Specificity

Figure 3: Receiver operating curves and Area Under the Curve statistics for function tool,

overall and stratified by disease severity.
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Abstract

Antibodies developed against treatment products, inhibitors, are a serious complication of

treatment among persons with hemophilia (PWH). It has been hypothesized that inhibitor

29

development has a genetic component. Because inhibitor development is an immune response,

genetic variants in immune-response-related genes could affect inhibitor risk. This systematic

review and meta-analysis attempts to identify variants in immune-response-related genes that

are consistently associated with inhibitors among PWH. Studies published before August 2016

that were designed to assess the association between variants in immune-response genes and
inhibitors among PWH were included. Studies were excluded if they included females or
patients with acquired hemophilia. A meta-analysis was conducted for variants reported in at
least 3 cohorts. Odds ratios (ORs) were computed to compare the frequency of the genetic

variant in PWH with versus without inhibitors in relation to a reference allele. ORs were

combined into a summary estimate of effect using a random effects model. Twenty-nine of 629

references indexed in PubMed meeting the search criteria also met the inclusion criteria; 4
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additional references were identified by screening references. Summary estimates of effect
were calculated for 94 genetic variants in 13 genes. Five variants in 4 genes were significantly
associated with inhibitors among PWH. These included two variants in Class II HLA genes
(HLA-DQB1*0602: OR 1.77[95% CI: 1.24-2.53] and HLA-DRB1*15: OR 1.64 [95% CI: 1.18-
2.28]) and one variant in TNFA (rs1800629: OR 1.25[95% CI: 1.01-1.54]). Two variants in
IL10 were associated with decreased prevalence of inhibitors (-1082 G>A rs1800896: OR 0.74
[95% CI: 0.57-0.95] and microsatellite repeat rs2234662: OR 0.58 [95% CI: 0.34-1.01]).
Numerous studies have investigated the association between variants in immune-response
genes and inhibitors among PWH. However, few studies investigated the same sets of genes,
and very few variants have been consistently associated with inhibitors. These data suggest the
need for systematic, unbiased genome-wide studies to identify genetic predictors of inhibitors.
Introduction

Hemophilia A, an inherited bleeding disorder caused by mutations in the gene that codes for the
pro-coagulant protein factor VIII (FVIII), affects approximately 20,000 males in the United
States.! Hemophilia A is most often treated by replacing the missing factor using either
recombinant or plasma-derived FVIII concentrates; however, treatment is not without risk.
Approximately 1 in 5 persons with hemophilia (PWH) will develop antibodies to treatment
products, known as inhibitors.2 Inhibitor development has been associated with increased risk
for bleeding3 and early mortality4, increased factor product utilizations, and increased

healthcare costs39.

Some efforts have been undertaken to develop risk stratification tools to better predict which
PWH will develop inhibitors.”1¢4 For example, the risk stratification tool” developed by the
CANAL study group includes three components: family history of inhibitor development, the
patient’s F8 mutation, and intensity of first factor exposure. Some have argued, however, that a
major drawback to this tool is its reliance on product exposure and family information and that

a tool based solely on genetic markers could be more useful in a clinical setting.8
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Antibody development to factor concentrates is believed to be a T-cell-mediated process.?
Antigen-presenting cells endocytose and process the foreign factor protein and present
fragments to naive T helper cells. Naive T helper cells become activated via a series of immune
response signals involving cytokine release and interaction with co-stimulatory molecules.
Activated T helper cells interact with antibody-producing B cells to produce antibodies against

the foreign factor product.

Because a complex series of interactions with various immune response molecules underlies
inhibitor development, genetic variation in these genes could underlie variability in inhibitor
development risk. Indeed, several investigations have examined the association between genetic
variants in immune response genes and inhibitor development among PWH.59.76:77.79-87,90,92,93,95-
97.99-112,165 However, the degree of consistency in methods and results among the various
investigations is unclear. The goal of this systematic review and meta-analysis is to summarize
the evidence regarding the associations between genetic variants in immune response genes and
inhibitor development among PWH and to evaluate the strength and consistency of the
associations that have been investigated. With these data, the feasibility of developing a risk
prediction tool based solely on genetic markers can be better understood.

Methods

A literature search was conducted on August 19, 2016, by ABP, a biologist in the Division of
Blood Disorders, Centers for Disease Control and Prevention, to identify peer-reviewed
publications written in English on genetic association studies of immune response genes and
inhibitors among PWH. PubMed was searched using the following terms: (Hemophilia AND
Inhibitor AND (Gene* OR MHC OR Major Histocompatibility Complex OR HLA OR Human
Leukocyte Antigen OR allele OR polymorphism)). Web of Science was subsequently used to
identify records that were cited by or that cited the reports identified via the PubMed search.
The resulting list of publications was examined using EndNote Version 7 to identify

observational studies (prospective and retrospective cohort, case-control, and cross-sectional
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studies) that investigated genetic variants in immune response genes and inhibitors to FVIII
among males with hereditary hemophilia A. Publication review was done in a stepwise manner:
first examining the titles and abstracts to identify publications not meeting the inclusion criteria
and subsequently examining the full text of each manuscript passing the review of title and

abstract.

Studies meeting the criteria described above were included in the systematic review. Genetic
variants assessed in at least 3 unique cohorts were also included in a meta-analysis of the
association of those variants with inhibitor development. Data were extracted from each full-text

publication by ABP using a standardized data extraction form (Supplemental Material).

To estimate the effect of each genetic variant included in the meta-analysis on prevalence of
inhibitors, odds ratios (ORs) were calculated from summary statistics reported in the original
publication, by comparing the proportions of inhibitor-positive and inhibitor-negative persons
homozygous for the reference allele to the proportions of inhibitor-positive and inhibitor-
negative persons carrying at least one variant allele as reported in each publication. The
reference allele was defined based on Genome Reference Consortium Human Build 38 patch
release 7. For human leukocyte antigen (HLA) reference alleles not seen in a cohort, a fixed
count of one inhibitor patient and one non-inhibitor patients was used.®¢ For studies where
results were not reported in a manner that would allow the computation of the OR and
associated variance, the corresponding author was contacted on two occasions by separate
emails sent two weeks apart. If no response was received after four weeks from the date the
final email was sent, the data were excluded from analysis. Summary estimates of effect were

calculated using a random effects model¢7 via the Mantel-Haenszel method8.

The quality of each study included in the systematic review and/or meta-analysis was assessed
using the HuGENet guidelines for assessing the quality of genetic association studies.®9 These

guidelines outline ways to assess the quality of genetic association studies based on evaluation
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of bias in phenotype definition, bias in genotyping, the potential for population stratification,
and bias induced by selective reporting of results. Heterogeneity across studies was assessed for
each variant investigated by evaluating the Q statistic (a standardized measure of the deviation
of each study from the summary effect estimate), 12 (an estimate of the variance of the true effect
sizes), and I2 (the proportion of observed variance that reflects real differences in effect sizes).!7°
Publication bias was assessed by examining asymmetry in funnel plots constructed for each
variant investigated. Any asymmetry in the funnel plot was noted as suggestion of publication

bias.17t

All calculations and plots were conducted using Review Manager version 5.3.172

Results

Study identification and selection
Search of PubMed yielded 629 publications. Of these, 211 were excluded based on the title and a

further 378 were excluded based on information provided in the abstract. The full text of the
remaining 40 publications was reviewed, which resulted in 11 additional exclusions. Finally, an
additional 4 relevant publications were identified via Web of Science by assessing citations
either cited by or that cited the remaining 29 manuscripts. Figure 1 outlines the reasons for
publication exclusion at each step. The majority of manuscripts excluded in the review of
manuscript title were excluded because the investigation was not done in a cohort of persons
with hemophilia A, and the majority of manuscripts excluded in the review of manuscript
abstract and full text were excluded because the investigation did not report effects of immune

response variants.

Study characteristics
The characteristics of each study included in the systematic review and meta-analysis are

detailed in Table 1. Most studies were cross-sectional and included severe (FVIII:C <1%)
patients only. The largest study (Lozier et al 201179) was a multi-center study that investigated

the effect of various immune response related variants on the prevalence of inhibitors using a
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tag-SNP approach. The smallest study (Lippert et al 19902) was a single-center study that
investigated the effect of HLA type on prevalence of inhibitors. The effect of immune response-
related genetic variants on the prevalence of inhibitors was investigated among a wide variety of
racial and ethnic groups. Several reports (e.g. Astermark et al 2006a99, Astermark et al
2006b°°, and Astermark et al 2007'?) included the results of multiple genetic variants

evaluated in the same cohort.

Variants investigated
Among all papers included in this review, the associations between 14,465 unique variants and

inhibitor status among PWH were reported (see Supplementary Material for complete list of
variants). However, most of these variants were investigated in one cohort only, eliminating the
possibility of comparisons across studies. The strongest effect was reported in DOCK2
(rs1863993, OR 4.29 [95% CI: 2.09-8.80]) by Astermark et al 20132, Unfortunately, this
variant was not investigated in any other study. The most common variants tested across all

studies were the HLA-DQB1 and HLA-DRBE1 alleles, investigated in 11 cohorts.

Summary estimates of effect
There were 94 variants investigated in at least 3 cohorts. Table 2 lists the variants included in

the meta-analysis, grouped by gene function and gene. Summary estimates of effect and forest
plots for all variants included in the meta-analysis are provided in the Supplementary Material.
The main findings of these analyses are presented below under the appropriate gene function
category.

T cell regulators

The systematic review of the literature identified 3 variants in 2 genes involved in T cell
regulation that were investigated in at least 3 cohorts of PWH. Both variants in CTLA4
(rs5742909 and rs231775) and the variant in PTPN22 (rs2476601) were associated with a

decreased prevalence of inhibitors. The summary estimates of effect ranged from OR 0.85
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(95% CI: 0.65-1.13) (rs231775) to OR 0.93 (95% CI: 0.48-1.79) (rs2476601). None were

statistically significantly associated with inhibitors.

Class I HLA genes
The systematic review of the literature identified three reports that investigated the association

between Class I HLA genes and inhibitors among PWH. The estimates of effect varied widely
among cohorts for each of the alleles included in the meta-analysis. None of the alleles were

statistically significantly associated with inhibitors.

Class IT HLA genes
Several groups have investigated the effect of Class IT HLA variants on the prevalence of

inhibitors among PWH. The most commonly investigated genes were HLA-DQB1 and HLA-

DRB1, which were investigated in 12 reports.

Compared to the reference allele, none of the HLA-DQA1 alleles were statistically significantly
associated with the prevalence of inhibitors, although HLA-DQA1*0102 was consistently
associated with slightly increased prevalence of inhibitors (OR 1.47 [95% CI: 0.80-2.69]) and
HLA-DQA1*0103, HLA-DQA1*04, HLA-DQA1*05, HLA-DQA1*0501 were consistently
associated with slightly decreased prevalence of inhibitors (OR 0.40 [95% CI: 0.15-1.07], OR
0.71 [95% CI: 0.31-1.65], OR 0.70 [95% CI: 0.46-1.06], and OR 0.79 [95% CI: 0.79-1.49],

respectively).

Compared to the reference allele, HLA-DQB1*0602 was statistically significantly associated with
increased prevalence of inhibitors among PWH (OR 1.77[95% CI: 1.24-2.53], see Figure 2a). At
2 digit resolution, HLA-DQB1*06 was also associated with increased prevalence of inhibitors,
although not significantly (OR 1.19 [95% CI: 0.95-1.49]). Although not statistically significant,
HLA-DQB1*0502 was consistently associated with increased prevalence of inhibitors (OR 1.69

[95% CI: 0.96-2.97]) compared to the reference allele. HLA-DQB1*0402, a relatively rare allele,
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was also consistently associated with increased prevalence of inhibitors (OR 1.73 [95% CI: 0.83-

3.63]) compared to the reference allele.

Compared to the reference allele, HLA-DRB1*15 was statistically significantly associated with
increased prevalence of inhibitors among PWH (OR 1.64 [95% CI: 1.18-2.28], see Figure 2b).
None of the other HLA-DRB1 alleles were consistently associated with increased or decreased

prevalence of inhibitors among PWH.

Cytokines

The systematic review of the literature identified 12 variants in 5 cytokine genes that were
investigated in at least 3 cohorts of PWH. None of the variants in IL1, IL4, or IL13 were
statistically significantly associated with inhibitors. Of the 5 variants investigated in IL10, one
variant (rs1800896) was significantly associated with decreased prevalence of inhibitors (OR
0.74 [95% CI: 0.57-0.95], see Figure 2c). Another IL10 variant, a dinucleotide repeat in the
promoter region of the gene (rs2234662), was also marginally statistically significantly
associated with decreased prevalence of inhibitors (OR 0.58 [95% CI: 0.34-1.01], see Figure 2d).
Finally, 1 of the 4 variants investigated in TNFA (rs1800629) was marginally statistically
significantly associated with increased prevalence of inhibitors (OR 1.25 [95% CI: 1.01-1.54], see

Figure 2e).

Evaluation of heterogeneity
For each variant included in the meta-analysis, measures of heterogeneity, including 12, were

estimated (see Supplementary Material for all calculations). Overall heterogeneity estimates
were low, indicating the confidence intervals often overlapped and only a small amount of the

variability observed was due to heterogeneity between studies.

Evaluation of bias
The possible impact of bias, namely publication bias and study-related bias that could

contribute to phenotype misclassification, genotype misclassification, and confounding, was

evaluated for each variant included in the meta-analysis.
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Publication bias
Funnel plots for the variants significantly associated with inhibitors are provided in Figure 3.
Due to the relatively small number of studies investigating each variant, the funnel plots were
examined and were found to be uninformative. The funnel plot for HLA-DQB1*0602 appears
slightly asymmetric, indicating the possible presence of publication bias. Funnel plots for all

variants included in the meta-analysis are provided in the Supplementary Material.

Study-related bias
Table 3 outlines various aspects of study methodology that could contribute to bias for each

study included in the systematic review. The most common methodologic issues included
unclear phenotype definition (definition of inhibitor-positive, inhibitor-negative, or both) and
unclear reporting of steps taken to ensure the quality of genotyping data. Population
stratification was often not overtly addressed and was, instead, addressed by only including
participants from a single ethnic background.

Discussion

Because of its detrimental effect on treatment cost and bleeding risk, inhibitor development
among PWH has now become the most concerning complication of the disease. Efforts to
understand the characteristics of patients and the environment that increase risk of inhibitor
development are important, as this could help identify patients at highest risk for inhibitor
development and, perhaps, lead to the development of interventions to minimize risk. Because
inhibitor development involves an immune response to exogenous factor products, patient
characteristics that might influence immune response are important to investigate. Genetic
information, in particular, could be deployed to identify PWH who are at risk for inhibitor
development prior to treatment, allowing for targeted intervention to avoid complications. This
systematic review and meta-analysis attempted to summarize and quantify whether genetic

variation in immune response genes is associated with inhibitor occurrence among PWH.
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The published literature was systematically reviewed for reports of investigations of immune-
response-related genetic variants and their association with inhibitors. Authors of studies
included in the systematic review and meta-analysis were contacted to attempt to gather all
available evidence. For variants investigated in at least 3 cohorts, summary estimates of effect
were calculated using random effects models. The review identified 33 reports of investigations
of the association between immune-response-related genetic variants and inhibitors, and a total
of 14,465 unique variants were investigated. Of these, only 0.6% (n = 94) were investigated in at
least 3 samples; thus 99.4% of the genetic data were ineligible for inclusion in the meta-analysis.
Of variants included in the meta-analysis, 2 variants in Class II HLA genes (HLA-DQB1*0602
and HLA-DRB1*15) and 3 variants in cytokine genes (IL10 rs1800896, IL10 rs2234662, and

TNFA rs1800629) were found to be to be significantly associated with inhibitors among PWH.

HLA-Class II variants were among the first genetic variations to be investigated in association
with inhibitor development®2. The results of this systematic review and meta-analysis indicate
that, while most alleles do not appear to be associated with inhibitors, several alleles are
consistently, though not statistically significantly, associated with the prevalence of inhibitors
among the cohorts investigated. Furthermore, two alleles were shown to be statistically
significantly associated with increased prevalence of inhibitors. The HLA-DQB1*0602 allele,
found in this meta-analysis to be associated with an increased prevalence of inhibitors among
PWH, has been previously associated with a decreased risk of Type 1 diabetes73, increased risk
of multiple sclerosis'74, and increased (though not significant) risk of Guillain-Barre
Syndrome!7s. Similarly, the HLA-DRB1*15 allele, also found in this meta-analysis to be
associated with increased prevalence of inhibitors, has been previously associated with
increased risk of multiple sclerosis'74 and increased risk of red blood cell antibody production!76,
among other phenotypes'77. The lack of association between most of the Class II alleles and
inhibitors may be due to the relationship between HLA type and inhibitor development being

more complicated than simply carrying a risk or protective allele. A computational study of
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non-severe hemophilia A-causing mutations indicated that disease-causing mutation type
coupled with the HLA type is important, as some combinations do not induce major
histocompatibility complex binding and, thus, would not be expected to induce inhibitor
development.’4Another potential reason for the lack of association in this meta-analysis could
be limited power to detect associations, particularly in small studies. The HLA loci are highly

polymorphic, with many alleles seen only in a handful of study participants.

The role of cytokines in immune response, particularly response to exogenous material, is
important. Cytokines play a role in induction of clonal expansion and differentiation of naive B
cells into antibody-producing plasma cells7® and in regulation of the immune response'79. Of
the over 200 cytokine genes identified, the association between 133 genes and inhibitors among
PWH were investigated in at least one cohort. However, only 12 variants in 5 cytokine genes
were investigated in at least 3 cohorts. The systematic review and meta-analysis identified two
variants in IL10 that were associated with decreased prevalence of inhibitors among PWH
(rs100896 and rs2234662) and one variant in TNFA (rs1800629) that was associated with
increased prevalence of inhibitors. IL10 plays an important role in limiting the immune
response'”9. Both variants identified in the systematic review and meta-analysis are in the
promoter region of the gene and have been linked to gene expressiont8o-182, These variants have
also been reported to be associated with a variety of phenotypes83. TNFA plays an important
role in promoting the immune response84. The variant identified in this systematic review and
meta-analysis as being associated with increased prevalence of inhibitors has been associated

with higher TNF expression and multiple phenotypes?ss.

With the exception of a few multi-national studies7¢:79:99-102.108 "efforts to examine the effects of
genetic variation in immune-response-related genes on risk of inhibitors among PWH have been
largely isolated. There has been a general lack of phenotype standardization, genotyping quality

control, and control for important confounders such as population stratification. This lack of
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standardization limits the conclusions that can be made from this systematic review and meta-
analysis. According to the guidelines on the assessment of cumulative evidence of genetic
associations'®9, unclear phenotype definition and lack of control for population stratification can
have a profound impact on the accurate estimation of associations. Another complicating aspect
of the proliferation of small, often single-center, studies is the relative lack of statistical power to
detect associations. Perhaps evidence of this problematic issue can be noted in the results of
this meta-analysis, as several variants indicated consistent directions of effect but were not
statistically significant, highlighting the need for a coordinated, multi-national effort to ensure
that phenotype definitions are consistent and investigations are sufficiently powered to detect
associations. This increase in power would allow more agnostic evaluations, such as whole
exome and whole genome investigations, which would not rely on pre-experimental

assumptions regarding the genes involved.

Despite the limitations of this systematic review and meta-analysis, this effort remains the
largest, most comprehensive review of the evidence regarding the associations between genetic
variants involved in immune response and occurrence of inhibitors among PWH. Care was
taken to identify all published and unpublished data on this topic and to standardize the data so
that summary estimates of effect could be calculated.

Conclusions

The results of this systematic review and meta-analysis indicate that, although many different
genetic variants have been investigated, relatively few have been investigated in multiple
cohorts. Of those investigated in multiple cohorts, even fewer were statistically significantly
associated with inhibitors. Furthermore, there has been a lack of standardized methodology
across investigative efforts. This highlights the need for a coordinated approach to investigating
the role of immune response genetics in risk of inhibitor development. Based on these results, it
currently seems infeasible to produce a risk prediction tool based solely on genetic markers of

risk.
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Reference Inhibitor + Inhibitor - ibi Race/Ethnicity/Nationality Severity Study Study Name Dates Notes
Definition Definition + - Type Data
N N Collection
Lippert et al any titerable Bethesda never had a titerable 11 17 NR MI, MO, Cross 1985-1987 Genotyping by RFLP
199012 inhibitor titer Bethesda inhibitor S Sectional
titer
Hay et al any inhibitor titer >10 never had a titerable 52 124 NR S Cross NR
1997 BU Bethesda inhibitor Sectional
titer
Oldenburg et repeated inhibitor titer 1o history of 29 42 German S Cross NR All Intron 22 Inversion
al 1997% >1BU inhibitor in Sectional
>100 ED
Ohta et al NR NR 20 26 Japanese NR Cross NR
1999° Sectional
Tizzano et al NR NR Spanish MI, MO, Cross NR Contacted author regarding data
2002% S Sectional
Bril et al NR NR 7 38 Caucasian NR Cross NR All Arg593Cys
2004 Sectional
Astermark et NR no history of 77 87 Caucasian (N=160) MI, MO, Cross MIBS NR
al 2006a% inhibitor in Non-Caucasian (N=4) S Sectional
>100 ED
Astermark et NR no history of 77 87 Caucasian (N=160) MI, MO, Cross MIBS NR
al 2006b° inhibitor in Non-Caucasian (N=4) S Sectional
>100 ED
Astermark et NR 1o history of 63 61 NR S Cross MIBS NR
al 2007 inhibitor in Sectional
>100 ED
Kurnik et al NR NR 28 94 Caucasian S Prospective NR Contacted author regarding data
2007'% Cohort
Wieland et al NR NR 25 25 Caucasian NR Cross NR Contacted author regarding data
20087 Russian Sectional
African
Arabian
Pavlova et al NR no history of 130 130 German S Matched NR Matched on mutation type
2009% inhibitor in Case-Control Excluded non-null mutations
>150 ED
Ragni et al inhibitor titer above NR 65 119 Caucasian MI, MO, Matched Hemophilia Inhibitor Study NR Matched on age
20095 normal range African-American S Case-Control Contacted author regarding data
Bafunno et al NR NR 115 328 Ttalian NR Cross- AICE 2000-2006
2010'%% Sectional
Chaves et al NR NR 30 30 Brazilian NR Case-Control Fundacao Hemominas NR Contacted author regarding data
2010'°
Lozier et al any inhibitor titer >1 NR 302 633 Non-Hispanic Caucasian S Cross Multicenter Hemophilia Cohort 1982-2005 TAG SNP approach
20117 BU Sectional Studies I/IT Contacted author regarding data
See Supplmentary Material for full list of variants tested
Agostini et al any inhibitor titer >1 NR 39 97 European S Cross NR
20129 BU Sectional
Bafunno et al NR NR 111 97 NR NR Cross AICE 2000-2006
201214 Sectional
De Barros et al NR NR 40 131 Caucasian MI, MO, Cross DATAUSweb 2007-2009
201217 African-American S Sectional
Mulatto
Lu et al 20125 any Nijmegen- no Nijmegen- 63 59 Chinese MI, MO, Cross NR Only repeats >5% MATF reported for IL10.
Bethesda inhibitor titer Bethesda inhibitor S Sectional
>0.6 BU titer >0.6 BU
Nathalang et al any Bethesda inhibitor no Bethesda inhibitor 31 26 Thai NR Cross NR
2012% titer >0.6 BU titer Sectional

>0.6 BU
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Pinto et al any Nijmegen- no Nijmegen- 50 70 Indian S Cross NR
2012% Bethesda inhibitor titer Bethesda inhibitor Sectional
>1BU titer
>1BU in at least
10 ED
Astermark et a current or history of a no current or history 457 376 Caucasian MI, MO, Cross Hemophilia Inhibitor Genetics HIGS: 2004- Genotyped over 14,000 variants in 3 studies.
al 201312 Bethesda inhibitor titer of a Bethesda African-American S Sectional Study 2010 Performed meta-analysis to determine variants
>1BU measured at the inhibitor titer Hispanic HGDS MIBS: 1996~ significantly associated with inhibitor development.
local laboratory >1 BU measured at Asian HIGS 2000
the local laboratory Other MIBS HGDS:
1989-1990
Pergantou et al any Bethesda inhibitor no Bethesda inhibitor 28 24 Greek S Cross 1998-2011 Contacted author regarding data
2013% titer >0.6 BU titer Sectional
>0.6 BU in at least
150 ED
Repesse et al NR 1o history of 99 263 French S Cross NR
2013% inhibitor in Sectional
150 ED
Schwarz et al a current or history of a no current or history 52 213 Caucasian MI, MO, Cross Hemophilia Inhibitor Genetics 1989-1990 Contacted author regarding data
20137 Bethesda inhibitor titer of a Bethesda African-American S Sectional Study
>1 BU measured at the inhibitor titer Hispanic HGDS
local laboratory >1 BU measured at Other
the local laboratory
Schwarz et al a current or history of a no current or history 360 88 Caucasian S Cross Hemophilia Inhibitor Genetics 2004-2010 Contacted author regarding data
20137° Bethesda inhibitor titer of a Bethesda African-American Sectional Study
>1 BU measured at the inhibitor titer Hispanic HIGS
local laboratory >1 BU measured at Asian
the local laboratory Other
Eckhardt et al at least 2 inhibitor NR 36 49 Caucasian S Cross MIBS NR
201418 titers >=1BU Sectional
Fidanci et al NR NR 42 61 Turkish MO, S Cross NR All null F8 mutations
2014 Sectional
Kenet et al at least 2 locally- NR 54 162 Caucasian MO, S Cross 1980-2011 Only included high-titer inhibitor-positive patients
2014 defined positive Sectional
inhibitor titers >5 BU
Pinto et al any Nijmegen- no positive 56 63 Indian S Cross NR Contacted author regarding data
2014% Bethesda inhibitor titer Nijmegen-modified Sectional
>1BU inhibitor titer in
>10 years, >10 EDs
De Alencar et NR NR 35 82 Brazilian S Cross 2007-2009 Contacted author regarding data
al 201597 Sectional
Gorski et al at least 2 Bethesda NR 17 9 Ttalian S Cross Discovery 1960-2010 All Intron 22 Inversion
2016%° inhibitor titers >0.5 Sectional ‘Whole Exome Sequencing
BU Contacted author regarding data
Gorski et al at least 2 Bethesda NR 53 174 Italian S Cross Replication 1960-2010 All Intron 22 Inversion
2016%° inhibitor titers >0.5 Sectional
BU
Pinto et al any Nijmegen- 1o positive 8o 65 Indian S Cross 2012-2014 Contacted author regarding data
2016%* Bethesda inhibitor titer Nijmegen-modified Sectional Extension of results published in 2012 and 2014
>1BU inhibitor titer in

>10 years, >10 EDs

Table 1:

Characteristics of studies included in systematic review of the association between genetic variants

involved in immune response and inhibitors among persons with hemophilia A.

MI=Mild, MO=Moderate, S=Severe, NR=Not Reported, BU=Bethesda Unit



Gene
Function Gene Variants
-318 C>T 290
T cell CTLA4 3 2 g5574 909)
regulators 49 A>G (rs231775)

PTPN22 ¢.1858 C>T (rs2476601)
Table 2a: Variants in genes involved in T cell regulation included in the meta-

analysis

Gene Function Gene Variants

A*01 (reference allele)
A*02
A*03
A*11
HLA- A*24
A A*29
A*30
A*31
A*32
A*33
A*68
B*07 (reference allele)
B*08
B*13
HLA- B*14
B B*15
B*35
B¥44
B*57
C*01 (reference allele)
C*02
HLA- C*03
C C*04
C*o5
C*o7
Table 2b: Variants in Class I HLA genes included in the meta-analysis

Class I HLA
genes




Gene Function Gene Variants
DQA1*01 (2 digit reference allele) DQA1*03
DQA1%0101 (4 digit reference allele) DQA1*04

HLA-DQA1 DQA1*0102 DQA1*05
DQA1*0103 DQA1*0501
DQA1*02 DQA1*06
DQA1*0201
DQB1*02 DQB1*0502
DQB1*0201 DQB1*0503
DQB1*03 DQB1*0504
DQB1*0301 DQB1*06
HLA-DQB1 DQB1*0302 DQB1*0601
DQB1*0303 DQB1*0602
DQB1*04 DQB1*0603
Class II HLA genes DQB1r*0402  DQB1*0604
DQB1*05 (2 digit reference allele) DQB1*0605
DQB1*0501 (4 digit reference allele) DQB1*0609
DRB1*01 (2 digit reference allele) DRB1*09
DRB1*0101 (4 digit reference allele) DRB1*0901
DRB1*03 DRBi1*10
DRB1*0301 DRB1*1001
DRB1*04 DRB1*11
HLA-DRB1 DRB1*0401 DRB1*12

DRB1*0402 DRB1*13
DRB1*07 DRB1*14
DRB1*0701 DRB1*15
DRB1*08 DRB1*1501
DRB1*0801 DRB1*16

DRB1*0802
Table 2¢: Variants in Class IT HLA genes included in the meta-analysis




Gene
Function Gene Variants
IL1 IL1B Taql RFLP (rs1143634 )
1L4 -590 C>T (rs2243250)
microsatellite (rs2234662)
-1082 G>A (rs1800896)
IL10 -819 C>T (rs1800871)
Cytokines -592 C>A (rs1800872)
r$3024496
IL13 2044 A>G (rs20541)
-308 G>A (rs1800629)
TNFA -827 C>T (rs1799724)
-238 G>A (rs361525)
670 A>G (rs3093662)

Table 2d: Variants in cytokine genes included in the meta-analysis
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Bias Assessment
Population
Reference Study Name Phenotype Genotype Stratification Reporting
Lippert et al 199012 unclear NR NR only reported significant results
Hay et al 1997110 clear NR NR reported all results
Oldenburg et al 199783 clear NR same descent did not test uncommon alleles
Ohta et al 199982 unclear NR same descent did not test uncommon alleles
Tizzano et al 200295 unclear NR same descent did not report inhibitor as outcome*
Bril et al 2004105 unclear NR same descent reported all results
NR (HLA)
Astermark et al 2006a99 MIBS unclear appropriate QC NR reported all results
(TNFA)
Ast;zggg;lfnit al MIBS unclear NR NR reported all results
Astermark et al 20070t MIBS unclear NR NR reported all results
Kurnik et al 2008165 unclear NR same descent did not report alleles independently*
Wieland et al 200877 unclear NR only reported significant results*
Pavlova et al 200984 unclear appropriate QC same descent reported all results
Ragni et al 200959 Hemophilia Inhibitor Study unclear NR calsne?tcc:netclol did not report alleles independently**
Bafunno et al 201013 AICE unclear appropriate QC same descent reported all results
Chaves et al 2010106 Fundacao Hemominas unclear NR same descent only reported significant results*
Lozier et al 201179 M%gﬁgﬁ;ﬁgﬂgﬁha unclear appropriate QC** same descent reported all results**
Agostini et al 201296 unclear appropriate QC same descent reported all results
Bafunno et al 2012104 AICE unclear appropriate QC NR reported all results
De Barros et al 2012107 DATAUSweb unclear NR reported all results
Lu et al 201280 clear NR same descent reported all results
Nathalang et al 201281 clear NR same descent reported all results
Pinto et al 201286 clear NR same descent reported all results
Hemophilia Inhibitor Genetics
Study
Astermark et al 2013102 HGDS clear appropriate QC PCA only reported significant results*
HIGS
MIBS
Pergantou et al 201385 clear NR same descent only reported significant results*
Repesse et al 201387 unclear appropriate QC same descent reported all results
Hemophilia Inhibitor Genetics
Schwarz et al 201376 Study clear NR NR reported all results**
HGDS
Hemophilia Inhibitor Genetics
Schwarz et al 201376 Study clear NR NR reported all results**
HIGS
Eckhardt et al 2014108 MIBS unclear NR same descent reported all results
Fidanci et al 2014109 unclear appropriate QC same descent reported all results
Kenet et al 2014 unclear NR modeling reported all results
adjustment
Pinto et al 201493 clear NR same descent reported all results**

De Alencar et al 201597 unclear NR same descent reported all results**
Gorski et al 201690 Discovery unclear appropriate QC same descent reported all results**
Gorski et al 201690 Replication unclear appropriate QC same descent reported all results

Pinto et al 201692 clear NR same descent reported all results**

Table 3: Assessment of potential study-related biases.

NR=Not Reported, *contacted author to obtain results (no reply), **contacted author to obtain results (author provided additional

information)
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Figure 1: Flow diagram of systematic review of literature to identify investigations

assessing the association between genetic variants related to immune response

and inhibitors among persons with hemophilia A.
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Figure 2: Results of meta-analysis for genetic variants related to immune response

significantly associated with inhibitors among persons with hemophilia A.
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immune response significantly associated with inhibitors among persons with

hemophilia A.
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Chapter 5: Associations between variants in immune response genes and
inhibitors among persons with hemophilia A
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J. Michael Soucie?, Christopher J. Bean, Jennifer G. Mulle23
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1: Centers for Disease Control and Prevention, National Center on Birth Defects and
Developmental Disabilities, Division of Blood Disorders, Atlanta, GA, USA
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GA, USA

3: Emory University, School of Medicine, Department of Genetics, Atlanta, GA, USA

Abstract
Inhibitors, antibodies developed against treatment products rendering them ineffective, affect

up to 15% of all persons with hemophilia A (PWH). It has been suggested that there are
environmental and genetic components underlying inhibitor risk, with genetic risk factors being
both the hemophilia genotype and other variants outside the F8 locus that may play an
important role in immune response modulation. Understanding which genetic variants may be
markers of inhibitor risk could help better determine which PWH may be most likely to develop
inhibitors. We investigated the association between variants in immune-response-related genes
and inhibitors among a large group of PWH. White, Non-Hispanic PWH with and without a
history of inhibitors enrolled in the Hemophilia Inhibitor Research Study (HIRS) who
consented were genotyped using a 1,536-variant panel that mapped the major histocompatibility
complex (MHC) region as well as other immune-response-related genes outside the MHC
region. Results from the panel were used to impute MHC Class I and II genotypes.
Additionally, dinucleotide repeat polymorphisms which have been demonstrated to affect gene

expression were genotyped for two genes (HMOX1 rs3074372 and IL10 rs2234662).
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Associations between genotypes and inhibitor prevalence were assessed using logistic
regression, adjusting for multiple comparisons. Among 758 subjects included in this
investigation, variants in HLA-B, HLA-DPB1, IL1A, IL12B, CD80, and IL10 were associated with
inhibitor prevalence. This investigation highlights the importance of variation in the MHC
region in determining inhibitor risk and identifies other genes that may be significant. Many of
the variants investigated were selected because of their amenability to mapping rather than
ability to influence gene function warranting further investigation into how genetic variation in
these genes can influence inhibitor risk. Furthermore, while this investigation included a large
group of PWH, the power to detect statistically significant differences between inhibitor-positive
and inhibitor-negative enrollees was limited due to the large number of variants investigated,
highlighting the need to employ other methodologies to investigate associations among this
limited patient population.

Introduction

Hemophilia A, an inherited bleeding disorder currently affecting approximately 20,000 males in
the United States!, is often treated by replacing the missing or dysfunctional factor VIII (FVIII)
protein with either plasma-derived or recombinant FVIII*8s. Unfortunately, 10%-15% of persons
with hemophilia A (PWH) will develop antibodies to these treatment products, rendering them
ineffective.2 Inhibitors have been associated with increased risk of early death4, product

utilization3, and healthcare costss3.

Inhibitor development is a process that involves the presentation of a foreign peptide antigen
(therapeutic FVIII) by major histocompatibility complex (MHC) molecules on antigen-
presenting cells to antigen-specific T-cells that, with co-stimulatory molecules, promotes
proliferation of helper T cells.8 Proliferation of helper T cells can lead to proliferation of B cells

that undergo affinity maturation to become antibody-producing plasma cells.5!
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Risk of inhibitor development has been proposed to have three main components, each altering
the likelihood of foreign peptide recognition and stimulation of the immune system: treatment
characteristics, patient-related environmental characteristics, and patient genetics.® Perhaps
the most well-studied inhibitor risk factor is the hemophilia-causing genotype, with variants
causing complete loss of gene product being associated with the highest risk of inhibitor
development likely because any therapeutic FVIII is seen as foreign by the patient’s immune
system.'%:3t However, not all patients with a variant that causes complete loss of gene product
will develop an inhibitor, highlighting the importance of other components of inhibitor risk,

including other genetic components.

The Malmo International Brother Study showed that inhibitor status was highly, though not
completely, concordant between family members and indicated a genetic predisposition to
inhibitor development outside of shared hemophilia-causing genotype.s3 Several groups have
investigated the relationship between genetic variants in immune-response-related genes and
hemophilia.’8¢ Most have relied on genotyping one or two variants in each gene, most of which
do not fully map the gene region and are not predicted to alter gene function. We report the
results of our investigation of the relationship between variants in immune-response-related
genes and inhibitors among persons with hemophilia A by mapping genes involved in immune

response and by genotyping variants known to impact gene function.

Methods

Population
Data from males with hemophilia A enrolled in the Hemophilia Inhibitor Research Study

(HIRS) were used for this analysis. HIRS has been previously described.:3° Briefly, persons
with hemophilia A or hemophilia B were enrolled from 17 participating federally-funded
hemophilia treatment centers, regardless of age or hemophilia severity. Standardized data
collection tools were used to collect information such as demographic characteristics, previous

history of inhibitor, and baseline factor activity level. In order to minimize the effect of
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population stratification, only enrollees of White, non-Hispanic race/ethnicity were included in
this investigation. If relatives were co-enrolled, data from the first enrolled relative was used for

this investigation.

Laboratory Methods
The hemophilia genotype was determined by sequencing the 5’ and 3’ untranslated regions, all

exons, and intron-exon junction regions of F8 in forward and reverse directions using an
automated analyzer (3730 DNA Analyzer, Applied Biosystems, Carslbad, CA, USA) and the
Variant SEQr™ protocol. Sequences were analyzed using SeqScape® (Applied Biosystems).
Inversion status was determined by PCR.67:68 For enrollees with no hemophilia-causing variant
identified by sequencing or inversion testing, Multiplex Ligation-dependent Probe Amplification
was performed (P178-A1 Factor VIII, MRC Holland, Amsterdam, The Netherlands) to detect

possible large duplications within F8.

A custom 1,536-variant genotyping panel (GoldenGate®, Illumina, San Diego, CA, USA) was
designed to map the MHC region on chromosome 6 as well as 277 other genes in the immune
response pathway. Variants in the MHC region were chosen based on their ability to fine-map
human leukocyte antigen (HLA) genes, as indicated in the design of the Immunochip
(Illumina).'87 Variants outside the MHC region were chosen based on their ability to map genes
of interest by tagging haplotype blocks as well as candidate variants previously reported to be
associated with inhibitors. Haplotype blocks were identified by examining the linkage
disequilibrium between variants reported in the HapMap CEU and YRI populations using the

Genome Variation Server (http://gvs.gs.washington.edu/GS150) available through SeattleSNPs

(http://pga.gs.washington.edu). Variants showing adequate separation upon visual inspection

of the scatter plots were included in this analysis.

HMOX1 promoter (GT), dinucleotide repeat (rs3074372) length was determined using PCR

fragment size analysis as previously described.88:189 HMOX1 (GT), repeat sizes were grouped as


http://gvs.gs.washington.edu/GS150
http://pga.gs.washington.edu/
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small (S) (< 25 repeats) and large (L) (> 25 repeats). IL10 microsatellite (CA), repeat
(rs2234662) length was determined by a similar method, using a FAM labeled forward primer,
GT CCT TCC CCA GGT AGA GCA ACA CTC C and an unlabeled reverse primer, CTC CCA AAG
AAG CCT TAG TAG TGT TG. Amplification was performed in a 10 pl reaction (2.15 ul water,
5.00 ul Amplitaq Gold 360 [Applied Biosystems], 1.6 ul 50% glycerol, and 0.125 ul each primer
at 50 uM). The PCR conditions used for labeling were 96°C for 10 minutes, 29 cycles (94°C for
30 seconds; 62°C for 30 seconds; 72°C for 30 seconds) and 72°C for 7 minutes, followed by a
4°C hold. Labeled products were run with an internal size standard (GeneScan™ —-500 LIZ®,
Applied Biosystems) in Hi-Di™ Formamide (Applied Biosystems) on a 3730 DNA Analyzer, and
fragment size was determined using GeneMapper® Software Version 4.0 software (Applied
Biosystems). IL10 (CA), repeat sizes were grouped as small (S) (< 18 repeats) and large (L) (>

18 repeats).

Statistical Analysis
Data on the genotyping panel were split based on whether or not the variant was in the MHC

region. Data on variants in the MHC region were used to impute HLA genotypes for HLA-A,
HLA-B, HLA-C, HLA-DPB1, HLA-DQA1, HLA-DQB1, and HLA-DRB1 via HIBAG to 2-digit
resolution.9° Data from variants outside the MHC region were investigated using PLINK.9
Individuals missing greater than 10% of data for these variants were excluded. Variants were
excluded based on amount of genotyping failure (>5%), Hardy-Weinberg equilibrium failure
(p<0.001), and minor allele frequency (<5%). The variant list was pruned based on linkage
disequilibrium (R2=0.5) to increase the power to detect an association. Top candidate variants
were identified by generating significance levels empirically using permutation procedures.
Variants with an empiric p value <0.05 were considered top candidates. The association

between genotypes and prevalence of inhibitors was assessed using logistic regression (SAS
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version 9.4, SAS Institute, Cary, North Carolina, USA) using a dominant model. Confidence
intervals for odds ratios were adjusted using the Benjamini-Hochberg method to account for

multiple comparisons.92

Results
Among 1,300 enrollees in HIRS, 758 were eligible for this investigation. Characteristics of

enrollees are outlined in Table 1. Twenty-one percent either had a history of inhibitor
development or were inhibitor positive at the time of the study. The majority of enrollees had
severe disease and had greater than 150 exposure days to factor concentrates at the time of
enrollment. F8 inversions were the most common variants among both inhibitor-positive and

inhibitor-negative enrollees, followed by missense variants.

HLA Class I and II Variants
The HLA genotype of 628 (83%) of 758 eligible enrollees was imputed based on data from a

custom genotyping panel designed to map the MHC region and other variants in genes in the
immune response pathway. Of the 53 variants in MHC Class I genes identified, only 2 were
significantly associated with prevalence of inhibitors in this study (Table 2). The common HLA-
A*03 allele was associated with increased prevalence of inhibitors compared to the reference
allele (OR 1.73 [1.00-2.99]). However, this association is likely due to chance since the strength
of the association was not consistent across severity categories or among enrollees with a type 1
intron 22 inversion (Supplemental Table 1). On the other hand, the rare HLA-B*37 allele was
associated with increased prevalence of inhibitors compared to the reference allele (OR 4.03
[1.14-14.20]) and the strength of this association was similar across all severity categories
(Supplemental Table 1). Of the 34 variants in MHC Class II genes identified, 4 variants were
significantly associated with prevalence of inhibitors (Table 3). These four variants were all
HLA-DPB1 variants and were associated with increased prevalence of inhibitors compared to

the rare reference allele HLA-DPB1*01. While most were not statistically significant, the
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associations of these four variants with increased prevalence were consistent across severity

categories and among enrollees with type 1 intron 22 inversions (Supplementary Table 2).

Other Variants
Among the 331 variants outside the MHC region investigated on a custom genotyping panel that

met clustering criteria, 122 were excluded for one or more of the following reasons: failed test of
Hardy-Weinberg equilibrium (N=5), high genotyping failure rate (N=10), or low minor allele
frequency (N=110). The remaining 209 variants were further pruned based on linkage
disequilibrium to produce an independent set of 93 variants to investigate. Top candidate
variants identified by empirically generating significance levels using permutation procedures
are listed in Table 4. A variant in IL1A (rs17561) and a variant in IL12B (rs1003199) were
associated with decreased prevalence of inhibitors compared to reference alleles (OR 0.58
[0.30-1.14] and OR 0.60 [0.29-1.22], respectively). A variant in CD80 (rs16829984) was
associated with increased prevalence of inhibitors compared to the reference allele (OR 1.73
[0.82-3.66]). With the exception of the mild hemophilia category for rs16829984, these
associations were consistent across all severity categories and among enrollees with type 1
intron 22 inversions (Supplementary Table 3). The results for all other variants are reported in

Supplementary Table 4.

The distribution of HMOX1 (GT). repeat (rs3074372) length among enrollees is shown in
Supplementary Figure 1. While longer repeat length was associated with increased prevalence of
inhibitors, this relationship was not statistically significant (OR 1.53 [0.85-2.77]) (Table 5). This
relationship was consistent across severity categories and among enrollees with type 1 intron 22

inversions (Supplementary Table 5).

The distribution of IL10 (CA). repeat (rs2234662) length among enrollees is shown in
Supplementary Figure 2. Longer repeat length was associated with decreased prevalence of

inhibitors (OR 0.66 [0.43-0.99]) (Table 6). With the exception of the mild hemophilia category,
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this association was consistent across all severity categories and among enrollees with type 1
intron 22 inversions (Supplementary Table 6).

Discussion

Family studies have highlighted the importance of genetic risk factors other than the
hemophilia-causing genotype for risk of inhibitor development among persons with
hemophilia.ss The results presented in this report confirm the importance of variation in the
MHC region as a marker of inhibitor risk and identified several other genes outside the MHC

region that may play a role in increasing or decreasing the risk of inhibitor development.

This investigation identified variants in the MHC region that may alter inhibitor risk. The rare
MHC Class I HLA-B*37 variant was associated with a markedly increased prevalence of
inhibitors in this population. A recent meta-analysis summarized prior investigations of the
associations between immune-response-related genetic variants and inhibitors among persons
with hemophilia.1®3 That report does not provide a summary of evidence for HLA-B*37 because
this variant has not been investigated in other studies of the association between MHC Class I
variation and inhibitors. Only two studies have examined the relationship between HLA-DPB1
genotype and inhibitors among PWH. One study'?, using restriction-fragment-length
polymorphism mapping, found several variants in HLA-DPB1 that were associated with
increased risk of inhibitors, while the other study82, using direct genotyping, found no
association. The results of both the meta-analysis and our investigation provide evidence that

genetic variation in the MHC region may play an important role in determining inhibitor risk.

This investigation also identified variants outside the MHC region that were associated with
prevalence of inhibitors in this population. A variant in IL1A (rs17561) and a variant in IL12B
(rs1003199) were associated with decreased prevalence of inhibitors, and a variant in CD8o
(rs16829984) was associated with increased prevalence of inhibitors compared to reference

alleles. The adjusted confidence intervals for these variants cross the null. However,
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permutation analyses indicated these variants were significantly associated with inhibitor
prevalence. Similar to the MHC region variants described above, there is limited prior evidence
for associations with these variants with inhibitor development among PWH. Astermark et al©2
included the IL1A variant on their large genotyping panel but found no consistent association in
the populations they investigated. While Lozier et al7? did not genotype the variant directly,
their gene tagging approach identified a rare IL1A haplotype that was associated with increased
risk for inhibitor development. Both Astermark et al*°2 and Lozier et al7 investigated the IL12B
variant. Neither reported an association with the variant (or gene) and inhibitor development.
Similarly, Astermark et al'°2 investigated the variant in CD80 and found no association. Because
the number of variants investigated by Astermark et al*°2 (over 13,000 were genotyped) fairly
conservative criteria for identification of variants associated with inhibitors was used. Three
different cohorts were genotyped and analyzed separately. Variants found to be significant
predictors of inhibitors and yielding the same direction of effect in at least 2 of the 3 cohorts
were considered for meta-analytic evaluation. It is possible the variants described above were

significant predictors of inhibitors in at least one of the cohorts.

Much like the variants described above, limited evidence is available regarding the association
with HMOX1 (GT), repeat (rs3074372) length and inhibitors among persons with hemophilia.
Dimitrov et al*93 showed that induction of heme oxygenase reduced the onset of the anti-FVIII
immune response in FVIII-deficient mice. Repesse et al®” reported an increased risk of
inhibitors associated with longer HMOX1 (GT), repeat lengths in a population of persons with
severe hemophilia A. Longer repeat lengths have been shown to be associated with less
production of heme oxygenase.’94 Our data also suggest an increased prevalence of inhibitors
among enrollees with longer HMOX1 (GT). repeat lengths; however, this association was not
statistically significant. This lack of significance could be due to limited statistical power to
detect such an association. Bean et al'89 noted a striking difference in HMOX1 (GT), repeat

length by race, with Blacks having longer repeat lengths than Whites. Our exclusion of Blacks
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from this analysis due to sample size could have limited our ability to detect long repeat lengths

that may be the most strongly associated with inhibitors.

The results of this investigation confirm other findings of a relationship between IL10
microsatellite (CA), repeat (rs2234662) length and inhibitors.80.84.92.100 The meta-analysis'63
described above included four studies of IL10 (CA), repeat length and inhibitors, with an overall
summary estimate that strongly suggested a reduced risk associated with longer repeat lengths
(OR 0.58 [0.34-1.01]). Repeat IL10 (CA), repeat length may influence interleukin-10
production. Interleukin-10 is a pleiotropic cytokine that has been shown to suppress the
systemic inflammatory response but also increase the secretion of immunoglobulins by activated

B lymphocytes.195198

This investigation attempted to identify genetic variants in the immune response pathway that
may influence risk for inhibitors by mapping the MHC region and other genes in the immune
response pathway as well as by evaluating the association between two repeat length
polymorphisms that have been shown to alter gene expression (HMOX1 rs3074372 and IL10
rs2234662). A large, racially homogeneous sample of PWH was investigated, decreasing the
effects of population stratification. However, even with a population in excess of 700 PWH, the
power to detect statistically significant associations was limited due to the number of variants
assessed, especially for rare variants that may be associated with the most drastic alterations in
risk. In order to increase power, only independent variants not in linkage disequilibrium with
nearby variants tested on the genotyping panel were evaluated. While this may have increased
power to detect statistically significant associations, it reduced our ability to map genes
completely, as differences in linkage disequilibrium could identify haplotype blocks within the
population. Eliminating variants could decrease the ability to identify such haplotype blocks.
Furthermore, while several variants known to alter gene expression and/or protein function

were evaluated, the majority of variants were not expected to be direct markers of protein
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production and were, instead, designed to identify particular genes that may be most related to
inhibitor risk so that they can be evaluated more completely using other methodologies.
Conclusions

This investigation to identify variants in the immune response pathway that may be related to
inhibitor development among PWH confirmed the importance of the MHC region in affecting
risk for inhibitors and identified several novel variants in the immune response pathway that
warrant further investigation. The study was limited by lack of power to detect associations
related to rare genetic variants, highlighting the need for a coordinated approach to
investigating the role of immune response genetics in risk of inhibitor development.
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Tables

Inhibitor (-)

N=596

62

Inhibitor (+)
N=162

Age, mean (standard deviation)
Severity, n (%)
Mild (FVIII:C > 5%)
Moderate (1% < FVIII:C < 5%)
Severe (FVIII:C < 1%)
Exposure Days at Enrollment, n (%)
0-20
21-100
101-150
>150
Hemophilia-Causing Variant, n (%)
Missense
Nonsense
Frameshift
Splice Site
Inversion
Large Deletion
Large Duplication
Other
None

22.56 (17.22)

137 (22.99)
96 (16.11)

363 (60.91)

104 (17.45)
79 (13.26)
41 (6.88)

371 (62.25)

263 (44.13)
48 (8.05)
65 (10.91)
16 (2.68)

163 (27.35)
11 (1.85)

3(0.5)
12 (2.01)
15 (2.52)

24.97 (19.08)

13 (8.02)
14 (8.64)
119 (73.46)

36 (22.22)
27(16.67)
10 (6.17)
88 (54.32)

29 (17.9)
16 (9.88)
21 (12.96)
2 (1.23)
70 (43.21)
16 (9.88)
1(0.62)
3 (1.85)
4(2.47)

Table 1: Characteristics of Hemophilia Inhibitor Research Study enrollees

included in investigation of associations between variants in immune-response-

related genes and inhibitors among persons with hemophilia A.

FVIII:C: factor VIII activity
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All Intron 22 Type 1 Inversion
Inhibitor Inhibitor Inhibitor (- Inhibitor
) (€)) OR ) (+) OR
N=998* N=258* (95% CID N=230* N=88* (95% CI)
HILA-A
*o1 153 (15.3) 32 (12.4) REF 35(15.2) 14 (15.9) REF
*02 297 (29.8) 73 (28.3) 1.18 (0.73-1.90) 75 (32.6) 22 (25) 0.73 (0.32-1.67)
*03 116 (11.6) 42 (16.3) 1.73 (1.00-2.99) 25 (10.9) 10 (11.4) 1.00 (0.36-2.74)
*11 63 (6.3) 21(8.1) 1.59 (0.83-3.07) 20 (8.7) 7(8) 0.88 (0.29-2.67)
*23 21(2.1) 7(2.7) 1.59 (0.60-4.26) 9(3.9) 2(2.3) 0.56 (0.10-3.16)
*24 89 (8.9) 22 (8.5) 1.18 (0.63-2.23) 23 (10) 8(9.1) 0.87 (0.30-2.53)
*25 19 (1.9) 5(1.9) 1.26 (0.41-3.82) 2(0.9) 2(2.3) 2.50 (0.29-21.69)
*26 27(2.7) 2(0.8) 0.35 (0.07-1.69) 8(3.5) 1(1.1) 0.31 (0.03-3.06)
*29 44 (4.4) 9(3.5) 0.98 (0.42-2.30) 4 (1.7) 4(4.5) 2.50 (0.51-12.33)
*30 34 (3.4) 12 (4.7) 1.69 (0.76-3.75) 4 (1.7) 6 (6.8) 3.75 (0.85-16.49)
*31 26 (2.6) 7(2.7) 1.29 (0.49-3.38) 6 (2.6) 2(2.3) 0.83 (0.14-5.06)
*32 39 (3.9) 9(3.5) 1.10 (0.47-2.61) 4 (1.7) 3(3.4) 1.87 (0.34-10.29)
*33 6 (0.6) 2(0.8) 1.59 (0.28-8.98) 1(0.4) o (0) NE
*34 3(0.3) o (o) NE 2(0.9) o (o) NE
*36 1(0.1) o (o) NE o (0) o (0) NE
*66 5(0.5) 3(1.2) 2.87(0.60-13.61) o (0) 2(2.3) NE
*68 55 (5.5) 12 (4.7) 1.04 (0.48-2.25) 12 (5.2) 5(5.7) 1.04 (0.29-3.73)
HIA-B

*07 125 (12.53) 31 (12.02) REF 26 (11.3) 13 (14.77) REF
*08 106 (10.62) 20 (7.75) 0.76 (0.40-1.46) 28 (12.17) 10 (11.36) 0.71 (0.25-2.01)
*13 25 (2.51) 13 (5.04) 2.10 (0.93-4.75) 4(1.74) 4(4.55) 2.00 (0.40-10.07)
*14 32(3.21) 13 (5.04) 1.64 (0.74-3.62) 10 (4.35) 4 (4.55) 0.80 (0.20-3.26)
*15 68 (6.81) 25(9.69) 1.48 (0.79-2.80) 24 (10.43) 8(9.09) 0.67 (0.22-1.99)
*18 49 (4.91) 13 (5.04) 1.07 (0.50-2.30) 8(3.48) 3(3.41) 0.75 (0.16-3.57)
*27 46 (4.61) 5(1.94) 0.44 (0.15-1.26) 18 (7.83) 1(1.14) 0.11 (0.01-1.03)
*35 81(8.12) 23 (8.91) 1.14 (0.60-2.17) 23 (10) 5(5.68) 0.43 (0.13-1.49)
*37 6 (0.6) 6(2.33) 4.03 (1.14-14.20) o (0) 3(3.41) NE
*38 22 (2.2) 1(0.39) 0.18 (0.02-1.57) 6 (2.61) o (0) NE
*39 14 (1.4) 5(1.94) 1.44 (0.46-4.55) 2(0.87) 1(1.14) 1.00 (0.07-13.71)
*40 83(8.32) 23 (8.91) 1.12 (0.59-2.11) 11 (4.78) 6 (6.82) 1.09 (0.31-3.84)
*41 10 (1) 4 (1.55) 1.61 (0.45-5.84) o (o) 2 (2.27) NE
*44 175 (17.54) 29 (11.24) 0.67(0.37-1.20) 35 (15.22) 13 (14.77) 0.74 (0.28-1.96)
*45 6 (0.6) 4 (1.55) 2.69 (0.67-10.82) o (0) o (0) NE
*47 2(0.2) o (0) NE o (0) o (0) NE
*48 2(0.2) o (o) NE o (0) o (0) NE
*49 14 (1.4) 5(1.94) 1.44 (0.46-4.55) 3(1.3) 2 (2.27) 1.33 (0.18-9.92)
*50 7(0.7) 3(1.16) 1.73 (0.39-7.59) 3(13) 1(1.14) 0.67 (0.06-7.96)
*51 55 (5.51) 19 (7.36) 1.39 (0.70-2.77) 12 (5.22) 7(7.95) 1.17 (0.35-3.89)
*52 9 (0.9) 1(0.39) 0.45 (0.05-4.09) 2(0.87) 0 (0) NE
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*53 5(0.5) o (0) NE 1(0.43) o (0) NE
*55 12 (1.2) 1(0.39) 0.34 (0.04-2.98) 4 (1.74) 0(0) NE
*56 4(0.4) 1(0.39) 1.01 (0.10-10.46) 2(0.87) o (0) NE
*57 34 (3.41) 13 (5.04) 1.54 (0.70-3.39) 6 (2.61) 5(5.68) 1.67 (0.40-6.97)
*58 6 (0.6) 0 (0) NE 2 (0.87) 0 (0) NE
HIA-C
*01 26 (2.61) 4 (1.56) REF 6 (2.61) o (0) REF
*02 50 (5.02) 13 (5.04) 1.69 (0.47-6.07) 19 (8.27) 5(5.69) NE
*03 131 (13.13) 40 (15.51) 1.98 (0.62-6.38) 35 (15.22) 12 (13.64) NE
*04 105 (10.53) 28 (10.86) 1.73 (0.53-5.70) 28 (12.18) 9 (10.23) NE
*05 103 (10.33) 22 (8.53) 1.39 (0.42-4.64) 18 (7.83) 8 (9.1) NE
*06 82(8.22) 37 (14.35) 2.93 (0.90-9.54) 15 (6.53) 11 (12.5) NE
*o7  307(30.77) 67 (25.97) 1.42 (0.45-4.44) 72 (31.31) 28 (31.82) NE
*08 33(3.31) 12 (4.66) 2.36 (0.64-8.73) 9(3.92) 3(3.41) NE
*12 57 (5.72) 12 (4.66) 1.37 (0.38-4.95) 14 (6.09) 2 (2.28) NE
*14 16 (1.61) 2 (0.78) 0.81 (0.12-5.43) 3 (1.31) o (0) NE
*15 27 (2.71) 6 (2.33) 1.44 (0.34-6.13) 5(2.18) 3(3-41) NE
*16 51 (5.12) 11 (4.27) 1.40 (0.38-5.15) 6 (2.61) 5(5.69) NE
*17 10 (1.01) 4 (1.56) 2.60 (0.50-13.48) o (0) 2 (2.28) NE

Table 2: Associations between inhibitor prevalence and MHC Class I alleles among

enrollees in the Hemophilia Inhibitor Research Study.

*Allele frequency

OR: odds ratio

95% CI: 95% Confidence Interval
REF: reference group

NE: not estimatable
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All Intron 22 Type 1 Inversion
Inhibitor Inhibitor
) Inhibitor (+) OR ) Inhibitor (+) OR
N=998* N=258* (95% CI) N=230* N=88* (95% CI)
HLA-DPB1
*01 57 (5.71) 6(2.33) REF 18 (7.83) 2 (2.27) REF
*02 143 (14.33) 38 (14.73) 2.52(0.97-6.60) 23 (10) 13 (14.77) 5.09 (0.94-27.67)
*03 116 (11.62) 32 (12.4) 2.62 (0.99-6.95) 23 (10) 8(9.09) 3.13 (0.54-18.07)
*04 532(53.31) 141 (54.65) 2.52 (1.02-6.23) 134 (58.26) 47 (53.41) 3.16 (0.65-15.24)
*05 31(3.11) 9(3.49) 2.76 (0.85-8.97) 8(3.48) 1(1.14) 1.13 (0.08-16.25)
*09 13 (1.3) 4 (1.55) 2.92 (0.67-12.75) 3(1.3) 1(1.14) 3.00 (0.18-50.90)
*10 23 (2.3) 6(2.33) 2.48 (0.68-9.04) 3(1.3) 4 (4.55) 12.00 (1.33-108.13)
*11 29 (2.91) 4 (1.55) 1.31 (0.32-5.37) 3(1.3) 2 (2.27) 6.00 (0.53-68.00)
*13 16 (1.6) 7 (2.71) 4.16 (1.15-15.04) 4 (1.74) 5(5.68) 11.25 (1.43-88.78)
*14 10 (1) 2(0.78) 1.9 (0.31-11.78) 5(2.17) 1(1.14) 1.80 (0.12-27.59)
*15 6 (0.6) 1(0.39) 1.58 (0.14-17.35) o (0) 0 (0) NE
*16 8 (0.8) o (0) NE 3(1.3) o (0) NE
*17 9(0.9) 5(1.94) 5.28 (1.24-22.5) 1(0.43) 2 (2.27) 18.00 (0.94-345.10)
*19 5(0.5) 3 (1.16) 5.70 (1.00-32.64) 2 (0.87) 2 (2.27) 9.00 (0.69-117.5)
HLA-DQA1
*01 412 (41.28) 111 (43.02) REF 100 (43.48) 36 (40.91) REF
*02 137 (13.73) 43 (16.67) 1.16 (0.76-1.78) 23 (10) 17 (19.32) 2.05 (0.95-4.44)
*03 173(17.33) 36 (13.95) 0.77 (0.50-1.20) 48 (20.87) 15 (17.05) 0.87(0.42-1.8)
*04 21(2.1) 5(1.94) 0.88 (0.31-2.52) 7(3.04) 3(3.41) 1.19 (0.27-5.21)
*05 251(25.15) 62 (24.03) 0.92 (0.64-1.32) 51 (22.17) 17 (19.32) 0.93 (0.46-1.87)
*06 4(0.4) 1(0.39) 0.93 (0.09-9.38) 1(0.43) o (o) NE
HLA-DQB1
*02 228(22.85) 52 (20.16) 0.88 (0.54-1.42) 45 (19.57) 17 (19.32) 1.16 (0.49-2.75)
*03 343 (34.37) 90 (34.88) 1.01(0.65-1.57) 80 (34.78) 32(36.36) 1.23 (0.57-2.64)
*04 21(2.1) 4 (1.55) 0.73 (0.23-2.39) 7(3.04) 2 (2.27) 0.88 (0.15-5.15)
*05 154 (15.43) 40 (15.5) REF 43(18.7) 14 (15.91) REF
*06 252 (25.25) 72 (27.91) 1.10 (0.70-1.74) 55 (23.91) 23 (26.14) 1.28 (0.57-2.90)
HLA-DRB1
*01 108 (10.82) 25(9.69) REF 32 (13.91) 8(9.09) REF
*03 132(13.23) 25(9.69) 0.82(0.43-1.55) 30 (13.04) 6 (6.82) 0.80 (0.23-2.74)
*04 159 (15.93) 35 (13.57) 0.95 (0.52-1.73) 44 (19.13) 15 (17.05) 1.36 (0.49-3.79)
*07 136 (13.63) 42 (16.28) 1.33 (0.74-2.39) 25 (10.87) 16 (18.18) 2.56 (0.90-7.30)
*08 27 (2.71) 5(1.94) 0.80 (0.27-2.41) 9(3.91) 3(3.41) 1.33 (0.27-6.58)
*09 16 (1.6) 1(0.39) 0.27 (0.03-2.37) 3(1.3) o (0) NE
*10 6 (0.6) 3 (1.16) 2.16 (0.47-9.94) 1(0.43) 3(3.41) 12.00 (0.97-148.28)
11 91(9.12) 27(10.47) 1.28 (0.67-2.44) 15 (6.52) 6(6.82) 1.60 (0.44-5.79)
*12 15 (1.5) 4 (1.55) 1.15 (0.33-4.01) 4 (1.74) 3(3.41) 3.00 (0.51-17.64)
*13 118 (11.82) 41 (15.89) 1.50 (0.83-2.71) 27 (11.74) 11 (12.5) 1.63 (0.54-4.89)
*14 30 (3.01) 11 (4.26) 1.58 (0.67-3.74) 5(2.17) 2 (2.27) 1.60 (0.24-10.76)
*15 146 (14.63) 37 (14.34) 1.09 (0.60-1.98) 31(13.48) 14 (15.91) 1.81(0.63-5.16)
*16 14 (1.4) 2 (0.78) 0.62 (0.12-3.13) 4 (1.74) 1(1.14) 1.00 (0.09-11.51)

Table 3: Associations between inhibitor prevalence and MHC Class II alleles
among enrollees in the Hemophilia Inhibitor Research Study.

*Allele frequency

OR: odds ratio

95% CI: 95% Confidence Interval

REF: reference group

NE: not estimatable



All Intron 22 Type 1 Inversion
Inhibitor
“) Inhibitor (+) OR Inhibitor (-) Inhibitor (+) OR
N=508 N=134 (95% CI) N=115 N=46 (95% CI)
IL1A rs17561
CC  233(45.96) 79 (59.4) REF 54 (46.96) 29 (64.44) REF
AC  228(44.97) 46 (34.59) 0.58 (0.30-1.14) 52 (45.22) 14 (31.11) 0.49 (0.14-1.68)
AA  46(9.07) 8 (6.02) 9 (7.83) 2 (4.44)
IL12B rs1003199
GG  121(23.82) 46 (34.33) REF 29 (25.22) 17 (36.96) REF
GA 256 (50.39) 58 (43.28) 0.60 (0.20-1.22) 54 (46.96) 19 (41.3) 0.58 (0.16-2.04)
AA  131(25.79) 30 (22.39) 32 (27.83) 10 (21.74)
CD8o0 rs16829984
GG 397(79.4) 89 (68.99) REF 32 (28.07) 32(72.73) REF
CG 95 (19) 37(28.68) 1.73 (0.82-3.66) 10 (8.77) 10(22.73) 2.30 (0.53-9.99)
cC 8 (1.6) 3(2.33) 2 (1.75) 2(4.55)

66

Table 4: Top candidate associations between inhibitor prevalence and variants in

genes in the immune response pathway among enrollees in the Hemophilia

Inhibitor Research Study.

OR: odds ratio

95% CI: 95% Confidence Interval

REF: reference group
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All Intron 22 Type 1 Inversion
Inhibitor Inhibitor Inhibitor Inhibitor
¢-) +) OR ¢-) (+) OR
N=595 N=161 (95% CI) N=130 N=58 (95% CI)
HMOX1 Genotype
SS 86(14.45) 16(9.94) REF 15(11.54) 5(8.62) REF
SL 261(43.87) 67(41.61) 1.53 (0.85-2.77) 61(46.92) 25(43.1) 1.38 (0.45-4.23)
LL 248(41.68) 78(48.45) 54(41.54)  28(48.28)

Table 5: Association between inhibitor prevalence and HMOX1 (GT), repeat

(rs3074372) length among enrollees in the Hemophilia Inhibitor Research Study.

OR: odds ratio
95% CI: 95% Confidence Interval

REF: reference group

All Intron 22 Type 1 Inversion
Inhibitor
“) Inhibitor (+) OR Inhibitor (-) Inhibitor (+) OR
N=563 N=151 (95% CI) N=124 N=55 (95% CI)

IL10 Genotype
SS 132 (23.45) 48 (31.79) REF 25 (20.16) 19 (34.55) REF
SL 309 (54.88) 62 (41.06) 0.66 (0.43-0.99) 75 (60.48) 22 (40) 0.48 (0.23-1.01)
LL 122 (21.67) 41(27.15) 24 (19.35) 14 (25.45)

Table 6: Association between inhibitor prevalence and IL10 microsatellite (CA),

repeat (rs2234662) length among enrollees in the Hemophilia Inhibitor Research

Study.
OR: odds ratio
95% CI: 95% Confidence Interval

REF: reference group
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Chapter 6: Evaluation of inhibitor risk prediction tools based on genetic risk
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Abstract

Inhibitors are the most important treatment-related complication among persons with
hemophilia. Currently, the only validated risk prediction tool relies on information about prior
product exposure, limiting its utility to predict inhibitor risk in untreated or minimally-treated
patients. A risk prediction tool based on patient-related risk factors that could be available
before initiation of treatment could be more useful clinically. This investigation evaluates six
risk prediction tools based on genetic risk factors for inhibitors among persons with hemophilia
A. The tools combine information on genotypes for variants in genes in the immune response
pathway and the hemophilia genotype. Variants in genes in the immune response pathway were
weighted based on 1) estimates from a meta-analysis or 2) results of a prior investigation in this
population and combined with 3 different hemophilia genotype categorization schemes, for a
total of 6 tools evaluated. The ability of each tool to correctly predict inhibitor status was
evaluated in 558 White participants enrolled in the Hemophilia Inhibitor Research Study with
complete genetic information. Tool performance was evaluated by examining the area under the

receiver operating curve (AUC) after cross-validation a using logistic regression model. The tool
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that combined information on immune-response genes previously-found to be associated with
inhibitors in this population and categorized the hemophilia genotype based on previously-
reported estimates of effect performed best (AUC=0.75 and AUC=0.62 among persons with
mild/moderate and severe disease, respectively). The variants in genes in the immune response
pathway included in this tool have not been validated in other populations. Although cross-
validation methods were used to reduce bias introduced by using the same data to
simultaneously fit and evaluate the models, validation of these findings in other populations is

warranted.

Introduction
Hemophilia A (HA), a bleeding disorder caused by loss or dysfunction of the pro-coagulant

protein factor VIII (FVIII), currently affects approximately 20,000 males in the United States.!
The missing or dysfunctional FVIII is often replaced using plasma-derived or recombinant FVIII
protein.’85 Antibody development against these replacement proteins has emerged as the most
important treatment-related complication among persons with HA. These antibodies
(inhibitors) develop in 10%-15%?2 of all persons with HA and are associated with increased risk

of early mortality4, product utilization3, and healthcare costs3:5:39.

The only validated inhibitor risk prediction tool was developed and evaluated among persons
with severe hemophilia A.7 The tool assigns a risk score based on family history of inhibitor
development, type of HA-causing genetic defect, and intensity of first treatment product
exposure. Criticisms of this tool have included the reliance on prior treatment product
exposured, limiting its utility for use in untreated or minimally-treated persons with HA. A tool
based only on patient genetic characteristics could be more useful clinically. Understanding
which patients may be most likely to develop inhibitors may help guide treatment decisions,
such as avoiding intensive factor replacement therapy that may induce “danger signals” that
upregulate immune response or delaying use of recombinant FVIII products during the first few

exposure days.62-65
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We have recently evaluated a series of tools that categorize the hemophilia genotype in order to
predict inhibitor risk.99 None of them performed better than the previously-validated tool
discussed above.® Variants in genes in the immune response pathway have also been reported
to contribute to patient-related risk factors for inhibitor development.® Our recent meta-
analysis'®3 and investigation2c° of these genes highlight the importance of variation in the
immune response pathway in affecting inhibitor risk. The goal of this study is to evaluate a
series of tools that incorporate genetic information from both the immune response pathway

and the hemophilia genotype in order to predict inhibitor risk among persons with HA.

Methods

Population
A subset of participants enrolled in the Hemophilia Inhibitor Research Study (HIRS) were

included in this investigation. Extensive details of HIRS are provided elsewhere.o3° Briefly,
HIRS was a pilot study for national inhibitor surveillance conducted at 17 participating
hemophilia treatment centers. Participants were tested at baseline, annually, and upon clinical
suspicion for inhibitors and submitted blood specimens for genotyping. Study coordinators
collected demographic, treatment, and inhibitor history data using a standard data collection
tool. For the current study, data from participants with HA who did not refuse genetic testing
and who had complete genotyping information were analyzed. Data from the first-enrolled were
used when relatives were co-enrolled in HIRS. Only White, Non-Hispanic participants were

included in order to control for the potential impact of race.

Genotyping
Hemophilia genotyping was completed as previously described.® The F8 gene was sequenced in

forward and reverse directions using the VariantSEQr™ protocol and analyzed on a 3730 DNA
Analyzer (Applied Biosystems, Carlsbad, CA, USA). Inversions of the F8 gene were detected
using PCR.¢7:68 Large duplications were detected using multiplex ligation-dependent probe

amplification (SALSA MLPA Kit P178-A1, MRC Holland, Amsterdam, The Netherlands).!32
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Variants in the immune response pathway were genotyped using a variety of methods, as
previously described.2o0 Results of a fine mapping of the major histocompatibility (MHC) region
using a GoldenGate genotyping panel (Illumina, San Diego, CA, US) were used to impute human
leukocyte antigen (HLA) genotype.'9° Single nucleotide variants in genes in the immune
response pathway outside the MHC region were genotyped using the same genotyping panel.
Variants were chosen based on their ability to map genes of interest by tagging haplotype blocks
or because they were previously-reported to be associated with inhibitors. HMOX1 promoter
(GT), dinucleotide repeat (rs3074372) length and IL10 microsatellite (CA), repeat (rs2234662)
length were genotyped using fragment analysis, as previously described.88.189.200. HMOX1 (GT)x
repeat sizes were grouped as small (S) (< 25 repeats) and large (L) (> 25 repeats). IL10 (CA)a

repeat sizes were grouped as small (S) (< 18 repeats) and large (L) (> 18 repeats).

Risk Prediction Tools
A series of risk prediction tools that combined information on both the hemophilia genotype and

information on variants in genes in the immune response pathway were evaluated. A

description of each component is provided below.

Hemophilia Genotype Scoring
This group previously evaluated the ability of 3 different inhibitor risk prediction tools based on

hemophilia genotype data to accurately assign inhibitor status in HIRS participants.?99 The
details of each tool are discussed in more detail in that report. The first tool (Pathogenicity
Tool) assigned each hemophilia genotype a score based on predicted pathogenicity, as defined
using the American College of Medical Genetics guidelines.?33 The ACMG guidelines outline
criteria to use to categorize variants as pathogenic, likely pathogenic, unknown significance,
likely benign, and benign. The criteria are graded ‘very strong’, ‘strong’, ‘moderate’, and
‘supporting’. Each criteria was assigned a point value. Points were summed across all evidence
categories to produce a final variant score. The second tool (Function Tool) assigned each

hemophilia genotype a score based on predicted impact on gene function, with 4 points being
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assigned for variants predicted to produce no gene product (multi-exon deletions), 3 points for
variants predicted to produce a possible gene product (inversions, single-exon deletions, large
duplications, nonsense variants, splice-altering variants, and frameshift variants), 2 points for
predicted immunogenic missense variants (missense variants at known epitope locations), and 1
point for missense variants outside of known inhibitor epitope locations. The third tool
(Evidence-based Tool) was a severity-specific tool that assigned each hemophilia genotype a
score based on previously-published!?:3! estimates of effect of variant types on inhibitor risk

among persons with mild/moderate and severe HA, respectively.

Immune Response Variant Scoring
Two different mechanisms for summarizing risk related to immune-response-gene variation

were evaluated. In both scores were computed by multiplying the estimate of effect for a
particular variant by 1 if the participant carries at least one alternate allele and o if not and
summing across all variants included in the score. The first assigned an immune response
variant score based on estimates of effect derived from the results of a recent meta-analysis.!03
In that meta-analysis 5 variants were identified as being statistically significantly associated
with inhibitors, including HLA-DQB1*06, HLA-DRB1*15, rs1800629 in TNFA, rs1800896 in
IL10, and IL10 (CA), repeat length. Details of score assignment are outlined in Supplementary
Table 1. The second assigned an immune response variant score based on estimates of effect
derived from an analysis of immune-response-related variants conducted in the HIRS
population.2e¢ In that analysis 8 variants were associated with inhibitors in the HIRS
population, including IL10 (CA), repeat length, rs17561 in IL1A, rs1003199 in IL12B,
rs16829984 in CD80, HLA-DPB1*04, HLA-DPB1*13, HLA-DPB1*17, and HLA-DPB1*19.

Details of score assignment are outlined in Supplementary Table 2.

A total of 6 tools were evaluated, each a combination of one of the 3 hemophilia genotype scores
and one of the two immune response variant scores: 1. pathogenicity score and meta-analysis-

based estimates; 2. function score and meta-analysis-based estimates; 3. evidence-based score
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and meta-analysis-based estimates; 4. pathogenicity score and HIRS-based estimates; 5.
function score and HIRS-based estimates; and 6. evidence-based score and HIRS-based

estimates.

Statistics
Differences between scores among inhibitor-positive and inhibitor-negative participants were

evaluated using the Wilcoxon rank sum test. The ability of each of the tools to correctly predict
inhibitor status was evaluated using the area under the receiver operating curve (AUC) using a
logistic regression model. Because the HIRS-based estimates were derived using data from the
same cohort, cross-validation was used to minimize bias introduced by using the same data to
simultaneously fit and evaluate models including these estimates using the ‘crossvalidate’ option
within the PROC LOGISTIC procedure. All analyses were done using SAS, version 9.4.
Results

Among 1,300 HIRS participants, 758 were unrelated, non-Hispanic White persons with HA. Of
these, 558 had complete genotyping information. A description of participants included in the
analysis and a comparison to the overall White, HA HIRS population is provided in Table 1. The
analytic population was not appreciably different than the overall population of White enrollees
with HA. The majority of eligible participants had severe disease and had over 150 historical
exposure days at study enrollment. Missense variants were the most common cause of HA,

followed by inversions.

The ability of tools that categorize the hemophilia-causing variant to accurately predict inhibitor
status has been previously investigated by this group.»99 The evidence-based tool that scored
variants based on previously-published estimates of variant category effect performed best (AUC

= 0.67 and AUC = 0.61 for persons with mild/moderate and severe disease, respectively) (Table

2).
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The distributions of immune response variant scores using the meta-analytic and HIRS-based
estimates are shown in Figure 1. The score using meta-analytic based estimates was lower
among inhibitor-positive participants (Figure 1A), though only statistically significantly among
participants with severe disease. The immune response variant score based on HIRS estimates
of effect was statistically significantly higher among inhibitor-positive participants (Figure 1B).
Though neither of these scores was able to consistently predict inhibitor status, the score using
HIRS-based estimates of effect performed better than the score using meta-analytic based
estimates of effect (Table 2). The cross-validation results indicate that the results may overstate
the performance of the tool using HIRS-based estimates, as the AUC after cross-validation was

significantly lower (Figure 2).

The performances of risk prediction tools that combine hemophilia genotype score information
and immune response variant score information are outlined in Table 2 and Figures 3 and 4.
Among tools that used the immune response variant score based on meta-analytic derived
estimates of effect, the tool that categorized the hemophilia genotype based on previously-
published evidence (Figure 3C) performed best (AUC=0.72 and AUC=0.63 for persons with
mild/moderate and severe disease, respectively). This increased the ability to predict inhibitor
status compared to using information on the hemophilia genotype alone (Table 2). Among tools
that used the immune response variant score based on HIRS estimates of effect, again, the tool
that categorized the hemophilia genotype based on previously-published evidence (Figure 4C)
performed best (AUC=0.80 and AUC=0.65 for persons with mid/moderate and severe disease,
respectively) (Table 2). The cross-validation results were attenuated (AUC=0.75 and AUC=0.62
for persons with mild/moderate and severe disease, respectively). This tool performed better
than the tool that used the immune response variant score based on meta-analytic estimates of

effect.
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Discussion
The only validated tool to predict inhibitor risk among PWH?7 has several drawbacks, including
only being validated in persons with severe disease and its reliance on prior treatment.8 A risk
prediction tool based on patient characteristics that could be used in patients with all types of
disease severity prior to initiation of treatment could be more useful clinically. The tools
evaluated in this investigation used information on the hemophilia-causing genotype and
variation in genes in the immune response pathway. While none performed better than the
previously-validated tool where the AUC was 0.747 among persons with severe disease, one tool

performed well among persons with mild/moderate disease (AUC=0.75).

A previous analysis by this group investigating the feasibility of predicting inhibitor risk based
on the hemophilia genotype alone indicated doing so was not useful.?99 The results presented
here indicate that the addition of information on variation in genes in the immune response
pathway enhances the ability to predict inhibitor risk. Inhibitor development is a T-cell
dependent response where foreign FVIII is taken up by antigen-presenting cells and presented
to T-helper cell receptors by MHC class II proteins.® The MHC class II-T cell receptor
interaction, along with costimulatory signals from cytokine proteins, promotes B-cell
maturation into antibody-secreting plasma cells.¢ It follows that variation in genes integral to
this process, such as MHC class II proteins or cytokines, that influence protein function or that
are markers for variants that influence protein function may influence inhibitor risk. This is
supported by the observation that inclusion of information on variants in genes in the immune
response pathway that were previously shown to be associated with inhibitors in PWH into a

genetic risk prediction tool enhanced the performance of the tool.

Several of the tools evaluated performed best among persons with mild/moderate disease. This
is likely because tools to predict inhibitor risk based only on the hemophilia genotype generally
performed better among participants with mild/moderate disease.?99 Furthermore, these tools

were generally better able to assign inhibitor risk than immune response variation scores alone.
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Two different mechanisms to classify variation in genes in the immune response pathway were
evaluated. The first, using estimates of effect derived from a previously-conducted meta-
analysis'®3 of variants in immune response genes and their association with inhibitors in PWH,
did not perform as well as the second, using estimates of effect derived from an analysis of
variants in immune response genes and their association with inhibitors conducted using the
HIRS populationz°°. This is not surprising, as the estimates of effect used to produce the score
were derived in the same population. Cross-validation methods were used to attempt to reduce
the bias introduced by using the same data to fit and evaluate the tool. Perhaps more
importantly, the variants identified in the HIRS analysis have not been validated in any other
population. Future work to validate the association of these variants with inhibitors and their
ability to predict inhibitor risk in a different population is needed. A validation study by
Hashemi et al found that the previously-validated inhibitor risk prediction tool showed a worse
discrimination when evaluated in a different population, highlighting the importance of

validation in an external population.:26

Only 74% of participants enrolled in HIRS had complete genotype information and were eligible
for this analysis. The comparison to the population of White participants with HA enrolled in
HIRS indicates that the analytic sample was not appreciably different than the overall
population, indicating this sub-selection did not likely introduce bias. Furthermore, comparison
of the HIRS population to the population of participants in the Universal Data Collection
program2°', a bleeding disorder surveillance system enrolling participants from 140 hemophilia
treatment centers across the United States, during the same time period indicates HIRS
participants are similar to the general hemophilia A population in the distribution of severity
and age. Since the analytic sample was restricted to White, non-Hispanic participants with
hemophilia A, it remains a question as to how well the tools presented in this report would
perform in non-White populations or among persons with hemophilia B. Because linkage

disequilibrium structure is likely to differ between race and ethnic populations, variants that are
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associated with inhibitors among Whites may not necessarily be associated with inhibitors in
other populations — especially if the variants are tagging important gene regions and are not
themselves causative of increased or decreased protein function.

Conclusions

The ability to predict inhibitor status based on genetic characteristics was increased by including
information on both the hemophilia genotype and variation in genes in the immune response
pathway. The best-performing tool did not perform as well as a tool that requires information
about prior treatment among persons with severe disease but performed well among persons

with mild/moderate disease.
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Tables
Analytic Sample HIRS Hemophilia A Population
Inhibitor (-) Inhibitor (+) Inhibitor (-) Inhibitor (+)
N=450 (81%) N=108 (19%) | N=596 (79%) N=162 (21%)
Age, mean (standard deviation) 22.67 (17.0) 25.44 (18.9) 22.56 (17.2) 24.97 (19.1)
Severity, n (%)
Mild (FVIIL:C > 5%) 100 (22.2) 10 (9.3) 137 (23.0) 13 (8.0)
Moderate (1% < FVIIIL:C < 5%) 68 (15.1) 11 (10.2) 96 (16.1) 14 (8.6)
Severe (FVIII:C < 1%) 252 (56.0) 80 (74.1) 363 (60.9) 119 (73.5)
Exposure Days at Enrollment, n (%)
0-20 78 (17.3) 21(19.4) 104 (17.5) 36 (22.2)
21-100 45 (10.0) 13 (12.0) 79 (13.3) 27 (16.7)
101-150 36 (8.0) 9(8.3) 41 (6.9) 10 (6.2)
2150 290 (64.4) 65 (60.2) 371(62.3) 88 (54.3)
Hemophilia-Causing Variant, n (%)
Missense 195 (43.3) 24 (22.2) 263 (44.1) 29 (17.9)
Nonsense 38(8.4) 10 (9.3) 48 (8.1) 16 (9.9)
Frameshift 48 (10.7) 13 (12.0) 65 (10.9) 21 (13.0)
Splice Site 14 (3.1) 2(1.9) 16 (2.7) 2(1.2)
Inversion 129 (28.7) 44 (40.7) 162 (27.2) 70 (43.2)
Large Deletion 7(1.6) 13 (12.0) 11 (1.9) 16 (9.9)
Large Duplication 3(0.7) 0 (0.0) 3(0.5) 1(0.6)
Other 8(1.8) 2(1.9) 13 (2.2) 3(1.9)
None 8 (1.8) 0 (0.0) 15 (2.5) 4(2.5)

Table 1: Characteristics of Hemophilia Inhibitor Research Study participants

included in an evaluation of tools to predict inhibitor risk based on genetic risk

factors for inhibitor development and comparison to all participants with

hemophilia A enrolled in the study.

FVIII:C: factor VIII activity



Receiver Operating Curve Area
All Mild/Moderate Severe

Hemophilia Variant Categorization

Pathogenicity Tool  0.55 0.57 0.50
Function Tool  0.65 0.52 0.58
Evidence-Based Tool 0.67 0.61
Immune Response Variant Estimates
Meta-Analysis Estimates  0.56 0.55 0.58
Prior Analysis Estimates  0.63 0.67 0.61

Hemophilia Variant Categorization + Immune Response Variant Estimates

Pathogenicity Tool + Meta-Analysis Estimates  0.58 0.67 0.59
Function Tool + Meta-Analysis Estimates  0.65 0.53 0.63
Evidence-Based Tool + Meta-Analysis Estimates 0.72 0.63
Pathogenicity Tool + HIRS-Based Estimates  0.64 0.76 0.61
Function Tool + HIRS-Based Estimates  0.69 0.68 0.65
Evidence-Based Tool + HIRS-Based Estimates 0.80 0.65

Table 2: Receiver Operating Curve Area estimates for models based on
information about the hemophilia genotype, variation in genes in the immune
response pathway, and a combination of the two among the participants

Hemophilia Inhibitor Research Study, overall and by severity.



FQI—|

—4_

Meta-analysis-based Score
= &
o

Mild/Moderate

p=0.46

[ T

05

0.0

0.5

Severe

p=0.03

T

==

A5

==

Intron 22 Type 1 Inversion

0.5
p=0.53

0.0

0.5

o | | | I

T

No Inhibitor Inhibitor

Inhibitor Status

No Inhibitor Inhibitor
Inhibitor Status

No Inhibitor Inhibitor
Inhibitor Status

No Inhibitor Inhibitor

Inhibitor Status

B
All Mild/Moderate Severe Intron 22 Type 1 Inversion
3 3
p<0.01  ___ p=0.01 p<0.01 p=0.01

°
5 2 2
3
(0]
o 1 1
]
g L ] o] | | [ | [ ]
o
T4 A | | |

) No Inhibitor Inhibitor No Inhibitor Inhibitor No Inhibitor Inhibitor No Inhibitor Inhibitor

Inhibitor Status
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meta-analytic estimates of effect and (B) estimates of effect derived from an
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pathway and inhibitors among participants in the Hemophilia Inhibitor Research

Study, overall and by hemophilia severity.

p: Wilcoxon rank sum test
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All Mild/Moderate Severe Intron 22 Type 1 Inversion
ROC Curve for Model ROC Curve for Model ROC Curve for Model ROC Curve for Model
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Figure 2: Evaluating ability of immune response variant scores assigned based on
(A) meta-analytic estimates of effect and (B) estimates of effect derived from an
analysis of associations between variants in genes in the immune response
pathway and inhibitors to correctly assign inhibitor risk among participants in the
Hemophilia Inhibitor Research Study, overall and by hemophilia severity.

ROC: receiver operating characteristic

X Val: cross-validation



A. Hemophilia Genotype Pathogenicity Score + Meta-analysis-based Immune Response Score

All

ROC Curve for Model
Area Under the Curve = 0.5780

Mild/Moderate

ROC Curve for Model
Arza Under the Curve = 0.6588

82

Severe

ROC Curve for Model
Arza Under the Curve = 0.5904

1.00 1.00 1.00
7 7 Vo4
7 J /
i
0. / 075 /_/ 075 /7
P g _/
;Z: 050 / 4 ? 050 ‘J ? 050 s
& 3 ) 3
/ /
) // 025 = 025 /
0.00 ~ / 0.00 </ 0.00 /
0.00 025 0.50 075 1.00 0.00 025 0.50 075 1.00 0.00 025 050 075 1.00
1- Specificity 1- Specificity 1- Specificity
B Hemophilia Genotype Function Score + Meta-analysis-based Immune Response Score
All Mild/Moderate Severe
ROC Curve for Model ROC Curve for Model ROC Curve for Model
Area Underthe Cunve = 0.6548 Area Underthe Cunve = 05337 Area Underthe Cunve = 06274
1.00 o 1.00 — 1.00
/ / r_,—'—"—
P / 7
//_/ N i /
075 /” 075 ,ﬁ 075 /_/
~ / 7
5 / & 5 /
£ / £ £
% 050 e g 050 ,_/ g 050 /
3  d 3 / 3

100 000 025 050 075 100 000 025 050 075 100
1- Specificity

000 025 050 075
1- Specificity

C. Hemophilia Genotype Evidence-based Score + Meta-analysis-based Immune Response Score

Mild/Moderate Severe

ROC Curve for Model
Area Under the Curve = 0.6320

ROC Curve for Model
Area Under the Curve = 0.7243

1.00 — 1.00 ey
/ /_/—’
o2 /
075 r—/_‘ 075 s
/ /
7 = 7l
. £ s Vi
1 * 3
[ /"
f
025 025
/
i /
/ |
000 000 f
000 025 050 075 100 000 025 050 075 100
1- Specificity 1- Specificity

Figure 3: Comparison performance of inhibitor risk prediction tools that combine
information on hemophilia genotype and variation in genes in the immune
response pathway among participants enrolled in the Hemophilia Inhibitor
Research Study (HIRS), overall and by hemophilia severity. A) Tool that used the
immune response variant score derived from meta-analytic estimates and

hemophilia genotype score based on predicted pathogenicity. B) Tool that used
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the immune response variant score derived from meta-analytic estimates and
hemophilia genotype score based on predicted impact on gene function. C) Tool
that used the immune response variant score derived from meta-analytic
estimates and hemophilia genotype score based on previously-published evidence
of effect of variant category.

ROC: receiver operating characteristic
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Figure 4: Comparison performance of inhibitor risk prediction tools that combine

information on hemophilia genotype and variation in genes in the immune

response pathway among participants enrolled in the Hemophilia Inhibitor

Research Study (HIRS), overall and by hemophilia severity. A) Tool that used the

immune response variant score derived from HIRS analysis estimates and

hemophilia genotype score based on predicted pathogenicity. B) Tool that used
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the immune response variant score derived from HIRS analysis estimates and
hemophilia genotype score based on predicted impact on gene function. C) Tool
that used the immune response variant score derived from HIRS analysis
estimates and hemophilia genotype score based on previously-published evidence
of effect of variant category.

ROC: receiver operating characteristic

X Val: cross-validation
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Chapter 7: Summary, strengths, limitations, public health implications, and
future research

Summary
Inhibitors present the most challenging treatment-related complication among persons with

HA.28 Understanding which persons with HA are at highest risk of inhibitor development is
important, as treatment could be altered to lower risk. The only validated inhibitor risk
prediction tool” has several limitations8, including its reliance of information about family
history and prior treatment. Furthermore, it has been validated only among persons with severe
HA. Atool that relies on information that could be available at HA diagnosis may prove more
useful clinically. This dissertation explores the development of a risk prediction tool based on

genetic characteristics.

Two types of genetic risk factors for inhibitor development have been extensively studied: the
HA genotype and variation in genes in the immune response pathway. Hemophilia-causing
variants predicted to produce no gene product present the greatest risk, as any exogenous FVIII
would be seen as foreign by the immune system.® Furthermore, variation in the immune
response pathway that could alter function of genes important in immune response could also

influence inhibitor risk.52

In Aim 1 (Chapter 3) the ability to predict inhibitor status using information about the

hemophilia genotype was explored. Three different tools to categorize the hemophilia genotype
were assessed. None of the tools performed better than the previously-validated risk prediction
tool. The best-performing tool assigned a score to hemophilia genotypes using severity-specific

estimates of effect generated from previous investigations.

In Aim 2 the relationship between variation in genes in the immune response pathway and
inhibitors was explored. Numerous studies have investigated the relationship between variation

in genes in the immune response pathway and inhibitors among persons with HA. However, the
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degree of consistency of results and methods used among these studies had not been formally
examined. A systematic review and meta-analysis was conducted (Chapter 4) in order to
summarize previously-published results and to identify variants that were consistently
associated with inhibitors. Summary estimates of effect were calculated for 94 genetic variants
in 13 genes. Two variants in Class II HLA genes (HLA-DQB1*0602 and HLA-DRB1*15) and one
variant in TNFA (rs1800629) were associated with increased prevalence of inhibitors. Two
variants in IL10 were associated with decreased prevalence of inhibitors (rs1800896 and
microsatellite repeat rs2234662). The examination of consistency of methods an results
revealed a general lack of consistency in methods used and variants investigated. An additional
analysis was also conducted to identify novel loci that may influence inhibitor risk (Chapter 5).
Variants in HLA-B, HLA-DPB1, IL1A, IL12B, CD8o, and IL10 were found to be associated with

inhibitor prevalence among persons with HA enrolled in HIRS.

In Aim 3 (Chapter 6) the ability to predict inhibitor status based on information about the
hemophilia genotype and variation in genes in the immune response pathway was evaluated.
Results from Aim 1 and Aim 2 were combined. A total of six tools were evaluated. While none
of the tools evaluated performed better than the previously-validated tool in which the AUC was
0.747 among persons with severe disease, one tool performed well among those with severe
disease (AUC=0.65) and better than the previously-validated tool among persons with
mild/moderate disease (AUC=0.80), without requiring treatment or family history information.
This tool combined information about the hemophilia genotype categorized based on
previously-generated estimates of effect along with genotype information about loci in HLA-

DPB1, IL1A, IL12B, CD8o, and IL10.

Although none of the tools evaluated performed better than the previously-validated tool”
among persons with severe disease, among whom the risk of inhibitor development is highest,

the ability of utilizing genetic information to predict inhibitor status shows promise. While the
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AUC for the previously-validated tool” was reported to be 0.74, subsequent validation
studies!26:164 conducted in other populations indicated suboptimal performance (AUC 0.65-
0.71). This indicates that the best-performing tool that utilizes information on a limited set of
genetic predictors may perform similarly to a tool that requires information that is not readily
available for a large subset of persons with hemophilia. This highlights the potential utility of a
genetics-based inhibitor prediction tool.

Strengths

Considering hemophilia is a rare disease, this investigation utilized data from a relatively large,
racially and ethnically homogeneous sample of persons with HA in the United States, helping to
control for the confounding effect of race on genetic associations in this population. HIRS
included nearly 7% of the entire US population of persons with HA. The large sample size
allowed the evaluation of a wide range of genetic risk factors for inhibitors. While the
determination of inhibitor status was not based on testing by a central laboratory in most cases,
all inhibitor-positive enrollees had a documented inhibitor titer of at least 1 Bethesda Unit.
Miller et al report false positive inhibitor measurements are most likely in the 0.5-1.0 BU
range.202 This makes misclassification of the outcome unlikely. Furthermore, many had

documentation of use of inhibitor treatment or use of bypassing agents.

The systematic review and meta-analysis conducted as part of this dissertation is the largest,
most comprehensive review of the literature regarding associations between variants in genes in
the immune response pathway and inhibitors among persons with HA. When data were not
published in a way that would allow computation of summary estimates of effect or if data were
referenced but unpublished, authors were contacted in order to standardize results and be

comprehensive.

Where possible, external data were used to provide estimates for the genetic risk prediction

model. When estimates derived from HIRS-based analyses were used, cross-validation methods
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were used to reduce the bias introduced by using the same data to simultaneously fit and assess
the performance of the model.

Limitations

While HIRS is a relatively large study of HA in the United States, the sample size limited the
power to detect novel genetic associations. Even though permutation procedures were used to
identify novel associations in the analysis of variants in genes in the immune response pathway
instead of the more conservative Bonferroni multiple-testing correction, a larger sample size
would be needed to detect variants that could introduce small changes in inhibitor risk or
variants that would introduce large changes in inhibitor risk but are rare in the population.
Furthermore, while the use of a racially and ethnically homogeneous sample of persons with HA
reduced the impact of confounding, this also limits the generalizability of the results. In the
best-performing inhibitor prediction tool, information on variants in HLA-DPB1, IL1A, IL12B,
CD8o, and IL10 identified by associations with inhibitors in this sample was included as part of
the model. The allelic distribution of these variants varies by race/ethnicity2°3, making it
unlikely that this model would perform in the exact same manner in other race/ethnicities.
Validation studies of the model using other patient populations are needed to determine how
well the model will perform as a prediction tool.

Public Health Implications

The results of this investigation indicate an inhibitor risk prediction tool based on genetic
information shows promise. The relatively simple tools presented in this dissertation include a
limited set of genetic predictors that could be available at the time of hemophilia diagnosis. A
tool that relies on information that could be available at the time of hemophilia diagnosis could
be more useful clinically when deciding treatment strategy. Because the treatment strategy
could be altered depending on genetic predictors, the tool would likely be considered precision
medicine; however, the potential reduction in occurrence of inhibitors among persons with HA

could have public health implications. Inhibitors represent the greatest treatment-related
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complication among persons with HA, causing increased bleeding3 and mortality risk425 and
healthcare costs3534-40, The ability to understand which persons with HA may be most likely to
develop inhibitors and implementation of treatment changes that may alter risk could reduce
inhibitor occurrence, thereby improving outcomes among persons with HA.

Future Research

This investigation was conducted among White, Non-Hispanic persons with HA enrolled in
HIRS and were not validated in an external population. Future efforts should aim to validate

these results.

The My Life, Our Future project® offers an opportunity to validate the results of this
investigation. The My Life, Our Future Research Repository contains information from nearly
10,000 persons with hemophilia and carriers of hemophilia enrolled from more than 100
participating hemophilia treatment centers. The hemophilia genotype of each participant was
determined. Whole genome sequencing was also carried out for nearly 5,000 enrollees. Clinical
data, including inhibitor phenotype, is available for each participant. A research proposal is
being developed that would utilize the My Life, Our Future Research Repository data to validate
the performance of the inhibitor risk prediction tools developed in this investigation and to
identify novel genetic loci that may influence inhibitor risk, the information about which could

be added to future iterations of inhibitor risk prediction tools to improve performance.

The population sample for this investigation was limited to White, Non-Hispanic persons with
HA in order to limit the potential confounding impact of race/ethnicity. However, this limits the
generalizability of the results of this investigation. As the allelic distribution of many of the
variants included in the inhibitor risk prediction tools are expected to vary by race/ethnicity=2°3,
the performance of the tools in other populations is questionable. HIRS was conducted in
several phases. During the first two phases, low enrollment of minority populations was

identified as a limitation. HIRS Phase III aimed to enroll more minority populations, in order to
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investigate inhibitor risk factors in these populations. An additional 136 Black and 120 Hispanic
persons with HA were enrolled. Enrollment for HIRS Phase III ended in April 2016.
Hemophilia genotyping was completed for enrollees in June 2017. Efforts to genotype variants
in genes in the immune response pathway are currently underway. Once these data are
available, the performance of the inhibitor risk prediction tools presented in this investigation
can be evaluated. Furthermore, these data could be used to identify novel loci that may be

particularly important in affecting inhibitor risk in minority populations.

Finally, understanding which persons with HA may be most likely to develop inhibitors is
important, but even more important is understanding what to do with that information. It has
been suggested that adjusting treatment strategies to avoid intensive exposure®2-¢4 or exposure
to recombinant products® during the first few exposure days may reduce risk, particularly
among those at highest risk of inhibitor development. However, the actual impact of these
treatment changes remains to be determined. Future efforts should aim to evaluate the efficacy
and effectiveness of genetics-guided treatment strategies to reduce inhibitor risk among persons

with HA.



92

References
1. Soucie JM, Evatt B, Jackson D. Occurrence of hemophilia in the United States. The

Hemophilia Surveillance System Project Investigators. Am J Hematol. 1998;59(4):288-294.

2, Wight J, Paisley S. The epidemiology of inhibitors in haemophilia A: a systematic review.
Haemophilia. 2003;9(4):418-435.

3. Armstrong EP, Malone DC, Krishnan S, Wessler MJ. Costs and utilization of hemophilia
A and B patients with and without inhibitors. J Med Econ. 2014;17(11):798-802.

4. Walsh CE, Soucie JM, Miller CH, United States Hemophilia Treatment Center N. Impact
of inhibitors on hemophilia A mortality in the United States. Am J Hematol. 2015;90(5):400-
405.

5. Guh S, Grosse SD, McAlister S, Kessler CM, Soucie JM. Health care expenditures for
Medicaid-covered males with haemophilia in the United States, 2008. Haemophilia.
2012;18(2):276-283.

6. Astermark J. Why do inhibitors develop? Principles of and factors influencing the risk
for inhibitor development in haemophilia. Haemophilia. 2006;12 Suppl 3:52-60.

7. ter Avest PC, Fischer K, Mancuso ME, et al. Risk stratification for inhibitor development
at first treatment for severe hemophilia A: a tool for clinical practice. J Thromb Haemost.

2008;6(12):2048-2054.

8. Astermark J. Prevention and prediction of inhibitor risk. Haemophilia. 2012;18 Suppl
4:38-42.
0. Miller CH, Benson J, Ellingsen D, et al. F8 and F9 mutations in US haemophilia patients:

correlation with history of inhibitor and race/ethnicity. Haemophilia. 2012;18(3):375-382.
10. Gouw SC, van den Berg HM, Oldenburg J, et al. F8 gene mutation type and inhibitor
development in patients with severe hemophilia A: systematic review and meta-analysis. Blood.

2012;119(12):2922-2934.



93

11. Konkle BA, Huston H, Nakaya Fletcher S. Hemophilia A. In: Adam MP, Ardinger HH,
Pagon RA, et al., eds. GeneReviews((R)). Seattle (WA); 1993.

12. Fay PJ. Factor VIII structure and function. Int J Hematol. 2006;83(2):103-108.

13. Manco-Johnson MJ, Nuss R, Geraghty S, Funk S, Kilcoyne R. Results of secondary
prophylaxis in children with severe hemophilia. Am J Hematol. 1994;47(2):113-117.

14. Aledort LM, Haschmeyer RH, Pettersson H. A longitudinal study of orthopaedic
outcomes for severe factor-VIII-deficient haemophiliacs. The Orthopaedic Outcome Study
Group. J Intern Med. 1994;236(4):391-399.

15. White GC, 2nd, Rosendaal F, Aledort LM, et al. Definitions in hemophilia.
Recommendation of the scientific subcommittee on factor VIII and factor IX of the scientific and
standardization committee of the International Society on Thrombosis and Haemostasis.
Thromb Haemost. 2001;85(3):560.

16. Mannucci PM, Tuddenham EG. The hemophilias--from royal genes to gene therapy. N
EnglJ Med. 2001;344(23):1773-1779.

17. Kempton CL, Meeks SL. Toward optimal therapy for inhibitors in hemophilia. Blood.
2014;124(23):3365-3372.

18. Fulcher CA, de Graaf Mahoney S, Roberts JR, Kasper CK, Zimmerman TS. Localization
of human factor FVIII inhibitor epitopes to two polypeptide fragments. Proc Natl Acad Sci U S
A. 1985;82(22):7728-7732.

19. Scandella D, Mattingly M, de Graaf S, Fulcher CA. Localization of epitopes for human
factor VIII inhibitor antibodies by immunoblotting and antibody neutralization. Blood.
1989;74(5):1618-1626.

20.  Saint-Remy JM, Lacroix-Desmazes S, Oldenburg J. Inhibitors in haemophilia:
pathophysiology. Haemophilia. 2004;10 Suppl 4:146-151.

21. Lusher JM. Inhibitor antibodies to factor VIII and factor IX: management. Semin

Thromb Hemost. 2000;26(2):179-188.



94

22.  Key NS. Inhibitors in congenital coagulation disorders. Br J Haematol.
2004;127(4):379-391.

23. Ehrenforth S, Kreuz W, Scharrer I, et al. Incidence of development of factor VIII and
factor IX inhibitors in haemophiliacs. Lancet. 1992;339(8793):594-598.

24. Sultan Y. Prevalence of inhibitors in a population of 3435 hemophilia patients in France.
French Hemophilia Study Group. Thromb Haemost. 1992;67(6):600-602.

25. Darby SC, Keeling DM, Spooner RJ, et al. The incidence of factor VIII and factor IX
inhibitors in the hemophilia population of the UK and their effect on subsequent mortality,
1977-99. J Thromb Haemost. 2004;2(7):1047-1054.

26. Lusher JM, Arkin S, Abildgaard CF, Schwartz RS. Recombinant factor VIII for the
treatment of previously untreated patients with hemophilia A. Safety, efficacy, and development
of inhibitors. Kogenate Previously Untreated Patient Study Group. N EnglJ Med.
1993;328(7):453-459.

27. Addiego J, Kasper C, Abildgaard C, et al. Frequency of inhibitor development in
haemophiliacs treated with low-purity factor VIII. Lancet. 1993;342(8869):462-464.

28. Hay CR, Palmer B, Chalmers E, et al. Incidence of factor VIII inhibitors throughout life
in severe hemophilia A in the United Kingdom. Blood. 2011;117(23):6367-6370.

29. Gouw SC, van der Bom JG, Ljung R, et al. Factor VIII products and inhibitor
development in severe hemophilia A. N EnglJ Med. 2013;368(3):231-239.

30. Gouw SC, van der Bom JG, Marijke van den Berg H. Treatment-related risk factors of
inhibitor development in previously untreated patients with hemophilia A: the CANAL cohort
study. Blood. 2007;109(11):4648-4654.

31. Eckhardt CL, van Velzen AS, Peters M, et al. Factor VIII gene (F8) mutation and risk of

inhibitor development in nonsevere hemophilia A. Blood. 2013;122(11):1954-1962.



95

32. McMillan CW, Shapiro SS, Whitehurst D, Hoyer LW, Rao AV, Lazerson J. The natural
history of factor VIII:C inhibitors in patients with hemophilia A: a national cooperative study. II.
Observations on the initial development of factor VIII:C inhibitors. Blood. 1988;71(2):344-348.
33. Morfini M, Haya S, Tagariello G, et al. European study on orthopaedic status of
haemophilia patients with inhibitors. Haemophilia. 2007;13(5):606-612.

34. Gringeri A, Mantovani LG, Scalone L, Mannucci PM, Group CS. Cost of care and quality
of life for patients with hemophilia complicated by inhibitors: the COCIS Study Group. Blood.
2003;102(7):2358-2363.

35. Auerswald G, von Depka Prondzinski M, Ehlken B, et al. Treatment patterns and cost-of-
illness of severe haemophilia in patients with inhibitors in Germany. Haemophilia.
2004;10(5):499-508.

36. Bohn RL, Aledort LM, Putnam KG, Ewenstein BM, Mogun H, Avorn J. The economic
impact of factor VIII inhibitors in patients with haemophilia. Haemophilia. 2004;10(1):63-68.
37. Chang H, Sher GD, Blanchette VS, Teitel JM. The impact of inhibitors on the cost of
clotting factor replacement therapy in Haemophilia A in Canada. Haemophilia. 1999;5(4):247-
252,

38.  Ullman M, Hoots WK. Assessing the costs for clinical care of patients with high-
responding factor VIII and IX inhibitors. Haemophilia. 2006;12 Suppl 6:74-79; discussion 79-
8o.

39. Guh S, Grosse SD, McAlister S, Kessler CM, Soucie JM. Healthcare expenditures for
males with haemophilia and employer-sponsored insurance in the United States, 2008.
Haemophilia. 2012;18(2):268-275.

40. Di Minno MN, Di Minno G, Di Capua M, Cerbone AM, Coppola A. Cost of care of
haemophilia with inhibitors. Haemophilia. 2010;16(1):€190-201.

41. Brown TM, Lee WC, Joshi AV, Pashos CL. Health-related quality of life and productivity

impact in haemophilia patients with inhibitors. Haemophilia. 2009;15(4):911-917.



96

42. Tencer T, Friedman HS, Li-McLeod J, Johnson K. Medical costs and resource utilization
for hemophilia patients with and without HIV or HCV infection. J Manag Care Pharm.
2007;13(9):790-798.

43. Unuvar A, Warrier I, Lusher JM. Immune tolerance induction in the treatment of
paediatric haemophilia A patients with factor VIII inhibitors. Haemophilia. 2000;6(3):150-157.
44. Erhardtsen E. Pharmacokinetics of recombinant activated factor VII (rFVIIa). Semin
Thromb Hemost. 2000;26(4):385-391.

45. Bjorkman S, Folkesson A, Jonsson S. Pharmacokinetics and dose requirements of factor
VIII over the age range 3-74 years: a population analysis based on 50 patients with long-term
prophylactic treatment for haemophilia A. Eur J Clin Pharmacol. 2009;65(10):989-998.

46. White GC, 2nd, Kempton CL, Grimsley A, Nielsen B, Roberts HR. Cellular immune
responses in hemophilia: why do inhibitors develop in some, but not all hemophiliacs? J
Thromb Haemost. 2005;3(8):1676-1681.

47. Lechler R, Aichinger G, Lightstone L. The endogenous pathway of MHC class II antigen
presentation. Immunol Rev. 1996;151:51-79.

48.  Bray GL, Kroner BL, Arkin S, et al. Loss of high-responder inhibitors in patients with
severe hemophilia A and human immunodeficiency virus type 1 infection: a report from the
Multi-Center Hemophilia Cohort Study. Am J Hematol. 1993;42(4):375-379.

49. Lenschow DJ, Walunas TL, Bluestone JA. CD28/B7 system of T cell costimulation. Annu
Rev Immunol. 1996;14:233-258.

50. van Kooten C, Banchereau J. Immune regulation by CD40-CD40-L interactions. Front
Biosci. 1997;2:d1-11.

51. Pratt KP, Thompson AR. B-cell and T-cell epitopes in anti-factor VIII immune responses.
Clin Rev Allergy Immunol. 2009;37(2):80-95.

52. Astermark J. FVIII inhibitors: pathogenesis and avoidance. Blood. 2015;125(13):2045-

2051.



97

53. Astermark J, Berntorp E, White GC, Kroner BL, Group MS. The Malmo International
Brother Study (MIBS): further support for genetic predisposition to inhibitor development in
hemophilia patients. Haemophilia. 2001;7(3):267-272.

54. Development of factor VIII antibody in haemophilic monozygotic twins. European Study
Group of Factor VIII Antibody. Scand J Haematol. 1979;23(1):64-68.

55. Lorenzo JI, Lopez A, Altisent C, Aznar JA. Incidence of factor VIII inhibitors in severe
haemophilia: the importance of patient age. Br J Haematol. 2001;113(3):600-603.

56. Santagostino E, Mancuso ME, Rocino A, et al. Environmental risk factors for inhibitor
development in children with haemophilia A: a case-control study. Br J Haematol.
2005;130(3):422-427.

57. Kempton CL, Soucie JM, Miller CH, et al. In non-severe hemophilia A the risk of
inhibitor after intensive factor treatment is greater in older patients: a case-control study. J
Thromb Haemost. 2010;8(10):2224-2231.

58. Maclean PS, Richards M, Williams M, et al. Treatment related factors and inhibitor
development in children with severe haemophilia A. Haemophilia. 2011;17(2):282-287.

59. Ragni MV, Ojeifo O, Feng J, et al. Risk factors for inhibitor formation in haemophilia: a
prevalent case-control study. Haemophilia. 2009;15(5):1074-1082.

60.  Kurnik K, Bidlingmaier C, Engl W, Chehadeh H, Reipert B, Auerswald G. New early
prophylaxis regimen that avoids immunological danger signals can reduce FVIII inhibitor
development. Haemophilia. 2010;16(2):256-262.

61. Auerswald G, Bidlingmaier C, Kurnik K. Early prophylaxis/FVIII tolerization regimen
that avoids immunological danger signals is still effective in minimizing FVIII inhibitor
developments in previously untreated patients--long-term follow-up and continuing experience.
Haemophilia. 2012;18(1):e18-20.

62. Gallucci S, Matzinger P. Danger signals: SOS to the immune system. Curr Opin

Immunol. 2001;13(1):114-119.



98

63. Kono H, Rock KL. How dying cells alert the immune system to danger. Nat Rev
Immunol. 2008;8(4):279-289.

64. Matzinger P. The danger model: a renewed sense of self. Science. 2002;296(5566):301-
305.

65. Peyvandi F, Mannucci PM, Garagiola I, et al. A Randomized Trial of Factor VIII and
Neutralizing Antibodies in Hemophilia A. N Engl J Med. 2016;374(21):2054-2064.

66. Shen BW, Spiegel PC, Chang CH, et al. The tertiary structure and domain organization of
coagulation factor VIIIL. Blood. 2008;111(3):1240-1247.

67. Bagnall RD, Waseem N, Green PM, Giannelli F. Recurrent inversion breaking intron 1 of
the factor VIII gene is a frequent cause of severe hemophilia A. Blood. 2002;99(1):168-174.

68.  Bagnall RD, Giannelli F, Green PM. Int22h-related inversions causing hemophilia A: a
novel insight into their origin and a new more discriminant PCR test for their detection. J
Thromb Haemost. 2006;4(3):591-598.

69.  Johnsen JM, Fletcher SN, Huston H, et al. Novel approach to genetic analysis and results
in 3000 hemophilia patients enrolled in the My Life, Our Future initiative. Blood Adv.
2017;1(13):824-834.

70. Pandey GS, Yanover C, Miller-Jenkins LM, et al. Endogenous factor VIII synthesis from
the intron 22-inverted F8 locus may modulate the immunogenicity of replacement therapy for
hemophilia A. Nat Med. 2013;19(10):1318-1324.

71. Payne AB, Miller CH, Kelly FM, Michael Soucie J, Craig Hooper W. The CDC Hemophilia
A Mutation Project (CHAMP) mutation list: a new online resource. Hum Mutat.
2013;34(2):E2382-23091.

72. Schwaab R, Brackmann HH, Meyer C, et al. Haemophilia A: mutation type determines
risk of inhibitor formation. Thromb Haemost. 1995;74(6):1402-1406.

73. Goodeve A. The incidence of inhibitor development according to specific mutations--and

treatment? Blood Coagul Fibrinolysis. 2003;14 Suppl 1:S17-21.



99

74. Oldenburg J, Schroder J, Brackmann HH, Muller-Reible C, Schwaab R, Tuddenham E.
Environmental and genetic factors influencing inhibitor development. Semin Hematol.
2004;41(1 Suppl 1):82-88.

75. Spena S, Garagiola I, Cannavo A, et al. Prediction of Factor VIII inhibitor development in
the SIPPET cohort by mutational analysis and Factor VIII antigen measurement. J Thromb
Haemost. 2018.

76. Schwarz J, Astermark J, Menius ED, et al. F8 haplotype and inhibitor risk: results from
the Hemophilia Inhibitor Genetics Study (HIGS) Combined Cohort. Haemophilia.
2013;19(1):113-118.

77. Wieland I, Wermes C, Eifrig B, et al. Inhibitor-Immunology-Study. Different HLA-types
seem to be involved in the inhibitor development in haemophilia A. Hamostaseologie. 2008;28
Suppl 1:S26-28.

78. Shapiro SS. Genetic predisposition to inhibitor formation. Prog Clin Biol Res.
1984;150:45-55.

79. Lozier JN, Rosenberg PS, Goedert JJ, Menashe 1. A case-control study reveals
immunoregulatory gene haplotypes that influence inhibitor risk in severe haemophilia A.
Haemophilia. 2011;17(4):641-649.

80. LuY, Ding Q, Dai J, Wang H, Wang X. Impact of polymorphisms in genes involved in
autoimmune disease on inhibitor development in Chinese patients with haemophilia A. Thromb
Haemost. 2012;107(1):30-36.

81. Nathalang O, Sriwanitchrak P, Sasanakul W, Chuansumrit A. The Association Between
HLA Class II Alleles and the Occurrence of Factor VIII Inhibitor in Thai Patients with
Hemophilia A. Turk J Haematol. 2012;29(1):34-39.

82.  Ohta H, Takahashi I, Kojima T, et al. Histocompatibility antigens and alleles in Japanese

haemophilia A patients with or without factor VIII antibodies. Tissue Antigens. 1999;54(1):91-

97.



100

83. Oldenburg J, Picard JK, Schwaab R, Brackmann HH, Tuddenham EG, Simpson E. HLA
genotype of patients with severe haemophilia A due to intron 22 inversion with and without
inhibitors of factor VIII. Thromb Haemost. 1997;77(2):238-242.

84.  Pavlova A, Delev D, Lacroix-Desmazes S, et al. Impact of polymorphisms of the major
histocompatibility complex class II, interleukin-10, tumor necrosis factor-alpha and cytotoxic T-
lymphocyte antigen-4 genes on inhibitor development in severe hemophilia A. J Thromb
Haemost. 2009;7(12):2006-2015.

85. Pergantou H, Varela I, Moraloglou O, et al. Impact of HLA alleles and cytokine
polymorphisms on inhibitors development in children with severe haemophilia A. Haemophilia.
2013;19(5):706-710.

86.  Pinto P, Ghosh K, Shetty S. Immune regulatory gene polymorphisms as predisposing risk
factors for the development of factor VIII inhibitors in Indian severe haemophilia A patients.
Haemophilia. 2012;18(5):794-797.

87. Repesse Y, Peyron I, Dimitrov JD, et al. Development of inhibitory antibodies to
therapeutic factor VIII in severe hemophilia A is associated with microsatellite polymorphisms
in the HMOX1 promoter. Haematologica. 2013;98(10):1650-1655.

88.  Frommel D, Muller JY, Prou-Wartelle O, Allain JP. Possible linkage between the major
histocompatibility complex and the immune response to factor VIII in classic haemophilia. Vox
Sang. 1977;33(5):270-272.

89. Frommel D, Allain JP, Saint-Paul E, et al. HLA antigens and factor VIII antibody in
classic hemophilia. European study group of factor VIII antibody. Thromb Haemost.
1981;46(4):687-689.

90.  Gorski MM, Blighe K, Lotta LA, et al. Whole-exome sequencing to identify genetic risk
variants underlying inhibitor development in severe hemophilia A patients. Blood.

2016;127(23):2924-2033.



101

91. Papasteriades C, Varla M, Economidou J, et al. High frequency of HLA-DR5 in Greek
patients with haemophilia A and haemophilia B. Tissue Antigens. 1986;28(2):84-87.

92. Pinto P, Shetty S, Lacroix-Desmazes S, Bayry J, Kaveri S, Ghosh K. Antibody profile in
Indian severe haemophilia A patients with and without FVIII inhibitors. Immunol Lett.
2016;169:93-97.

93. Pinto P, Parasannanavar D, Ghosh K, Shetty S. The association of HLA-DRB1 and HLA-
DQBA1 alleles with the development of factor VIII inhibitors in severe haemophilia A patients in
India. Tissue Antigens. 2014;84(2):235-237.

94. Simonney N, De Bosch N, Argueyo A, Garcia E, Layrisse Z. HLA antigens in
hemophiliacs A with or without factor VIII antibodies in a Venezuelan Mestizo population.
Tissue Antigens. 1985;25(4):216-219.

95. Tizzano EF, Soria JM, Coll I, et al. The prothrombin 20210A allele influences clinical
manifestations of hemophilia A in patients with intron 22 inversion and without inhibitors.
Haematologica. 2002;87(3):279-285.

96.  Agostini D, Rosset C, Botton MR, et al. Immune system polymorphisms and factor VIII
inhibitor formation in Brazilian haemophilia A severe patients. Haemophilia. 2012;18(6):e416-
418.

97. de Alencar JB, Macedo LC, de Barros MF, et al. New associations: INFG and TGFB1
genes and the inhibitor development in severe haemophilia A. Haemophilia. 2015;21(4):e312-
316.

98.  Aly AM, Aledort LM, Lee TD, Hoyer LW. Histocompatibility antigen patterns in
haemophilic patients with factor VIII antibodies. Br J Haematol. 1990;76(2):238-241.

99. Astermark J, Oldenburg J, Carlson J, et al. Polymorphisms in the TNFA gene and the

risk of inhibitor development in patients with hemophilia A. Blood. 2006;108(12):3739-3745.



102

100. Astermark J, Oldenburg J, Pavlova A, Berntorp E, Lefvert AK, Group MS.
Polymorphisms in the IL10 but not in the IL1ibeta and I1.4 genes are associated with inhibitor
development in patients with hemophilia A. Blood. 2006;107(8):3167-3172.

101.  Astermark J, Wang X, Oldenburg J, Berntorp E, Lefvert AK, Group MS. Polymorphisms
in the CTLA-4 gene and inhibitor development in patients with severe hemophilia A. J Thromb
Haemost. 2007;5(2):263-265.

102. Astermark J, Donfield SM, Gomperts ED, et al. The polygenic nature of inhibitors in
hemophilia A: results from the Hemophilia Inhibitor Genetics Study (HIGS) Combined Cohort.
Blood. 2013;121(8):1446-1454.

103. Bafunno V, Santacroce R, Chetta M, et al. Polymorphisms in genes involved in
autoimmune disease and the risk of FVIII inhibitor development in Italian patients with
haemophilia A. Haemophilia. 2010;16(3):469-473.

104. Bafunno V, Santacroce R, Chetta M, et al. Polymorphic miRNA-mediated gene
contribution to inhibitor development in haemophilia A. Haemophilia. 2012;18(6):1003-1007.
105. Bril WS, MacLean PE, Kaijen PH, et al. HLA class II genotype and factor VIII inhibitors
in mild haemophilia A patients with an Arg593 to Cys mutation. Haemophilia. 2004;10(5):509-
514.

106. Chaves D, Belisario A, Castro G, Santoro M, Rodrigues C. Analysis of cytokine genes
polymorphism as markers for inhibitor development in haemophilia A. Int J Immunogenet.
2010;37(2):79-82.

107. De Barros MF, Herrero JC, Sell AM, et al. Influence of class I and II HLA alleles on
inhibitor development in severe haemophilia A patients from the south of Brazil. Haemophilia.
2012;18(3):e236-240.

108. Eckhardt CL, Astermark J, Nagelkerke SQ, et al. The Fc gamma receptor IIa R131H
polymorphism is associated with inhibitor development in severe hemophilia A. J Thromb

Haemost. 2014;12(8):1294-1301.



103

109. Fidanci ID, Zulfikar B, Kavakli K, et al. A Polymorphism in the IL-5 Gene is Associated
with Inhibitor Development in Severe Hemophilia A Patients. Turk J Haematol. 2014;31(1):17-
24.

110. Hay CR, Ollier W, Pepper L, et al. HLA class II profile: a weak determinant of factor VIII
inhibitor development in severe haemophilia A. UKHCDO Inhibitor Working Party. Thromb
Haemost. 1997;77(2):234-237.

111.  Kenet G, Bidlingmaier C, Bogdanova N, et al. Influence of factor 5 rs6025 and factor 2
rs1799963 mutation on inhibitor development in patients with hemophilia A--an Israeli-German
multicenter database study. Thromb Res. 2014;133(4):544-549.

112.  Lippert LE, Fisher LM, Schook LB. Relationship of major histocompatibility complex
class II genes to inhibitor antibody formation in hemophilia A. Thromb Haemost.
1990;64(4):564-568.

113.  Robinson J, Halliwell JA, Hayhurst JD, Flicek P, Parham P, Marsh SG. The IPD and
IMGT/HLA database: allele variant databases. Nucleic Acids Res. 2015;43(Database
issue):D423-431.

114.  Shepherd AJ, Skelton S, Sansom CE, Gomez K, Moss DS, Hart DP. A large-scale
computational study of inhibitor risk in non-severe haemophilia A. Br J Haematol.
2015;168(3):413-420.

115.  Botstein D, White RL, Skolnick M, Davis RW. Construction of a genetic linkage map in
man using restriction fragment length polymorphisms. Am J Hum Genet. 1980;32(3):314-331.
116.  Aledort LM, Dimichele DM. Inhibitors occur more frequently in African-American and
Latino haemophiliacs. Haemophilia. 1998;4(1):68.

117.  Carpenter SL, Michael Soucie J, Sterner S, Presley R, Hemophilia Treatment Center
Network I. Increased prevalence of inhibitors in Hispanic patients with severe haemophilia A

enrolled in the Universal Data Collection database. Haemophilia. 2012;18(3):e260-265.



104

118.  Viel KR, Ameri A, Abshire TC, et al. Inhibitors of factor VIII in black patients with
hemophilia. N Engl J Med. 2009;360(16):1618-1627.

119.  Eckhardt CL, Kamphuisen PW, Fijnvandraat K. Inhibitors of factor VIII in hemophilia. N
EnglJ Med. 2009;361(3):309; author reply 310.

120. Lacroix-Desmazes S, Dimitrov JD, Repesse Y. Inhibitors of factor VIII in hemophilia. N
EnglJ Med. 2009;361(3):308; author reply 310.

121.  Peyvandi F, Lotta LA, Mannucci PM. Inhibitors of factor VIII in hemophilia. N Engl J
Med. 2009;361(3):309; author reply 310.

122.  Santos A, Annichino-Bizzacchi JM, Ozelo MC. Inhibitors of factor VIII in hemophilia. N
EnglJ Med. 2009;361(3):309-310; author reply 310.

123. Yang G, Yao L, Lu Z. Inhibitors of factor VIII in hemophilia. N Engl J Med.
2009;361(3):309; author reply 310.

124. Gunasekera D, Ettinger RA, Nakaya Fletcher S, et al. Factor VIII gene variants and
inhibitor risk in African American hemophilia A patients. Blood. 2015;126(7):895-904.

125.  Miller CH. Game, set, match for factor VIII mismatch? Blood. 2015;126(7):829-830.
126. Hashemi SM, Fischer K, Moons KG, van den Berg HM, PedNet Study g. Validation of the
prediction model for inhibitor development in PUPs with severe haemophilia A. Haemophilia.
2016.

127.  Rivard GE, Lillicrap D, Poon MC, et al. Can activated recombinant factor VII be used to
postpone the exposure of infants to factor VIII until after 2 years of age? Haemophilia.
2005;11(4):335-339.

128.  Witmer C, Young G. Factor VIII inhibitors in hemophilia A: rationale and latest
evidence. Ther Adv Hematol. 2013;4(1):59-72.

129. Yanover C, Jain N, Pierce G, Howard TE, Sauna ZE. Pharmacogenetics and the

immunogenicity of protein therapeutics. Nat Biotechnol. 2011;29(10):870-873.



105

130. Soucie JM, Miller CH, Kelly FM, et al. A study of prospective surveillance for inhibitors
among persons with haemophilia in the United States. Haemophilia. 2014;20(2):230-237.

131.  Miller CH, Platt SJ, Rice AS, Kelly F, Soucie JM, Hemophilia Inhibitor Research Study I.
Validation of Nijmegen-Bethesda assay modifications to allow inhibitor measurement during
replacement therapy and facilitate inhibitor surveillance. J Thromb Haemost. 2012;10(6):1055-
1061.

132. Payne AB, Bean CJ, Hooper WC, Miller CH. Utility of multiplex ligation-dependent
probe amplification (MLPA) for hemophilia mutation screening. J Thromb Haemost.
2012;10(9):1951-1954.

133. Richards S, Aziz N, Bale S, et al. Standards and guidelines for the interpretation of
sequence variants: a joint consensus recommendation of the American College of Medical
Genetics and Genomics and the Association for Molecular Pathology. Genet Med.
2015;17(5):405-424.

134. Chao BN, Baldwin WH, Healey JF, et al. Characterization of a genetically engineered
mouse model of hemophilia A with complete deletion of the F8 gene. J Thromb Haemost.
2016;14(2):346-355.

135. Martorell L, Corrales I, Ramirez L, et al. Molecular characterization of ten F8 splicing
mutations in RNA isolated from patient's leucocytes: assessment of in silico prediction tools
accuracy. Haemophilia. 2015;21(2):249-257.

136. Zimmermann MA, Oldenburg J, Muller CR, Rost S. Expression studies of mutant factor
VIII alleles with premature termination codons with regard to inhibitor formation.
Haemophilia. 2014;20(3):e215-221.

137. Lannoy N, Abinet I, Bosmans A, Lambert C, Vermylen C, Hermans C. Computational
and molecular approaches for predicting unreported causal missense mutations in Belgian

patients with haemophilia A. Haemophilia. 2012;18(3):e331-339.



106

138.  Bagnall RD, Waseem NH, Green PM, Colvin B, Lee C, Giannelli F. Creation of a novel
donor splice site in intron 1 of the factor VIII gene leads to activation of a 191 bp cryptic exon in
two haemophilia A patients. Br J Haematol. 1999;107(4):766-771.

139. Zimmermann MA, Gehrig A, Oldenburg J, Muller CR, Rost S. Analysis of F8 mRNA in
haemophilia A patients with silent mutations or presumptive splice site mutations.
Haemophilia. 2013;19(2):310-317.

140. Castaman G, Giacomelli SH, Mancuso ME, Sanna S, Santagostino E, Rodeghiero F. F8
mRNA studies in haemophilia A patients with different splice site mutations. Haemophilia.
2010;16(5):786-790.

141.  Djambas Khayat C, Salem N, Chouery E, et al. Molecular analysis of F8 in Lebanese
haemophilia A patients: novel mutations and phenotype-genotype correlation. Haemophilia.
2008;14(4):709-716.

142. Liang Q, Xiang M, Lu Y, et al. Characterisation and quantification of F8 transcripts of ten
putative splice site mutations. Thromb Haemost. 2015;113(3):585-592.

143. Acquila M, Pasino M, Lanza T, Molinari AC, Rosano C, Bicocchi MP. Exon skipping
partially restores factor VIII coagulant activity in patients with mild hemophilia A with exon 13
duplication. Haematologica. 2005;90(7):997-999.

144. Bicocchi MP, Pasino M, Lanza T, et al. Ectopic mRNA analysis and molecular modelling
substantiate severe haemophilia in a patient with a FVIII gene splice mutation. Thromb
Haemost. 2005;93(2):391-392.

145. Bidichandani SI, Shiach CR, Lanyon WG, Connor JM. A novel splice donor mutation
affecting position +3 in intron 6 of the factor VIII gene. Hum Mol Genet. 1994;3(4):651-653.
146. Castaman G, Giacomelli SH, Mancuso ME, et al. Deep intronic variations may cause mild

hemophilia A. J Thromb Haemost. 2011;9(8):1541-1548.



107

147. Chen J, Wang J, Lin XY, et al. Genetic diagnosis in Hemophilia A from southern China:
five novel mutations and one preimplantation genetic analysis. Int J Lab Hematol.
2017;39(2):191-201.

148. David D, Tavares A, Lavinha J. Characterization of a splicing mutation in the factor VIII
gene at the RNA level. Hum Genet. 1995;95(1):109-111.

149. David D, Santos IM, Johnson K, Tuddenham EG, McVey JH. Analysis of the
consequences of premature termination codons within factor VIII coding sequences. J Thromb
Haemost. 2003;1(1):139-146.

150. d'Oiron R, Lavergne JM, Lavend'homme R, et al. Deletion of alanine 2201 in the FVIII
C2 domain results in mild hemophilia A by impairing FVIII binding to VWF and phospholipids
and destroys a major FVIII antigenic determinant involved in inhibitor development. Blood.
2004;103(1):155-157.

151.  El-Maarri O, Herbiniaux U, Graw J, et al. Analysis of mRNA in hemophilia A patients
with undetectable mutations reveals normal splicing in the factor VIII gene. J Thromb Haemost.
2005;3(2):332-339-

152.  Gau JP, Hsu HC, Chau WK, Ho CH. A novel splicing acceptor mutation of the factor VIII
gene producing skipping of exon 25. Ann Hematol. 2003;82(3):175-177.

153. Inaba H, Koyama T, Shinozawa K, Amano K, Fukutake K. Identification and
characterization of an adenine to guanine transition within intron 10 of the factor VIII gene as a
causative mutation in a patient with mild haemophilia A. Haemophilia. 2013;19(1):100-105.
154. Laurie AD, Smith MP. Effect of the F8 mutation c.1538-2A>T on pre-mRNA splicing.
Haemophilia. 2009;15(6):1348-1350.

155. Naylor JA, Green PM, Rizza CR, Giannelli F. Analysis of factor VIII mRNA reveals

defects in everyone of 28 haemophilia A patients. Hum Mol Genet. 1993;2(1):11-17.



108

156.  Pezeshkpoor B, Zimmer N, Marquardt N, et al. Deep intronic 'mutations' cause
hemophilia A: application of next generation sequencing in patients without detectable
mutation in F8 cDNA. J Thromb Haemost. 2013;11(9):1679-1687.

157.  Shibata M, Shima M, Morichika S, et al. An alloantibody recognizing the FVIII A1
domain in a patient with CRM reduced haemophilia A due to deletion of a large portion of the
A1 domain DNA sequence. Thromb Haemost. 2000;84(3):442-448.

158. Tavassoli K, Eigel A, Pollmann H, Horst J. Mutational analysis of ectopic factor VIII
transcripts from hemophilia A patients: identification of cryptic splice site, exon skipping and
novel point mutations. Hum Genet. 1997;100(5-6):508-511.

159. Theophilus BD, Enayat MS, Williams MD, Hill FG. Site and type of mutations in the
factor VIII gene in patients and carriers of haemophilia A. Haemophilia. 2001;7(4):381-391.
160. Vidal F, Farssac E, Tusell J, Puig L, Gallardo D. First molecular characterization of an
unequal homologous alu-mediated recombination event responsible for hemophilia. Thromb
Haemost. 2002;88(1):12-16.

161.  Yenchitsomanus P, Thanootarakul P, Akkarapatumwong V, et al. Mutation causing exon
15 skipping and partial exon 16 deletion in factor VIII transcript, and a method for direct
mutation detection. Haemophilia. 2001;7(3):335-338.

162. KimY, Ponomarenko J, Zhu Z, et al. Immune epitope database analysis resource.
Nucleic Acids Res. 2012;40(Web Server issue):W525-530.

163. Payne AB BC, Soucie JM, Janssens ACJW, Klein M, Mulle JG. Genetic variants
associated with inhibitors among persons with hemophilia: A systematic review and meta-
analysis; 2018.

164. Hashemi SM, Fischer K, Moons KG, van den Berg HM. Improved prediction of inhibitor
development in previously untreated patients with severe haemophilia A. Haemophilia.

2015;21(2):227-233.



109

165. Kurnik K, Bidlingmaier, C., During, C., Halimeh, S., Schobess, R., Nowak-Gotti, U.
Presence of Factor V Leiden or Prothrombin Mutation Influence Inhibitor Development in
Children with Severe Hemophilia A: Data of a Multicenter Cohort Study. The American Society
of Hematology. Vol. 112: Blood; 2008:242.

166. Bleykasten-Grosshans C, Jung PP, Fritsch ES, Potier S, de Montigny J, Souciet JL. The
Ty1 LTR-retrotransposon population in Saccharomyces cerevisiae genome: dynamics and
sequence variations during mobility. FEMS Yeast Res. 2011;11(4):334-344.

167.  DerSimonian R, Laird N. Meta-analysis in clinical trials. Control Clin Trials.
1986;7(3):177-188.

168. Mantel N, Haenszel W. Statistical aspects of the analysis of data from retrospective
studies of disease. J Natl Cancer Inst. 1959;22(4):719-748.

169. Ioannidis JP, Boffetta P, Little J, et al. Assessment of cumulative evidence on genetic
associations: interim guidelines. Int J Epidemiol. 2008;37(1):120-132.

170.  Higgins JP, Thompson SG. Quantifying heterogeneity in a meta-analysis. Stat Med.
2002;21(11):1539-1558.

171.  Sterne JA, Egger M. Funnel plots for detecting bias in meta-analysis: guidelines on
choice of axis. J Clin Epidemiol. 2001;54(10):1046-1055.

172.  Review Manager (RevMan). Copenhagen: The Nordic Cochrane Centre: The Cochrane
Collaboration; 2014.

173. Dorman JS, Bunker CH. HLA-DQ locus of the human leukocyte antigen complex and
type 1 diabetes mellitus: a HuGE review. Epidemiol Rev. 2000;22(2):218-227.

174.  Schmidt H, Williamson D, Ashley-Koch A. HLA-DR15 haplotype and multiple sclerosis:
a HuGE review. Am J Epidemiol. 2007;165(10):1097-1109.

175. Jin PP, Sun LL, Ding BJ, et al. Human Leukocyte Antigen DQB1 (HLA-DQB1)
Polymorphisms and the Risk for Guillain-Barre Syndrome: A Systematic Review and Meta-

Analysis. PLoS One. 2015;10(7):€0131374.



110

176.  Verduin EP, Brand A, van de Watering LM, et al. The HLA-DRB1*15 phenotype is
associated with multiple red blood cell and HLA antibody responsiveness. Transfusion.
2016;56(7):1849-1856.

177.  Jaquet L, Lollier M, Navratil O, et al. Feedback of S. cerevisiae CPSase-ATCase: selection,
cloning and sequencing of mutant alleles. Adv Exp Med Biol. 1994;370:715-720.

178. Janeway C. Immunobiology : the immune system in health and disease (ed 6th). New
York: Garland Science; 2005.

179.  Saraiva M, O'Garra A. The regulation of IL-10 production by immune cells. Nat Rev
Immunol. 2010;10(3):170-181.

180. Mormann M, Rieth H, Hua TD, et al. Mosaics of gene variations in the Interleukin-10
gene promoter affect interleukin-10 production depending on the stimulation used. Genes
Immun. 2004;5(4):246-255.

181.  D'Alfonso S, Rampi M, Rolando V, Giordano M, Momigliano-Richiardi P. New
polymorphisms in the IL-10 promoter region. Genes Immun. 2000;1(3):231-233.

182. Reuss E, Fimmers R, Kruger A, Becker C, Rittner C, Hohler T. Differential regulation of
interleukin-10 production by genetic and environmental factors--a twin study. Genes Immun.
2002;3(7):407-413.

183. Cariaso M, Lennon G. SNPedia: a wiki supporting personal genome annotation,
interpretation and analysis. Nucleic Acids Res. 2012;40(Database issue):D1308-1312.

184. GeneCards Human Gene Database. TNF Gene. Vol. 2016. Rehovot, Israel: Weizmann
Institute of Science and LifeMap Sciences; 2016.

185. Srivastava A, Brewer AK, Mauser-Bunschoten EP, et al. Guidelines for the management
of hemophilia. Haemophilia. 2013;19(1):e1-47.

186. Bardi E, Astermark J. Genetic risk factors for inhibitors in haemophilia A. Eur J

Haematol. 2015;94 Suppl 77:7-10.



111

187.  Cortes A, Brown MA. Promise and pitfalls of the Immunochip. Arthritis Res Ther.
2011;13(1):101.

188. Bean CJ, Boulet SL, Ellingsen D, et al. Heme oxygenase-1 gene promoter polymorphism
is associated with reduced incidence of acute chest syndrome among children with sickle cell
disease. Blood. 2012;120(18):3822-3828.

189. Bean CJ, Boulet SL, Ellingsen D, et al. Increased risk of venous thromboembolism is
associated with genetic variation in heme oxygenase-1 in Blacks. Thromb Res. 2012;130(6):942-
947.

190. Zheng X, Shen J, Cox C, et al. HIBAG--HLA genotype imputation with attribute bagging.
Pharmacogenomics J. 2014;14(2):192-200.

191.  Purcell S, Neale B, Todd-Brown K, et al. PLINK: a tool set for whole-genome association
and population-based linkage analyses. Am J Hum Genet. 2007;81(3):559-575.

192. Benjamini Y YD, Edwards D, Schaffer JP, Tamhane AC, Westfall PH, Holland B. False
Discovery Rate: Adjsuted Multiple Confidence Intervals for Selected Parameters. J Am Stat
Assoc. 2005;100(469):71-93.

193. Dimitrov JD, Dasgupta S, Navarrete AM, et al. Induction of heme oxygenase-1 in factor
VIII-deficient mice reduces the immune response to therapeutic factor VIII. Blood.
2010;115(13):2682-2685.

194. Taha H, Skrzypek K, Guevara I, et al. Role of heme oxygenase-1 in human endothelial
cells: lesson from the promoter allelic variants. Arterioscler Thromb Vasc Biol.
2010;30(8):1634-1641.

195. Llorente L, Zou W, Levy Y, et al. Role of interleukin 10 in the B lymphocyte hyperactivity
and autoantibody production of human systemic lupus erythematosus. J Exp Med.
1995;181(3):839-844.

196. ZhouY, Giscombe R, Huang D, Lefvert AK. Novel genetic association of Wegener's

granulomatosis with the interleukin 10 gene. J Rheumatol. 2002;29(2):317-320.



112

197. Huang DR, Zhou YH, Xia SQ, Liu L, Pirskanen R, Lefvert AK. Markers in the promoter
region of interleukin-10 (IL-10) gene in myasthenia gravis: implications of diverse effects of IL-
10 in the pathogenesis of the disease. J Neuroimmunol. 1999;94(1-2):82-87.

198. Zheng C, Huang D, Liu L, et al. Interleukin-10 gene promoter polymorphisms in multiple
myeloma. Int J Cancer. 2001;95(3):184-188.

199. Payne AB MC, Ellingsen D, Driggers J, Bean CJ, Mulle JG, Soucie JM, Hemophilia
Inhibitor Research Study Investigators. Evaluation of variant-scoring tools for use in assigning
inhibitor risk among persons with hemophilia A; 2018.

200. Payne AB MC, Ellingsen D, Driggers J, Bean CJ, Mulle JG, Soucie JM, Hemophilia
Inhibitor Research Study Investigators. Associations between variants in immune response
genes and inhibitors among persons with hemophilia A; 2018.

201. Prevention CfDCa. Report on the Universal Collection Program, 2005-2009; 2014:1-26.
202. Miller CH, Rice AS, Boylan B, et al. Comparison of clot-based, chromogenic and
fluorescence assays for measurement of factor VIII inhibitors in the US Hemophilia Inhibitor
Research Study. J Thromb Haemost. 2013;11(7):1300-1309.

203. Sherry ST, Ward MH, Kholodov M, et al. dbSNP: the NCBI database of genetic variation.

Nucleic Acids Res. 2001;29(1):308-311.



Chapter 3

Supplementary Information

ACMG Standards and Guidelines for Interpretation of Sequence Variants

113

Pathogenic Benign
Comments Comments
Vi . k 3
ery Strong Moderate Supporting Szl Strong Supporting
o | Gl | (aets) (1pY) donel 1 (2py (191
(4pts) 3pt) ) .
Dissertation O
4 "
NS' % Eler2eite Classified any nonsense, frameshift, + 1 or
sites, Met, exon . N N .
deletion => LOF PVS1 Null Variants 2 splice site, inversion, large duplication (>=
- 1 exon), large deletion (>=1 exon) variant as
known MOD
PVS1
Searched CHAMP for variants that had same
Same codon, dif nt Ps1 Same AA change AA change but different nucelotide change.
NOTE: none of the duplicate pairs were
both from HIRS.
in vitro or in vivo In vitro/in vivo
sty PS3 Functional studies BS3 study svhows no Searched PubMED for references of
damaging effect functional studies.
BA1: MAF >5% EVS,
1000G, ExAC.
Variant frequency LR AP gy
PM2: Not in controls than expected.
PM2 d f trol BA1 BS1, BS2 -
(EVS, 1000G, EXAC). o intiome d B52: Healthy indiv.
pop as Homo(AR),
Het(AD), Hemi(XL)
at full pen. Annotated MAF in EVS, 1000G, ExAc using
ANNOVAR.
Mutational hotspot
No benign variants in / critical and well-
PM1 .
hotspot established . ide B d .
functional domain Non—tru.ncatlng, Outsif »e B domain
Truncating: Anywhere in gene.
. N Protein length In-frame indel in
adameindely changes due to in repetitive region
nonrepeat re.glon or %3 frame indels and (378 without known
stop-loss variants | f 3
stop losses I In-frame indel outside B domain.
Different missense at
same codon PMS Novel missense at Searched CHAMP for variants that had AA
determined to be the same position change at codon previously associated with
pathogenic disease. NOTE: excluded variants only
reported in HIRS.
Coseg with multiple
affected family Lack of seg in
members. Gene PP1 Segregation analysis BS4 affected family
definitively known to members
cause disease
Gene definitively known to cause disease.
Missense in gene
with low benign Missense when
missense variation, PP2 Variant spectrum BP1 primarily truncation
missense common variants
MOD.
Missense common MOD.
ROMpEED - Multiple data shows
support deleterious P3 Computational (in 8P N X
iz o silico) data no 'mPaCZO" CADD, SIFT, PolyPhen2 scores annotéted via
gene/product gene/product ANNO\{AR. At least 2 programs predicted
deleterious.
Patient's pheno or .
¢ P N Using phenotype to
family Hx highly "
N < PM6 support variant
specific for disease .
P claims
with single cause
Highly specific phenotype.
Reputable source gaLiElil e ie
recently reports feceptyorors
) . PP5 Reputable source BP6 variant as benign
variant as pathogenic )
. (no evidence
(no evidence) p
available)
Reported in CHAMP (not in HIRS).
Silent variant with
Synonymous 807 no predicted impact
variants on splicing; lack of .
P g NOTE: all synonymous variants shown to be
conservation N N "
deleterious by functional studies

Supplementary Table 1: Operationalization of Pathogenicity Tool.
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Chapter 4

A B C D E F G H 1 J K L M N ] P Q R
1 ication Info Population Info Study Design Results

hibi hibi Inhibitor  |Inhibitor
Study Race/fEth Positive |Negative Positive Negative [DatesData |Study Variant |Variant |REF/REF |REF/ALT |ALT/ALT

2 Author |Year Name nicity Severity |TotalN [N N Definition |Definition |Collection |Type Tested |Reported |N N N
1
5
6
8
9
10
11

Supplementary Figure 1: Data extraction form used to collect information from

reports included in systematic review

CTaT CcC Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% Cl M-H, Random, 95% Cl
09. Astermark et al 2007 10 32 53 92 149.6% 0.33[0.14,0.79] —
12. Pavlova et al 2008 29 58 101 202 224% 1.00 [0.56,1.749] —
16. Lozieret al 2011 54 155 271 813 294% 1.07 [0.75,1.53] ——
17, Agostinietal 2012 9 19 0 17 130% 2.61 [0.897, 7.04] I
20 Luetal 2012 12 25 a1 97 151% 0.83[0.35, 2.01] e
22 Pinto etal 2012 2 4 43 118 Mot estimahle
33.Pinto etal 2016 2 4 82 142 4.4% 0.85[012, 6.232]
Total {95% CI) 203 1473 100.0% 0.94 [0.60, 1.47] -
Total events 116 588
Heterogeneity: Tau®=0.14; ChF=10.22, df= 5 (P= 0.07); F= 51% f t t |
. 0.0 0.1 10 100
Testfor overal effiect Z=0.27 (P = 0.74) CT/TT Decreases Risk CT/TT Increases Risk

Supplementary Figure 2: Forest plot for CTLA4 -318 C>T (rs5742909)
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Supplementary Figure 3: Funnel plot for CTLA4 -318 C>T (rs5742909)
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AGIGG AA Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% Cl M-H, Random, 95% CI
08. Astermark et al 2007 59 112 4 12 4.9% 2.23[0.63,7.87] ]
12. Pavlova et al 2009 108 219 21 41 17.2% 0.94[0.43,1.84] —
14. Bafunno etal 2010 49 204 BE 238 41.8% 0.82[0.53,1.26] —-
17. Agostinietal 2012 M 15 g hal 8.1% 0.60[0.23,1.59] e
20 Luetal 2012 55 107 g 14 6.5% 0.893[0.31,2.73] — T
22 Pintoetal 2012 24 60 26 60 Mot estimable
32 Gorskietal 2016 g 14 9 11 2.3% 0.25[0.04,1.60] —
33.Pinto et al 2016 44 a4 40 72 19.2% 0.88[0.47, 1.66] —
Total (95% CI) as7 410 100.0% 0.85 [0.65,1.13] L
Total events 385 186
Heterogeneity: Tau® = 0.00; Chi*= 4.57, df= 6 (P = 0.60Y; = 0% ID o 051 150 1DD=
Testfor ovarall efiact =111 (P = 0.27) " AGIGG Decreases Risk AGIGG Increases Risk

Supplementary Figure 4: Forest plot for CTLA4 49 A>G (rs231775)
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Supplementary Figure 5: Funnel plot for CTLA4 49 A>G (rs231775)



CTmT cC Odds Ratio (Odds Ratio
Study or Subgroup Events Total Events Total \Weight M-H, Random, 95% CI M-H, Random, 95% CI
14. Bafunno etal 2010 4 18 TO 244 329% 0.71[0.23,2.23]
17 Agostini etal 2012 10 35 28 101 597% 0.99 [0.42, 2.33]
32, Gorgkietal 2016 3 4 14 22 T4% 1.71 [0.14, 19.36]
Total {95% CI) 57 367 100.0% 0.93 [0.48,1.79] e
Total events 17 113
Heterogeneity: Tau®= 0.00; Chi*= 0.48, df= 2 (P=0.79); F= 0% =D o D=1 1=D 1DD=
Testfor overall effect 2= 0.23 (F=0.82) © CTAT Decreases Risk CT/TT Increases Risk

Supplementary Figure 6: Forest plot for PTPN22 ¢c.1858 C>T (rs2476601)
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Supplementary Figure 7: Forest plot for PTPN22 ¢.1858 C>T (rs2476601)
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HLA-A*02 HLA-A*01 Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% Cl M-H, Random, 95% CI
03. Oldenburg et al 1997 B 20 B 16 17.0% 0.711[0.18 2.87]
07, Astermark et al 2006a ar a6 16 34 51T% 0.85[0.38,1.89]
19. De Barros etal 2012 17 a0 g 25 3.3% 1.09[0.35, 3.05]
Total (95% CI) 156 75 100.0% 0.89 [0.50, 1.58]
Total events 60 30
Heterogeneity: Tau®= 0.00; Chi*=0.27, df= 2 (P = 0.88); F= 0% I t 1 t {
Testforoverall effect 2= 0.33 (F = 0.70) oo HLL.-.L.*DEDSecreaseS Risk1 HLA-A*02 Incre1auses Risk 100
Supplementary Figure 8: Forest plot for HLA-A*02
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Supplementary Figure 9: Funnel plot for HLA-A*02
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HLA-A*03 HLA-A*01 Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
03. Oldenburg et al 1997 11 20 4 16 22.2% 2.041[0.53,7.79]
07. Astermark et al 2006a 19 38 16 34 466% 1.13[0.45, 2.84]
19. De Barros etal 2012 12 27 g 25 31.2% 1.70[0.55, 5.28] B
Total (95% CI) 85 75 100.0% 1.46 [0.78, 2.75] e
Total events 42 30
Heterogeneity: Tau®= 0.00; Chi*= 0.61, df=2 (P = 0.74); F= 0% ID P 051 150 1DD=
Testfor avarall efiact =117 (P = 0.24) " HLA-A®03 Decreases Risk HLA-A*03 Increases Risk

Supplementary Figure 10: Forest plot for HLA-A*03
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Funnel plot for HLA-A*03
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HLA-A*11 HLA-A*01 Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% Cl M-H, Random, 95% CI
03. Oldenbury et al 1997 2 3 [ 16 158% 0.56[0.08, 3.69] f
07, Astermark et al 20063 14 28 16 34 56.6% 1.131[0.41, 3.06]
19. De Barros et al 2012 4 14 3 25 276% 0.85[0.20, 3.56]
Total {95% Cl) 50 75 100.0% 0.93 [0.44, 1.98]
Total events 20 30
Heterogeneity: Tau : D._DD; Chi :_0.44, df=2 {P=080)F=0% 'D.D1 Df1 1| 1'0 1DD'
Testfor avarall efiact Z= 018 (P = 0.85) HLA-A*11 Decreases Risk HLA-A*11Increases Risk

Supplementary Figure 12: Forest plot for HLA-A*11
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Supplementary Figure 13: Funnel plot for HLA-A*11
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HLA-A*24 HLA-A*01 Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
03. Oldenburg et al 1997 3 9 4 16 16.9% 0.83[0.14, 4.64] — "
07. Astermark et al 2006a 12 29 16 34 497% 0.79[0.29, 2.16] ——
19. De Barros etal 2012 4 34 g 25 335% 0.46[0.13,1.54] e
Total (95% CI) 72 75 100.0% 0.66 [0.33, 1.34] i
Total events 21 30
Heterageneity: Tau‘:. 0.00; Chi*=0.86,df= 2 (P=076) F=0% 'D.D1 Df1 1'0 1DD'
Testfor avarall efiact Z=1.14 (P = 0.26) HLA-A*24 Decreases Risk HLA-A*24 Increases Risk

Supplementary Figure 14: Forest plot for HLA-A*24
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Supplementary Figure 15: Funnel plot for HLA-A*24
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HLA-A*29 HLA-A*01 Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% Cl M-H, Random, 95% CI
03. Oldenburg et al 1997 3 9 4 16 287% 0.83[0.14, 4.64] . E—
07. Astermark et al 2006a 3 7 16 34 31.4% 0.84 [0.16, 4.36] ) E—
19. De Barros etal 2012 ] 11 g 25 40.0% 1.77[0.41, 7.58] e —
Total (95% CI) 27 75 100.0% 1.13 [0.45, 2.83] i
Total events 11 30
Heterogeneity: Tau®= 0.00; Chi*= 0.61, df=2 (P = 0.74); F= 0% I t t {
o ~ 0.01 0.1 10 100
Testfor avarall efiact 2= 0.26 (P = 0.78) HLA-A*28 Decreases Risk HLA-A*28 Increases Risk

Supplementary Figure 16: Forest plot for HLA-A*29
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Supplementary Figure 17: Funnel plot for HLA-A*29
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HLA-A*30 HLA-A*01 Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% Cl M-H, Random, 95% CI
03. Oldenburg et al 1997 1 2 B 16 9.3% 1.67 [0.08, 31.87] f
07, Astermark et al 2006a g 10 16 34 405% 1.13[0.27, 4.61]
19. De Barros etal 2012 7 18 g 25 &0.2% 1.35[0.38, 4.80]
Total (95% CI) 30 75 100.0% 1.28 [0.52, 3.14]
Total events 13 a0
Heterogeneity: Tau®= 0.00; Chi*=0.07, df= 2 (P = 0.97); F= 0% I t 1 t {
Testfor avarall efiact 2= 0.54 (P = 0.58) . HLL.-.L.*EDDSecreaseS Risk1 HLA-A*30 Incre1auses Risk 1
Supplementary Figure 18: Forest plot for HLA-A*30
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Supplementary Figure 19: Funnel plot for HLA-A*30
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HLA-A*31 HLA-A*01 Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
03. Oldenbury et al 1997 1 4 [ 16 24.0% 0.56 [0.05, 6.63] =
07, Astermark et al 20063 4 5 16 34 268% 4,50 [0.45, 44.55] =
19. De Barros et al 2012 4 3 25 49.2% 0.421[0.11, 1.66] —
Total {95% Cl) 33 75 100.0% 0.85[0.21, 3.52] ——el i ———
Total events 9 30
Heterogeneity: Tau®= 0.58; Chi®= 310, df=2 (P =0.21), F= 36% o 0 n o0

. g
Testfor overall effect: Z=0.22 (P = 0.83) HLA-A*31 Decreases Risk HLA-4*31 Increases Risk

Supplementary Figure 20: Forest plot for HLA-A*31
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Supplementary Figure 21: Funnel plot for HLA-A*31
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HLA-A*32 HLA-A*01 Odds Ratio Odds Ratio
Study or Subgroup Events Total Evenis Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
03. Oldenburg etal 1997 3 9 G 16 31.0% 0.83[0.15, 4.64]
07. Astermark et al 2006a 7 14 16 34 58.9% 1.13[0.32,3.91)
149. De Barros etal 2012 a ] g 25 101% 0190001, 3.79 +
Total (95% CI) 28 75 100.0% 0.86 [0.33, 2.22]
Total events 10 30
Heterogeneity: Tau : D._DD; Chi :_1 20,df= 2 (P =058, F=0% 'D.D1 Df1 1| 1'0 1DD'
Testfor avarall efiact Z= 032 (P = 0.75) HLA-A*32 Decreases Risk HLA-A*32 Increases Risk

Supplementary Figure 22: Forest plot for HLA-A*32
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Supplementary Figure 23: Funnel plot for HLA-A*32
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HLA-A*33 HLA-A*01 Odds Ratio Odds Ratio
Study or Subgroup Events Total Evenis Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
03. Oldenburg etal 1997 1 2 G 16 22.2% 1.67 [0.09, 31.87] i =
07. Astermark et al 2006a 1 2 16 34 238% 1.13 [0.06, 18.50] =
149. De Barros etal 2012 2 G g 25 54.0% 1.06 [0.16, 7.06]
Total (95% CI) 10 75 100.0% 1.19[0.30, 4.79]
Total events 4 30
Heterogeneity: Tau : D._DD; Chi :_D.DT, df=2{P=047), F=0% o o 7 n o0
Testfor avarall efiact 2= 0.25 (P = 0.81) HLA-A*33 Decreases Risk HLA-A*33 Increases Risk

Supplementary Figure 24: Forest plot for HLA-A*33
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Supplementary Figure 25: Funnel plot for HLA-A*33
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HLA-A*GS HLA-A*01 Odds Ratio Odds Ratio
Study or Subgroup Events Total Evenis Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
03. Oldenburg et al 1997 2 4 4 16 17.2% 1.67[0.18,158.13]
07. Astermark et al 2006a 7 13 16 34 50.9% 1.31[0.36, 4.73] —
19. De Barros etal 2012 4 g g 25 31.9% 213[0.42,10.75] — T &
Total (95% CI) 25 75 100.0% 1.59 [0.64, 3.98] ——
Total events 13 30
Heterageneity: Tau‘:. 0.00; Chi®=0.21,df= 2 (P=0490) F=0% 'D.D1 Df1 1'0 1DD'
Testfor avarall efiact Z=1.00 (P = 0.32) HLA-A*68 Decreases Risk HLA-A*S Increases Risk
Supplementary Figure 26: Forest plot for HLA-A*68
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Supplementary Figure 27: Funnel plot for HLA-A*68
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HLA-B*08 HLA-B*0O7 Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total \Weight M-H, Random, 95% CI M-H, Random, 95% CI
03, Oldenburg et al 1997 3 ] 14 22 24.2% 0.29[0.06, 1.47]
07, Astermark et al 20062 18 4 10 21 458% 0.86[0.30, 2.47]
19. De Barros etal 2012 6 14 [ 200 300% 1.75[0.42, 7.29]
Total {95% Cl) 64 63 100.0% 0.82[0.33,1.99]
Total events 27 30

Heterogeneity: Tau®= 0.16; Chi®= 2.69, df= 2 (P = 0.26); F= 26% t t T 1 {

. 0.01 0.1 1 10 100
Testfar overall effect: Z= 0.45 (P = 0.66) HLA-B*08 Decreases Risk HLA-B*08 Increases Risk

Supplementary Figure 28: Forest plot for HLA-B*08
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Supplementary Figure 29: Funnel plot for HLA-B*08



HLA-B*13 HLA-B*0O7 Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% Cl M-H, Random, 95% CI
03, Oldenburg et al 1997 1 1 14 22 152% 1.76[0.06, 48.19]
07, Astermark et al 20062 3 3 10 21 59.9% 0.66[0.12, 3.50] — &
19. De Barros etal 2012 2 3 [ 200 24.9% 4,67 [0.35,61.83] =
Total {95% Cl) 12 63 100.0% 1.25[0.34, 4.53] —ea———
Total events 4 30
Heterogeneity: Tau®= 0.00; Chi*=1.60, df= 2 (P = 0.45), F=0% 'D.D1 0'1 1'0 1DD'

Test for overall effect: 2= 0.34 (P =0.74)
Supplementary Figure 30:

__SE(log[OR])
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HLA-B*13 bBCFBGSBS Risk HLA-B*13Increases Risk

Forest plot for HLA-B*13

Supplementary Figure 31:
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Ratio

HLA-B*14 HLA-B*0O7 Odds Ratio
Study or Subgroup Events Total Events Total \Weight M-H, Random, 95% CI
03, Oldenburg et al 1997 0 2 14 22 16.9% 012[0.01,2.74] ¢
07, Astermark et al 20062 3 [ 10 21 50.8% 1.10[0.18, B.76]
19. De Barros etal 2012 1 10 [ 200 32.3% 0.26[0.03, 2.53]
Total {95% Cl) 18 63 100.0% 047 [0.13,1.72]
Total events 4 30

Heterogeneity: Tau®= 0.00; Chi*=1.87, df= 2 (P =0.39); F=0%
Test for overall effect: 2=1.13 (P = 0.26)

M-H, Random, 95% CI
T

R

——e

0.0 0.1
HLA-B*14 Decreases Risk

Supplementary Figure 32: Forest plot for HLA-B*14
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HLA-B*14 Increases Risk
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10

Supplementary Figure 33: Funnel plot for HLA-B*14



130

HLA-B*15 HLA-B*0O7 Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% Cl M-H, Random, 95% CI
03, Oldenburg et al 1997 5 10 14 22 267% 0.57[0.13, 2.60] — &
07, Astermark et al 20062 8 16 10 21 36.2% 1.10[0.30, 4.04] . —
19. De Barros etal 2012 8 23 [ 200 3T1% 1.24[0.34, 4.50] —
Total {95% Cl) 49 63 100.0% 0.97 [0.44, 2.11] i
Total events 21 30
Heterogeneity: Tau®= 0.00; Chi*= 065, df =2 {FP=072), F=0% 'D.D1 0'1 1'0 1DD'

Test for overall effect: 2= 0.09 (P =0.93)

Supplementary Figure 34:
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Forest plot for HLA-B*15
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HLA-B*35 HLA-B*0O7 Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total \Weight M-H, Random, 95% CI M-H, Random, 95% CI
03, Oldenburg et al 1997 4 13 14 22 26.6% 0.25[0.06,1.10] e —
07, Astermark et al 20062 18 33 10 21 38.6% 1.32[0.44, 3.95] —
19. De Barros etal 2012 10 38 [ 200 347% 0.83[0.25, 2.76] —
Total {95% Cl) 84 63 100.0% 0.73[0.30,1.78] —ei-—
Total events 32 30
Heterogeneity: Tau®=0.23; Chi*=315,df=2(P=0.21); F=37% o o A o0

Testfar overall effect: Z=0.70 (P = 0.48) HLA-B*35 Decreases Risk HLA-B*35 Increases Risk

Supplementary Figure 36: Forest plot for HLA-B*35
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Supplementary Figure 37: Funnel plot for HLA-B*35
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HLA-B*44 HLA-B*0O7 Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% Cl M-H, Random, 95% CI
03, Oldenburg et al 1997 10 17 14 22 290% 0.82[0.22,2.949] —
07. Astermark et al 2006a 24 38 10 21 420% 1.89 [0.64, 5.56] ——
18. De Barros et al 2012 7 24 B 200 29.0% 0.96 [0.26, 3.52] I E—
Total (95% Cl) 79 63 100.0% 1.22 [0.60, 2.45] il
Total events 41 30
Heterogeneity: Tau®= 0.00; Chif=1.12,df= 2 (P = 0.57); F= 0% I t 1 {
o ~ 0o o 10 100
Testfar overall effect: 2= 0.55 (P = 0.58) HLA-B*44 Decreases Risk HLA-B*44 Increases Risk

Supplementary Figure 38: Forest plot for HLA-B*44
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Supplementary Figure 39: Funnel plot for HLA-B*44



Study or Subgroup

HLA-B*5T HLA-B*0O7
Events Total Events Total Weight M-H, Random, 95% Cl

133

03. Oldenburg et al 1997 2 a 14
07. Astermark et al 2006a 7 12 10
19. De Barros et al 2012 1 7 4
Total {95% Cl) 24

Total events 10 30

Heterogeneity: Tau*= 0.00; Chi*=1.71,df= 2 {(P=043), F=0% I

Test for overall effect: 2= 0.42 (P = 0.67)

Odds Ratio Odds Ratio
M-H, Random, 95% CI
22 IT3% 0.38[0.05, 2.78] bl
21 827% 1.54 [0.37, 6.45] i
200 200% 0.39 [0.04, 3.97]
63 100.0% 0.80 [0.28, 2.26] -*-—
0.01 01 10 100
HLA-B*57 Decreases Risk HLA-B*57 Increases Risk

Supplementary Figure 40: Forest plot for HLA-B*57
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HLA-C*02 HLA-C*01 Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
03. Oldenburg et al 1997 1 7 0 1 12.2% 0.69[0.02, 26.90] f
07, Asterrmark et al 20063 6 15 4 11 B36% 1.17[0.23,5.81] 4#7
19. De Barros etal 2012 27 1 6 241% 0.67 [0.05,9.02] =
Total {95% Cl) 39 18 100.0% 0.96 [0.27, 3.44]
Total events 9 ]

Heterogeneity: Tau®=0.00; Chi*= 016, df=2 (P =092}, F=0% t t T t {
o _ 0.m 0.1 1 10 100
Testfor overall effect Z=0.07 (P = 0.95) HLA-C*02 Decreases Risk HLA-C*02 Increases Risk

Supplementary Figure 42: Forest plot for HLA-C*02
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Supplementary Figure 43: Funnel plot for HLA-C*02
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HLA-C*03 HLA-C*01 Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% Cl M-H, Random, 95% CI
03. Oldenburg et al 1997 6 10 0 1 11.0% 4.33[0.14,132.37] f
07, Asterrmark et al 20063 12 32 4 11 B39% 1.05[0.25, 4.35]
19. De Barros etal 2012 11 31 1 6 251% 2.75[0.28, 26.61] =
Total {95% Cl) 73 18 100.0% 1.56 [0.50, 4.87]
Total events 29 ]
Heterogeneity: Tau : D._DD; Chi :_0.89, df=2{P=064),F=0% o o 7 n o0
Testfor overall efiect 2= 0.77 (P = 0.44) HLA-C*03 Decreases Risk HLA-C*03Increases Risk

Supplementary Figure 44: Forest plot for HLA-C*03
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Supplementary Figure 45: Funnel plot for HLA-C*03
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HLA-C*04 HLA-C*01 Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% Cl M-H, Random, 95% CI
03. Cldenbury et al 1997 2 11 1] 1 10.0% 0.759 [0.02, 25.90]
07. Astermark et al 2006a 27 43 4 11 B54% 1.83[0.47,7.19] —
19. De Barros et al 2012 16 a1 1 B 24 6% 2290025 21.149] =
Total (95% CI) 105 18 100.0% 1.78 [0.59, 5.37] —oa——
Total events 40 ]
Heterogeneity: Tau®=0.00; Chi®=0.26, df= 2 (P = 0.88),F= 0% =D it D=1 1=D 1gg=
Testfor overall effect 2= 1.02 (P = 0.31) HLA-C*04 Decreases Risk HLA-C*04 Increases Risk
Supplementary Figure 46: Forest plot for HLA-C*04
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Supplementary Figure 47:

Funnel plot for HLA-C*04
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HLA-C*05 HLA-C*01 Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
03. Oldenburg et al 1997 g 7 0 1 141% B.60[0.19, 225.79]
07. Asterrark et al 20063 10 15 4 11 BEO% 3.50 [0.68, 17.88] ./
19. De Barros et al 2012 1 11 1 B 19.9% 0.50[0.03, 8.77]
Total (95% CI) 33 18 100.0% 2.60 [0.69, 9.78] —reni——
Total events 16 ]
Heterogeneity: Tau : D._DD; Chi :_1 B8, df=2{P=045),F=0% 'D.D1 Df1 1'0 1DD'
Testfor overall efiect 2= 1.41 (P = 0.18) HLA-C*05 Decreases Risk HLA-C*05Increases Risk

Supplementary Figure 48: Forest plot for HLA-C*05
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Supplementary Figure 49: Funnel plot for HLA-C*05
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HLA-C*07 HLA-C*01 Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
03. Oldenburg et al 1997 17 33 0 1 106% 3181[0.12,83.76]
07. Astermark et al 20062 ar Th 4 11 BE.3% 1.70[0.46, 6.31] —r
19. De Barros et al 2012 17 a9 1 B 231% 2.02[0.22,18.63] i
Total (95% CI) 167 18 100.0% 1.89 [0.65, 5.50] —~e
Total events 71 ]
Heterogeneity: Tau®= 0.00; Chi®= 013, df= 2 (P = 0.94); F= 0% ID P 051 150 1DD=
Testfor overall efiect 2=1.17 (P = 0.24) HLA-C*07 Decreases Risk HLA-C*07 Increases Risk

Supplementary Figure 50: Forest plot for HLA-C*07
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Supplementary Figure 51: Funnel plot for HLA-C*07
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HLA-DGA1°0102  HLA-DQA1*0101 Odds Ratio 0dds Ratio
Study or Subgroup Events  Total Events  Total Weight M-H, Random,95% CI M-H, Random, 95% Cl
02 Hay etal 1997 7 53 15 45 531% 1.31 [047, 3.01] — 0
03. ldenburg et al 1997 20 36 10 24 334% 1.75[0.62, 4.97] — T
04. Ohta etal 1999 B 13 4 1 135% 1.50[0.29, 7.75] —_
Total (85% CI) 102 20 100.0% 1.47 [0.80, 2.69] -
Total events 47 29
Heterogenety. Ta*= 0.00; Chi*= 0.13, o= 2 (P = 0.91); F= 0% b o 1 o
Testfor overall effect: 2= 1.25 (P = 0.21] DOA1?0102 Decreases Risk DQA170102 Increases Risk
.
Supplementary Figure 52: Forest plot for HLA-DQA1*01:02
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Supplementary Figure 53:

Funnel plot for HLA- DQA1*01:02
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HLA-DQA1*0103  HLA-DQAT*0101 Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
02. Hay etal 1997 3 22 14 45 459% 0.321[0.08,1.24]
03. Oldenbury et al 1997 1 11 10 24 18.8% 0.141[0.02,1.24]
04. Ohta et al 1999 G 17 4 11 353% 0.95[0.20, 4.64]
Total (95% CI) 50 80 100.0% 0.40 [0.15,1.07] -*-
Total events 10 24

Heterogeneity: Tau®= 0.06, Chi®= 217, df= 2 (P =0.34), F=8% I t T t {

0.01 01 1 1o 100
Testfor overall effect: 2= 1.63 (P = 0.07) DOA1?0103 Decreases Risk DQA170102 Increases Risk

Supplementary Figure 54: Forest plot for HLA-DQA1*01:03
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Supplementary Figure 55: Funnel plot for HLA- DQA1*01:03
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HLA-DQA1*02  HLA-DQA1*01 Odds Ratio Odds Ratio
Study or Subgroup Events  Total Events  Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
02, Hay et al 1997 18 60 39 120 50.7% 0.89 [0.45,1.74] —a—
03. Oldenburg et al 1997 7 18 M 71 208% 0.82[0.29, 2.36] I
04. Ohta etal 1939 1 1 16 41 22% 4.64 [0.18,120.77] *
19. De Barros etal 2012 g 27 34 96 26.7% 0.77[0.30,1.94] - =1
Total (95% Cl) 106 328 100.0% 0.87 [0.54,1.41] -
Total events 34 120
Heterogeneity: Tau®=0.00; Chi*=1.10, df= 3{P=0.78); F= 0% 'D.D1 0'1 1'D 100'

Test for overall effect Z= 056 (P=0.57)
Supplementary Figure 56:

_ SE(log[OR])
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Forest plot for HLA-DQA1*02
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Supplementary Figure 57:
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HLA-DQA1*0201  HLA-DQAT*0101 Odds Ratio Odds Ratio

Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
02. Hay etal 1997 18 60 14 45 BEE% 0.86[0.37,1.97]
03. Oldenburg et al 1997 7 18 10 24 29.5% 0.89[0.26, 3.10] e E—
04. Ohta et al 1999 1 1 4 11 4.0% 5.00[017,150.892] >
Total (95% CI) 79 80 100.0% 0.93 [0.47,1.83] -
Total events 26 24

i 2= . [ - = E= ; + t {
Heterogeneity: Tau®= 0.00; Chi*= 0898, df=2 (P=061), F=0% o 01 10 100

Test for overall effect Z=0.21 (P = 0.83) DQA170201 Decreases Risk DOA170201 Increases Risk

Supplementary Figure 58: Forest plot for HLA-DQA1*02:01
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Supplementary Figure 59: Funnel plot for HLA- DQA1*02:01
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HLA-DQA1*03  HLA-DQA1*01 Odds Ratio Odds Ratio
Study or Subgroup Events  Total Events  Total Weight M-H, Random, 95% Cl M-H, Random, 95% CI
02. Hay etal 1997 17 62 39 120 38.3% 0.78[0.40,1.54] —
03. Oldenburg et al 1997 g 19 il MO16T% 0.94 [0.34, 2.61] . B
04. Ohta etal 1994 22 43 16 41 233% 1.64 [0.69, 3.89] I e
149. De Barros et al 2012 g 33 34 96 1.7% 0.58 [0.24,1.43] —
Total (95% CI) 157 328 100.0% 0.90 [0.59, 1.37] S
Total events a5 120
Heterogeneity: Tau®= 0.00; Chi®= 289 df= 3 (F=041); F=0% 'D.D1 0'1 1'0 100'

Test for overall effect Z=049 (P =062}

Supplementary Figure 60:
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Supplementary Figure 61:
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HLA-DQA1*04  HLA-DQA1*01 Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% Cl M-H, Random, 95% CI
02. Hay etal 1997 3 11 k] 120 36.8% 0.781[0.20,3.10] — i
04. Ohta etal 1959 0 1 16 41 6.6% 0452[00213.42]
19. De Barros etal 2012 g 18 34 95 56.6% 0.701[0.23,2.13] ——
Total (95% CI) 30 257 100.0% 0.71 [0.31, 1.65] ~l—
Total events g g9
Heterogeneity: Tau?= 0.00; Chi*= 0.05, df= 2 (P= 0.97); F= 0% =D 0 011 1=D 1DD=
Testior overall effect Z=0.79 (7= 0.43) " DQA1%04 Decreases Risk DOA1%04 Increases Risk
Supplementary Figure 62: Forest plot for HLA-DQA1*04
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Supplementary Figure 63:

Funnel plot for HLA- DQA1*04
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HLA-DQA1*05  HLA-DQA1*01 Odds Ratio Odds Ratio
Study or Subgroup Events  Total Events  Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
02, Hay et al 1997 18 60 39 120 37.9% 0.89 [0.45,1.74] —a—
03. Oldenburg et al 1997 12 34 M 7123.9% 0.70[0.30, 1.64] .
04. Ohta etal 1939 1 5 16 41 33% 0.39[0.04,3.82]
19. De Barros etal 2012 16 it 34 96 34.9% 0.56[0.28,1.13] — &
Total (95% Cl) 167 328 100.0% 0.70 [0.46, 1.05] . o
Total events 47 120
Heterogeneity: Tau®=0.00; Chi*=1.13, df= 3{P=077), F=0% 'D.D1 0'1 1'D

Test for overall effect Z=1.71 (P=0.09)
Supplementary Figure 64:
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0.5+

DQA1"05 DECI’BGSBS Risk DOAT"05 Increases Risk

Forest plot for HLA-DQA1*05
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Supplementary Figure 65:
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HLA-DQA1*0501  HLA-DQAT*0101 Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
02 Hay etal 1997 18 &0 15 15 ALEY 0,86 [0.37, 1.97] — .
03. Oldenbury et al 1997 12 34 10 24 350% 0.76 [0.26, 2.23] [ E—
04. Ohta et al 1999 1 i) 4 1 B.4% 0.44[0.04, 5.40]
Total (95% CI) 99 20 100.0% 0.79 [0.42, 1.49] i
Total events N 249
Heterogeneity, Tau== 0.00; Chi®= 0.25, df= 2 (P = 0.68), F=0% iﬂ o D=1 1=D 1001
Testfor overall effect: 2= 0.73 (F = 0.46) " DQAT*0E01 Decreases Risk DQA1*0504 Increases Risk

Supplementary Figure 66: Forest plot for HLA-DQA1*05:01
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Supplementary Figure 67: Funnel plot for HLA- DQA1*05:01
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HLA-DQA1*06  HLA-DQA1*01 Odds Ratio Odds Ratio
Study or Subgroup Events  Total Events  Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
02 Hayetal 1997 0 1 39 1200 30.3% 0.69 [0.03,17.27] =
04. Ohta et al 1999 0 1 16 41 29.6% 0.52[0.02,13.42] =
18. De Barros et al 2012 1 2 34 95 40.1% 1.82[0.11, 30.08] L
Total (95% CI) 4 257 100.0% 0.93 [0.16, 5.50] ——e R —
Total events 1 g9
Heterogeneity: Tau®= 0.00; Chi*=0.38, df= 2 (P=083), F= 0% 'D.D1 0'1 1'0 1DD'

Testfor overall effect: Z=0.08 (7= 0.34) DQA1*06 Decreases Risk DOA1%06 Increases Risk

Supplementary Figure 68: Forest plot for HLA-DQA1*06
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Supplementary Figure 69: Funnel plot for HLA- DQA1*06



HLA-DQB1*02  HLA-DQB1*05 Odds Ratio Odds Ratio
Study or Subgroup Events  Total Events Total Weight M-H, Random, 95% CI IM-H, Random, 95% CI
02 Hayetal 1997 24 T4 17 42 11.0% 0.99[0.46, 2.11] T
03. Oldenburg et al 1987 e 24 e 24 4.6% 1.00[0.31, 3.29] I E—
04. Ohta etal 1994 1 1 G 13 0.6% 3.46[012,100.81] *
06. Eril et al 2004 2 13 4 16 1.8% 0.55[0.08, 3.59)
07. Astermark et al 2006a 3a 67 24 52 12.0% 1.28[0.62, 2.64] I
12. Paviova etal 2009 a5 111 30 TPOo18.2% 1.54 [0.85, 2.78] T
149. De Barros etal 2012 13 46 14 42 TI% 0.79[0.32, 1.99] EE— E—
21. Nathalang etal 2012 3 10 22 40 29% 0.35[0.08, 1.58) -
26. Schwarz etal 2013 18 97 13 78 10.3% 1.14[0.52, 2.50] . —
26. Schwarz etal 2013 125 1463 130 165 20.6% 1.20[0.649, 2.09] I
30.Pinto etal 2014 16 34 kil ik} Mot estimahble
33.Pinto etal 2016 14 39 37 T4 10.45% 0.95[0.44, 2.06] [ E—
Total {95% CI) 635 633 100.0% 1.11[0.86, 1.42] »
Total events 304 3068
Heterogeneity: Tau®= 0.00; Chi*= 5.51, df= 10 (F = 0.85); F= 0% ID P 051 150 1001

Testfor overall effect Z=0.78 (P =0.44)

DQB1*02 Decreases Risk DQB1702 Increases Risk

Supplementary Figure 70: Forest plot for HLA-DQB1*02
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Supplementary Figure 71: Funnel plot for HLA-DQB1*02
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HLA DQB1*0201  HLA DQB1*0501 Odds Ratio Odds Ratio
Study or Subgroup Events  Total Events  Total Weight M-H, Random, 95% Cl M-H, Random, 95% Cl
02 Hay et al 1887 24 74 14 a7 24 6% 0,78 [0.35, 1.60] ——
03, Oldenburg etal 1937 ] 24 5 15 8.1% 1.20[0.31, 4.65] —
014, Ohta etal 1888 1 1 2 6 1.3%  5.40[0.15 1688.83] *
26 Schwarz et al 2013 19 a7 8 a1 201% 1.22[0.48, 3.08] —_—
26 Gohwarz etal 2013 125 153 75 100 44 8% 148081, 2.74] -
Total (95% CI) 349 209 100.0% 1.22 [0.81,1.84] -
Total events 177 104
Heterogeneity: Tau?= 0.00; Chi*= 2.16, df= 4 (P= 0.71), F= 0% I t t |
Testf Il effect Z= 0.96 (P = 0.34 oo : 10 oo
estfor overall effect 2= 0.96 (P = 0.34) DQB1#0201 Decreases Risk DOB1*0201 Increases Risk
.
Supplementary Figure 72: Forest plot for HLA-DQB1*02:01
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Supplementary Figure 73:

Funnel plot for HLA-DQB1*02:01
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HLA-DQB1*03  HLA-DQB1*05 Odds Ratio Odds Ratio
Study or Subgroup Events  Total Events Total Weight M-H, Random, 95% CI IM-H, Random, 95% CI
02 Hayetal 1997 25 1048 17 42 9.0% 0.64 [0.31,1.34] —
03. Oldenburg et al 1987 18 47 e 24 4.7% 1.03[0.38, 2.89] I —
04. Ohta etal 1994 11 27 G 13 27% 0.801[0.21, 3.04] -1
06. Eril et al 2004 4 a0 4 16 2.0% 0.46[0.10, 2.16] e —
07. Astermark et al 2006a 53 110 24 52 1M1.1% 1.08[0.56, 2.10]  —
12. Paviova etal 2009 a0 179 30 T O16.4% 1581092, 2.73] T
149. De Barros etal 2012 ey 85 14 42 TA% 0.66[0.28, 1.47] ——
21. Nathalang etal 2012 23 40 22 40 B.2% 1.11 [0.46, 2.68] B .
26. Schwarz etal 2013 229 28 130 165 21.1% 1.19[0.73,1.93] I
26. Schwarz etal 2013 29 163 13 T8 94% 1.081[0.53, 2.23) I —
30.Pinto etal 2014 23 45 kil ik} Mot estimahble
33.Pinto etal 2016 34 a6 37 T4 9.8% 1.85[0.76,3.12] I
Total {95% CI) 1123 633 100.0% 1.09 [0.87, 1.36] L 2
Total events 537 3068
Heterogeneity: Tau®= 0.00; Chi*= 7.78, df= 10 (F = 0.65); F= 0% ID P 051 150 1001

Testfor averall effect 2= 0.76 (F = 0.45) DOB1°03 Decreases Risk DQB1703 Increases Risk

Supplementary Figure 74: Forest plot for HLA-DQB1*03
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Supplementary Figure 75: Funnel plot for HLA-DQB1*03



151

HLA-DQB1*0301  HLA-DQBA1*0501 Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
02 Hay etal 1997 11 a1 14 37 189% 0.45[0.18,1.18] e —
03. Oldenburg et al 1997 11 H ] 18 9.9% 1.10[0.30, 4.04] e
04. Ohta etal 1999 1 T 2 3] 2.3% 0.33[0.02, 5.03]
21. Mathalang etal 2012 14 23 1 2 2.0% 1.66 [0.09, 28.15]
26. Schwarz et al 2013 13 94 g 91 18.4% 0.86[0.33, 2.24] B
26. Schwarz et al 2013 133 167 Ta 100 45.4% 1.30[0.72, 2.348] —il—
Total (95% CI) 373 211 100.0% 0.95 [0.63, 1.42] L
Total events 183 104
Heterogeneity: Tau®= 0.00; Chi*= 4.28, df= 5 (P = 0.51); F= 0% =D 0 051 150 1DD=

Testfor overall effect 2=0.27 (F = 0.74) DQB1%0301 Decreases Risk DOB1°0301 Increases Risk

Supplementary Figure 76: Forest plot for HLA-DQB1*03:01
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Supplementary Figure 77: Funnel plot for HLA-DQB1*03:01
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HLA-DQB1*0302  HLA-DQB1*0501 Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% Cl M-H, Random, 95% CI
02 Hay etal 1947 ] 34 14 37 176% 0.59[0.22,1.63] - &
03. Oldenburg et al 1997 b 13 b 15 9.8% 1.71[0.37, 7.92] -1
04. Ohta etal 1999 4 9 2 G 5.0% 1.60[0.19,13.70]
2. Mathalang et al 2012 2 g 1 2 21% 0.67 [0.02, 18.06]
26. Schwarz et al 2013 67 78 7h 100 37.7% 2.03[0.93, 4.44] b —
26. Schwarz et al 2013 11 52 g a1 12.8% 1.44[0.53, 3.94] e —
Total (95% ClI) 191 211 100.0% 1.35[0.84, 2.18] B
Total events 44 104

Heterageneity: Tau®= 0.00; Chi*=3.92, df= 5 {P = 0.56); F= 0% I T T

Testfor overall effect 2=1.22 (F=0.22)

Supplementary Figure 78:
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HLA-DQB1*0303  HLA-DQBA*0501 Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% Cl
02 Hay etal 1997 b 20 14 3r 135% 0.55[0.16,1.84] - &0
03. Oldenburg et al 1997 1 3 5 14 5.0% 1.00[0.07,13.87]
04. Ohta etal 1999 1 11 2z 4] 8.0% 2.40[0.30,19.04]
21, Mathalang et al 2012 7 12 1 2 3.8% 1.40[0.07,28.12]
26. Schwarz et al 2013 249 36 7a 100 38.9% 1.38[0.54, 3.54] L —
26. Schwarz et al 2013 5 17 g a1 20.8% 224062, 8.12] N R —
Total (95% CI) 20 211 100.0% 1.26 [0.70, 2.27] -~
Total events 53 105
Heterageneity: Tau?= 0.00; Chi*= 2.03, df= 5 (P = 0.63); F= 0% ID 0 051 150 1DD=
Testfor overall effect Z=0.78 (P = 0.43) DQB1*0303 Decreases Risk DOB1?0303 Increases Risk
o
*
Supplementary Figure 80: Forest plot for HLA-DQB1*03:03
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Supplementary Figure 81: Funnel plot for HLA-DQB1*03:03
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HLA-DQB1*04  HLA-DQB1*05 Odds Ratio Odds Ratio
Study or Subgroup Events  Total Events Total Weight M-H, Random, 95% CI IM-H, Random, 95% CI
02 Hayetal 1997 2 10 17 52 6.7% 0.51[0.10, 2.69]
04. Ohta etal 1999 12 23 3] 13 9.9% 1.27[0.33, 4.97] I —
07, Astermark et al 20062 3 3 24 52 7A% 0.70[0.15, 3.24] e
12, Pavlova et al 2009 7 18 30 TTO167% 1.001[0.35, 2.86] . E—
19.De Barros etal 2012 4 17 14 42 1MA1% 0.62[017,2.24] I —
21. Mathalang et al 2012 4 7 22 40 7.0% 1.091[0.22, 5.52]
26. Schwarz etal 2013 23 28 130 168 17.2% 1.24 [0.44, 3.49] [ R —
26, Schwearz etal 2013 7 27 13 78 16.9% 1.75[0.61, 4.98] S L —
30.Pinto et al 2014 1 4 H 65 Mot estimable
33 Pinto etal 2016 3 [ 37 T4OBT% 1.00[0.19, 5.28]
Total (95% CI) 144 593 100.0% 1.03 [0.67, 1.59] -
Total events 65 293

Heterogeneity: Tau®=0.00; Chi*= 274, df =8 {P= 0495} F=0%
Testfor overall effect: Z= 0,16 (P = 0.88)

Supplementary Figure 82:
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Forest plot for HLA-DQB1*04
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Supplementary Figure 83:

Funnel plot for HLA-DQB1*04
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HLA-DQB1*0402  HLA-DQB1*0501 Odds Ratio Odds Ratio
Study or Subgroup Events Total _Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
04. Ohta et al 1995 4 7 2 B 10.7% 267 [0.28, 25.64]
26. Schwarz etal 2013 7 27 g a1 MT7% 1.88[0.60, 5.91] —T
26. Schwarz etal 2013 ) 27 7a 100 47E% 147 [0.50, 4.28] —T
Total (95% CI) 61 157 100.0% 1.73 [0.83, 3.63] el
Total events 33 a4
Heterogeneity: Tau®= 0.00; Chi*= 0.25, df= 2 (P = 0.88); F= 0% ig 0 011 1=D 1DD=
Testfor overall effect: Z=1.46 (P =0.14) DQE1*0402 Decreases Risk DQE1*0402 Increases Risk

Supplementary Figure 84: Forest plot for HLA-DQB1*04:02
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Supplementary Figure 85: Funnel plot for HLA-DQB1*04:02
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HLA-DQB1*0502  HLA-DQB1*0501 Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
02. Hayetal 19497 2 ] 14 a7 8.7% 1A0[0.16, 7.39]
03. Oldenburg et al 1987 1 2 5 18 36% 2.00[010,39.08]
04. Ohta etal 1999 4 1 2 1 5.5% 4.00[0.36, 44.11]
07. Astermark et al 20063 7 12 13 317.4% 1.94 [0.50, 7.49] B —
12. Pavlova et al 2008 B 18 17 44 222% 1.06[0.32, 3.51] I —
26. Schwarz etal 2013 3 11 8 51 137% 2.02[0.44,9.28] I I —
26. Schwarz etal 2013 29 34 7h 100 28.8% 1.93 [0.68, 5.53] I L —
Total (95% CI) 85 284 100.0% 1.60 [0.96, 2.97] s
Total events 52 134
Heterogeneity: Tau®= 0.00; Chi*=1.44, df= & (P = 0.96); F=0% =D n D=1 1=D 1DD=
Testfor overall effect 2= 1.82 (P = 0.07) DQB1°0502 Decreases Risk DQB1*0502 Increases Risk

Supplementary Figure 86: Forest plot for HLA-DQB1*05:02
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Supplementary Figure 87: Funnel plot for HLA-DQB1*05:02
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HLA-DQB1*0503  HLA-DQB1*0501 Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
02. Hayetal 19497 1 ] 14 a7 T.0% 0.21[0.02,1.83]
03. Oldenburg etal 1997 3 7 ] 14 9.8% 1.50[0.24, 9.46] =
04. Ohta etal 1999 1] 1 2 b 2.6% 0.60[0.02, 20.98]
07. Astermark et al 20063 4 ] 13 3 14.9% 1.11 [0.25, 4.94] i —
12. Pavlova et al 2009 B 16 17 44 24.0% 0.85[0.28, 3.10] I E—
26. Schwarz etal 2013 2 16 g 51 121% 0.77[0.15, 4.09] "
26. Schwarzetal 2013 28 30 Ta 100 29.6% 1.67 [0.58, 4.82] I e E—
Total (95% Cl) 28 284 100.0% 1.04 [0.58, 1.85] -
Total events 41 134
Heterogeneity: Tau®= 0.00; Ghi*= 3.30, df= 6 (P = 0.77), F= 0% =D o 011 1=D 1DD=
Testfor overall effect 2= 013 (P = 0.90) " DQB1%0503 Decreases Risk DOB1%0503 Increases Risk
o
*
Supplementary Figure 88: Forest plot for HLA-DQB1*05:03
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Supplementary Figure 89: Funnel plot for HLA-DQB1*05:03
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HLA-DGQB1*0504  HLA-DQB1*0501 Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
02. Hayetal 1997 0 1 14 37 2949% 0.54[0.02,14.17] =
12. Paviova et al 2009 1 2 17 44 396% 1.591[0.09, 27.11] L
26. Schwarz etal 2013 1 1 7a 100 30.5% 1.01 [0.04, 25.66]
Total (95% CI) 4 181 100.0% 1.00 [0.17, 5.98] e ——
Total events 2 106
Heterogenaity: Tauw®= 0.00; Chi*= 0.24, df= 2 (P = 0.89); F= 0% ID 0 051 150 1005
Testfor owerall efiect 7= 0.00 (F = 1.00) DQB1*0504 Decreases Risk DQB1*0504 Increases Risk

Supplementary Figure 90: Forest plot for HLA-DQB1*05:04
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Supplementary Figure 91: Funnel plot for HLA-DQB1*05:04
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HLA-DQB1*06  HLA-DQB1*05 Odds Ratio Odds Ratio
Study or Subgroup Events  Total Events Total Weight M-H, Random, 95% CI IM-H, Random, 95% CI
02 Hayetal 1997 28 Ta 17 42 9.3% 1.13[0.584, 2.37] ]
03. Oldenburg et al 1987 22 47 e 24 5.0% 1.47 [0.54, 4.01] —
04. Ohta etal 1994 10 28 G 13 29% 0.65[0.17, 2.47] T
06. Eril et al 2004 4 il 4 16 21% 0.44[0.049, 2.08] —
07. Astermark et al 2006a 3a 83 24 52 10.8% 0.85[0.42, 1.71] — T
12. Paviova etal 2009 T8 134 30 TrO1456% 214121, 3.80] —
149. De Barros etal 2012 20 a4 14 42 7% 1181080, 2.74] I —
21. Nathalang etal 2012 10 17 22 40 39% 1.7 [0.37, 3.69) I —
26. Schwarz etal 2013 3z 123 13 78 99% 1.76 [0.86, 3.61] T
26. Schwarz etal 2013 164 206 130 165 20.0% 1.05[0.63,1.74] -
30.Pinto etal 2014 41 an kil ik} Mot estimahble
33.Pinto etal 2016 45 95 37 T4 O13.8% 0.90[0.45, 1.69] I
Total {95% CI) 898 633 100.0% 1.19[0.95, 1.49] »
Total events 448 3068
Heterogeneity: Tau®= 0.00; Chi*= 9.69, df= 10 (F = 0.47); F= 0% ID P 051 150 1001

Testfor overall effect Z=1.49(F=0.14)

DQB1*06 Decreases Risk DQB1706 Increases Risk

Supplementary Figure 92: Forest plot for HLA-DQB1*06
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Supplementary Figure 93: Funnel plot for HLA-DQB1*06
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HLA-DQB1*0601  HLA-DQB1*0501 Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
02. Hayetal 1997 1 4 14 a7 T.0% 0.55[0.05,5.79]
03. Oldenburg etal 1997 3 7 5 18 12.9% 1.50[0.24, 9.46] e
04. Ohta etal 1999 ] 17 2 B 11.0% 0.83[0.11,6.11]
07. Astermark et al 20063 ] 10 13 3 21.3% 1.38[0.33,5.79] e
12. Pavlova et al 2008 4 7 17 44 167% 2120042 10.65] e
26. Schwarz etal 2013 7 10 Ta 100 21.5% 0.781[0.18, 3.24] e
26. Schwarz etal 2013 1 8 8 51 8.8% 0.77[0.08, 713
Total (95% CI) 63 284 100.0% 1.11 [0.57, 2.15] -
Total events 26 134
Heterogeneity: Tau®= 0.00; Ghi*= 1.58, df = 6 (F = 0.95); F= 0% ID o 051 150 100’
Testfar overall effect 2= 0.30 (F = 0.76) DOB1*0501 Decreases Risk DQB1*0601 Increases Risk

Supplementary Figure 94: Forest plot for HLA-DQB1*06:01
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Supplementary Figure 95: Funnel plot for HLA-DQB1*06:01
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HLA-DQB1*0602  HLA-DQB1*0501 Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
02 Hayetal 1947 14 a7 14 37 145% 1.12[0.44, 2.85] i
03. Oldenbury etal 1997 18 an bl 16 7.45% 3000082 10494 n
04. Ohta etal 1999 4 G 2 B 22% 4.00[0.36, 44.11]
07. Astermark et al 20063 17 42 13 1 142% 0.94 [0.37,2.43] . E—
12. Pavlova et al 2009 42 B4 17 44 201% 2.90[1.31, 6.40] e
26, Schwarzetal 2013 ar 104 Th 100 27.3% 1.61[0.82,3.18] T
26, Schwarzetal 2013 17 B0 8 i1 14.3% 2.13[0.83,5.44] T
Total (95% CI) 345 284 100.0% 1.77 [1.24, 2.53] -
Total events 200 134
Heterogeneity: Tau®= 0.00; Chi®=5.44, df= 6 (P = 0.40), F=0% ID M D=1 1=D 100I
Testfor overall effect 2= 316 (P = 0.007) DQB1*0602 Decreases Risk DQB1°0802 Increases Risk
.
*
Supplementary Figure 96: Forest plot for HLA-DQB1*06:02
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Supplementary Figure 97:

Funnel plot for HLA-DQB1*06:02
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HLA-DQB1*0603  HLA-DQB1*0501 Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
02. Hayetal 1997 B 24 14 a7 15.4% 0.55[0.16,1.71] -1
032, Oldenburg etal 1997 i & 5 15 256% 045 [0.01,3.12) #
07. Astermark et al 20063 8 18 13 3 147% 1.11 [0.34, 3.58] I —
12. Pavlova et al 2009 23 41 17 44 23.5% 2.03[0.85, 4.83] N
26. Schwarz etal 2013 g 31 8 51 167% 2.20[0.75, 6.49] I e —
26. Schwarzetal 2013 45 a7 7a 100 27.2% 1.25[0.57, 2.73] —
Total (95% CI) 177 278 100.0% 1.26 [0.77, 2.07] -
Total events 41 132
Heterogeneity: Tau®= 0.07; Chi*= B.21, df= 5 {P = 0.29%; F=19% ID o 051 150 1005
Testfar overall effect 2= 0.93 (P = 0.35) DOB1*0803 Decreases Risk  DQB1*0602 Increases Risk

Supplementary Figure 98: Forest plot for HLA-DQB1*06:03
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Supplementary Figure 99: Funnel plot for HLA-DQB1*06:03
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HLA-DQB1*0604  HLA-DQB1*0501 Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
02. Hayetal 1997 5 11 14 a7 165% 1.37 [0.35, 5.33] I —
03. Oldenburg etal 1997 1 4 5 14 4.9% 0.67 [0.05, 8.16]
04. Ohta etal 1999 1 ] 2 B 4.0% 0.50[0.03, 7.99]
07. Astermark et al 20063 ] 11 13 3 15.9% 1.158[0.28, 4.61] —
12. Pavlova et al 2008 8 20 17 44 261% 1.06 [0.36, 3.12] I —
26. Schwarz etal 2013 17 1 Ta 100 22.0% 1.42[0.44, 4.61] e —
26. Schwarz etal 2013 2 12 8 51 10.6% 1.07 [0.20, 5.86] n—
Total (95% CI) 84 284 100.0% 1.13 [0.65,1.97] -.-
Total events 39 134
Heterogeneity: Tau®= 0.00; Chi®= 0.74, df= 6 (P = 0.99), F= 0% ID o1 051 1=D 1UD=
Testfor overall effect. 2= 0.45 (P = 0.65) DQB1*0604 Decreases Risk DQB1*0504 Increases Risk
o
*
Supplementary Figure 100: Forest plot for HLA-DQB1*06:04
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Supplementary Figure 101:

Funnel plot for HLA-DQB1*06:04
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HLA-DQB1*0605  HLA-DQB1*0501 Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
02 Hayetal 1997 1 3 14 37 8% 0.82[0.07,9.91] L
26. Schwarz etal 2013 1 10 g 91 446% 0.601[0.07, 5.39] L
26. Schwarz etal 2013 1 1 7h 100 206% 1.01 [0.04, 25.66]
Total (95% CI) 14 188 100.0% 0.74 [0.17,3.23] —— R ——
Total events 3 97
Heterogeneity: Tauw®= 0.00; Chi*= 0.08, df= 2 (P = 0.96); F= 0% ID 0 051 150 1005
Testfor overall efiect 2= 0.30 (P = 0.69) DOB1*0605 Decreases Risk DQB1*0605 Increases Risk

Supplementary Figure 102: Forest plot for HLA-DQB1*06:05
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Supplementary Figure 103: Funnel plot for HLA-DQB1*06:05
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HLA-DQB1*0609  HLA-DQB1*0501 Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
07. Astermark et al 20063 1] 1 13 3 200% 0.46[0.02 1210
12. Pavlova et al 2009 1 1 17 44 201% 4.71[0.18,122.34) *
26. Schwarzetal 2013 2 2 g 51 1A% 25.89[1.13, 581.84] *
26. Schwarzetal 2013 7 12 Ta 100 38.8% 0.47 [0.14, 1.60] - &
Total (95% CI) 16 226 100.0% 1.72 [0.25,12.09] — e ——
Total events 10 113
Heterogeneity: Tau®= 2.15; Chi® = 6.82, df= 3 (F = 0.08);, F= 56% ID o 051 150 1005
Testfor overall effect. 2= 0.55 (P = 0.59) DQB1*0609 Decreases Risk DQB1*0509 Increases Risk

Supplementary Figure 104: Forest plot for HLA-DQB1*06:09
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Supplementary Figure 105: Funnel plot for HLA-DQB1*06:09
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HLA-DRB1*03  HLA-DRB1*01 Odds Ratio Odds Ratio
Study or Subgroup Events  Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
02. Hay etal 1997 10 35 13 36 131% 0.71[0.26,1.93] . E—
03. Oldenbury et al 1997 3 9 5 15 43% 1.00[0.17, 8.77]
06. Bril etal 2004 1 9 4 12 2.3% 0.25[0.02, 2.76]
07. Astermark et al 2006a 26 45 g 25 13.0% 2.31[0.85, 6.30] I e —
12. Pavlova etal 2009 23 59 21 43 1.8% 0.82[0.38,1.78] I
19. De Barros etal 2012 g 25 4 18 6.7% 1.65 [0.41, 6.63] —
21. Nathalang et al 2012 1 3 0 1 0.9% 1.80[0.04, 79.43]
26. Schwarz et al 2013 67 a1 58 7B 21.4% 1.49[0.68, 3.29] I
26. Schwarz et al 2013 11 11] 7 45 11.9% 1.53[0.54, 4.37] I B —
30. Pinto et al 2014 1] 20 3 g Mot estimahle
33 Pinto etal 2016 i 21 3 9 46% 0.80[0.15, 4.29] —
Total {95% CI) 338 285 100.0% 1.17 [0.81, 1.67] -
Total events 156 124
Heterogeneity: Tau®= 0.00; Chi*= 625, df= 9 (P = 0.71); F= 0% ID 0 051 150 1DD=

Testfor overall effect: Z= 083 (P =0.41)

DRB1*02 Decreases Risk DRB1*03 Increases Risk

Supplementary Figure 106: Forest plot for HLA-DRB1*03
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Supplementary Figure 107: Funnel plot for HLA-DRB1*03
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HLA-DRB1*0301  HLA-DRBA*0101 Odds Ratio Odds Ratio

Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
02 Hayetal 1997 10 35 1 7 53% 0.40 0.0z, 7.03] !
26. Schwarz et al 2013 63 75 38 53 4r¥% 2.07 [0.88, 4.89]
26. Schwarz et al 2013 11 48 7 a3 IT1% 1.10[0.38, 3.23]
Total (95% Cl) 158 82 100.0% 1.51 [0.78, 2.89]
Total events 84 46

i 2= . 2 - - CR= F + T + {
Heterogeneity: Taw = DPD, Chi 7_1.6?, di=2(P=043),F=0% N0 01 7 10 100
Testforoverall effect: Z=1.23 (P = 0.22) DRB1*0301 Decreases Risk DRB170301 Increases Risk

Supplementary Figure 108: Forest plot for HLA-DRB1*03:01
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Supplementary Figure 109: Funnel plot for HLA-DRB1*03:01
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HLA-DRB1*04  HLA-DRB1*01 Odds Ratio Odds Ratio
Study or Subgroup Events  Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
02. Hay etal 1997 14 60 13 36 13.4% 0.54[0.22,1.33] —
03. Oldenbury et al 1997 8 19 5 15 56% 1.45[0.36, 5.94] —
04. Ohta et al 1999 14 28 2 i 3.2% 2.00[0.31,12.79] ——
06. Bril et al 2004 1 13 4 12 20% 0.17[0.02,1.78]
07. Astermark et al 2006a 20 43 g 25 MA% 1.27 [0.47, 3.48] e R —
12, Pavlova et al 2009 43 g1 21 48 21.4% 1.45[0.71, 2.98] e
19. De Barros etal 2012 7 kil 4 18 87% 1.02[0.25,4.13]
21. Nathalang et al 2012 i 11 0 1 1.0% 3.85[0.12,105.83] +
26. Schwarz et al 2013 92 110 48 TE  20.6% 1.59[0.76, 3.30] T
26. Schwarz et al 2013 14 85 7 45 11.3% 1.07 [0.40, 2.88] S —
30. Pinto et al 2014 16 37 3 g Mot estimahle
33. Pinto et al 2016 23 47 3 g 4.9% 1.92[0.43, 8.598] —
Total {95% CI) 533 291 100.0% 1.20 [0.86, 1.67] -
Total events 242 126

Heterogeneity: Tau®= 0.00; Chi*= 776, df= 10 {P= 0.658), F= 0%

Testfor overall effect: 2= 1.06 (F = 0.29) oo DRE1*04DSecreases Risk DRB1704 \ncr-;aoses Risk 1o
Supplementary Figure 110: Forest plot for HLA-DRB1*04
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Supplementary Figure 111: Funnel plot for HLA-DRB1*04
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HLA-DRB1*0401  HLA-DRBA*0101 Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
04. Ohta etal 1999 11 21 1 2z 6.6% 1.10[0.08, 20.01]
26. Schwarz et al 2013 a7 46 38 53 B2.4% 1.62 [0.63, 4.16] ——
26. Schwarz et al 2013 4 33 7 33 0% 0.51[0.13,1.95] N
Total (95% CI) 100 88 100.0% 1.11 [0.53, 2.33] -
Total events 52 45
Heterogeneity: Tau®= 0.00; Chi®=1.91, df= 2 (P = 0.39); F=0% 50 Y 051 150 1DD=
Testfor overall effect: Z=0.27 (P = 0.74) DRB1*0401 Decreases Risk DRB170401 Increases Risk

Supplementary Figure 112: Forest plot for HLA-DRB1*04:01
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Supplementary Figure 113: Funnel plot for HLA-DRB1*04:01
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HLA-DRB1*0402 HLA-DRBA*0101 Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
4. Ohta etal 1999 3 7 1 7 253% 0.75[0.03, 17.51]
26. Schwarz et al 2013 1 7 38 53 51.8% 2.37 [0.26, 21.37] i
26. Schwarz et al 2013 1 1 7 33 23.0%  10.60([0.39, 287.86] +
Total (95% Cl) 15 82 100.0% 2.50 [0.51, 12.17] ————
Total events 10 46
Heterogeneity: Tau®= 0.00; Chi®=1.30, df= 2 (P = 0.52); F=0% 50 Y 051 150 1DD=
Testforoverall effect: Z=1.13 (P = 0.26) DRB1*0402 Decreases Risk DRB170402 Increases Risk

Supplementary Figure 114: Forest plot for HLA-DRB1*04:02
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Supplementary Figure 115: Funnel plot for HLA-DRB1*04:02
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HLA-DRB1*07  HLA-DRB1*01 Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% Cl M-H, Random, 95% CI
02 Hayetal 1957 18 11} 13 36 15.0% 0.76[0.32,1.82] I
03. Oldenhurg et al 19497 7 18 5 15 5.6% 1.27[0.30,5.33] ]
04. Ohta et al 1999 1 1 2 i 0.9% 5.40[0.15, 188.83] +
06, Bril et al 2004 1 ] 4 12 2.0% 0.25[0.02, 2.78]
07. Astermark et al 20063 hal 42 g 25 11.2% 1.78 [0.64, 4.91] T
12, Pavlova et al 2009 34 it 21 48 20.9% 1.36 [0.65, 2.87] B B
19. De Barros et al 2012 8 27 4 18 6.0% 1.47[0.37, 5.88] I B —
21. Mathalang etal 2012 3 8 0 1 1.0% 1.81 [0.06, 61.34]
26. Schwarz et al 2013 11 62 7 45 10.7% 117 [0.42, 3.30] I e —
26. Schwarz etal 2013 a6 105 a8 TE  21.9% 1.40 [0.68, 2.90] T
30. Pinto et al 2014 13 23 3 g Mot estimahle
33. Pinto et al 2016 14 28 3 g 4.7% 2,31 [0.48,11.12] —
Total (95% Cl) 428 291 100.0% 1.28 [0.91, 1.80] <
Total events 206 126
Heterageneity Tau®= 0.00; Chi*= 4.93, df= 10 (P = 0.90); F= 0% ID o 051 150 1DU=
Testfor averall effect: 2= 1.44 (P = 0.15) DRB1*07 Decreases Risk DRB1*07 Increases Risk
Supplementary Figure 116: Forest plot for HLA-DRB1*07
SE{og[ORD
0T I
1
1
1
1
1
1
b
1
0.5 ° O
T I
O
1
1
1
, O
1
1
1
1T I
1
1
1
1
O I
1
1
1
1
1
1.6 I
1
1
1
1
1
O
I O
1
1
] ] ! ] I::lRI
2 T T T 1
0.01 0.1 1 10 100

Supplementary Figure 117: Funnel plot for HLA-DRB1*07
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HLA-DRB1*0701  HLA-DRBA*0101 Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
02. Hay et al 1997 18 60 1 2z 4.7% 0.43 [0.03, 7.24]
26. Schwarz et al 2013 BE 105 38 53 62.0% 1.79 [0.82, 3.84] -——
26. Schwarz et al 2013 11 G1 7 33 33.3% 0.82 [0.28, 2.36] I —
Total (95% Cl) 226 82 100.0% 1.29 [0.70, 2.37] -
Total events 118 45
Heterogeneity: Tau®= 0.00; Chi®=1.97, df= 2 (P = 0.37); F=0% 50 Y 051 150 1DD=
Testfor overall effect: Z=0.81 (P = 0.42) " DRB17°0701 Decreases Risk DRB170701 Increases Risk

Supplementary Figure 118: Forest plot for HLA-DRB1*07:01
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Supplementary Figure 119: Funnel plot for HLA-DRB1*07:01
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HLA-DRB1*08  HLA-DRB1*01 Odds Ratio Odds Ratio
Study or Subgroup Events  Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
02. Hay etal 1997 3 12 13 3B 11.0% 0.59[0.14, 2.57] ]
04. Ohta et al 1994 4 9 2 B 852% 1.60[0.19,13.70]
07. Astermark et al 2006a 7 11 g 25 11.0% 31 [0.71,13.60] N e —
12. Pavlova etal 2009 i 17 21 43 18.2% 0.70[0.22, 2.21] . E—
19. De Barros etal 2012 7 21 4 18 11.6% 1.75(0.42, 7.38] e
21. Mathalang et al 2012 1] 4 4 18 2.5% 0.36 [0.02, 8.01]
26. Schwarz et al 2013 23 28 58 7B 19.7% 1.43[0.47, 4.30] N e —
26. Schwarz et al 2013 5 29 7 45 15.2% 1.13[0.32, 3.97] I o —
30, Pinto etal 2014 ] 7 3 9 Mot estimable
33 Pinto etal 2016 7 9 3 9 58% 7.00[0.86, 56.89]
Total (95% Cl) 140 281 100.0% 1.30 [0.80, 2.12] -l
Total events 62 1

Heterogeneity. Tau®= 0.00; Chi*= 698, df=8 (P = 0.54); F= 0%

0.1

10

Testfor overall effect: 2= 1.05 (P = 0.30) oot DRB1708 Decreases Risk DRB1°08 Increases Risk 10
Supplementary Figure 120: Forest plot for HLA-DRB1*08
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Supplementary Figure 121:

Funnel plot for HLA-DRB1*08
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HLA-DRB1*0801  HLA-DRBA*0101 Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
04. Ohta etal 1999 3 i 1 2 12.4% 1.00[0.04, 24.55]
26. Schwarz et al 2013 3 i 7 33 391% 371 [0.61, 22.58] O I E—
26. Schwarz et al 2013 11 13 38 53 48.5% 217 [0.43,10.96] —
Total (95% Cl) 25 22 100.0% 2.43 [0.79, 7.52] —ei———
Total events 17 45
Heterogeneity: Tau®= 0.00; Chi*= 0.563, di= 2 (P = 0.77); F=0% 50 Y 051 150 1DD=
Testforoverall effect. Z=1.54 (P = 0.12) DRB1*0801 Decreases Risk  DRB170801 Increases Risk
o
*
Supplementary Figure 122: Forest plot for HLA-DRB1*08:01
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Supplementary Figure 123: Funnel plot for HLA-DRB1*08:01
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HLA-DRB1*0802 HLA-DRBA*0101 Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
04. Ohta etal 1999 1 3 1 2 1MT7% 0.50[0.01, 19.56]
26. Schwarz et al 2013 ] 10 38 53 341% 3.55[0.41, 30.52] =
26. Schwarz et al 2013 2 15 7 33 54.2% 0.57 (010, 3.15] —.—
Total (95% Cl) 28 22 100.0% 1.05 [0.30, 3.68] ——
Total events 12 45
Heterogeneity: Tau®= 0.00; Chi®=1.91, df= 2 (P = 0.38); F=0% 50 Y 051 150 1DD=
Testforoverall effect. 2= 0.07 (P = 0.84) DRB1*0802 Decreases Risk DRB170802 Increases Risk
o
*
Supplementary Figure 124: Forest plot for HLA-DRB1*08:02
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Supplementary Figure 125: Funnel plot for HLA-DRB1*08:02



HLA-DRB1*09
Events  Total Events

HLA-DRB1*01 Odds Ratio

Study or Subgroup Total Weight M-H, Random, 95% Cl

Odds Ratio
M-H, Random, 95% Cl

176

02 Hayetal 1997 3 3 13 36 TA%  1219[0.58 254.19]
04. Ohta etal 1959 g 10 2 B 15.4% 2.00([0.24,16.36]
06. Bril et al 2004 o 2 4 12 6.5% 0.38 [0.01, 9.69]
12. Pavlova etal 2009 4 g hal 43 13.3% 514 [0.583, 49.50]
19. De Barros et al 2012 1] 1 4 18 6.0% 1.07 [0.04, 31.26]
21. Mathalang et al 2012 B 11 0 1 5.9% 3.55[012,105.82] +
26. Schwarz et al 2013 1 11 T 45 14.0% 0.54 [0.06, 4.94]
26. Schwarz etal 2013 g 10 a8 TH 25.4% 1.24 [0.24,6.38] -
30. Pinto etal 2014 1] 2 3 9 Mot estimahle
33 Pinto et al 2016 0 2 3 9 6.2% 037 [0.01,1010]
Total {95% CI) 55 251 100.0% 1.54 [0.68, 3.52] -
Total events 27 112
Heterogeneity, Tau®= 0.00; Chi*=5.88, df= 8 (P = 0.69); F= 0% iﬂ 0 011 1=D 1DD=
Testfor overall effect Z=1.03 (P = 0.30) " DRB1%09 Decreases Risk DRB1700 Increases Risk
Supplementary Figure 126: Forest plot for HLA-DRB1*09
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Supplementary Figure 127: Funnel plot for HLA-DRB1*09
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HLA-DRB1*0901  HLA-DRBA*0101 Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
02. Hay et al 1997 3 3 1 2 11.6% 7.00[0.17,291.34]
26. Schwarz et al 2013 1 11 7 33 321% 0.37 [0.04, 3.42] =
26. Schwarz et al 2013 g 10 38 53 56.3% 1.58 [0.30, 8.31] i
Total (95% CI) 24 88 100.0% 1.18 [0.33, 4.21] ——e——
Total events 12 45

Heterogeneity Tau®=0.03; Chi®=2.04, df= 2 (P = 0.36), F= 2%

0.0

100

Testfor overall effect Z=10.25 (= 0.80) DRBA0901 Decreases Risk DRE1"0901 Incr1eDases Risk
Supplementary Figure 128: Forest plot for HLA-DRB1*09:01
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Supplementary Figure 129:

Funnel plot for HLA-DRB1*09:01



HLA-DRB1*10

HLA-DRB1*01

Odds Ratio

Odds Ratio

178

Study or Subgroup Events  Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI

02. Hay etal 1997 1 1 13 36 43% 5.22[0.20,137.38] *
04. Ohta et al 1999 0 0 2 B Mot estimahle

06. Bril etal 2004 1] 2 4 12 4.4% 0.38 [0.01, 9.69]

07. Astermark et al 2006a 2 8 g 25 14.3% 0.59[0.10, 3.57] ———

12. Pavlova et al 2009 0 0 21 43 Mot estimahle

19. De Barros etal 2012 4 7 4 18 13.3% 4.67 [0.72,30.11] N I

21. Nathalang et al 2012 1 1 0 1 23% 9.00[0.10, 831.78] +
26. Schwarz et al 2013 17 23 58 76 40.4% 0.88[0.30, 2.56] —

26. Schwarz et al 2013 1] 2 7 45 4.7% 1.03[0.04, 23.61]

30. Pinto et al 2014 9 14 3 g Mot estimahle

33 Pinto etal 2016 10 17 3 9 16.2% 2.86[0.53,15.47] I I —

Total {95% CI) 61 276 100.0% 1.39 [0.70, 2.74] .

Total events 34 1

Heterogeneity: Tau®= 0.00; Chi*= 583, df= 7 {P = 0.56); F= 0%

Testfor overall effect: Z= 0895 (P =0.34)

0.0

Supplementary Figure 130: Forest plot for HLA-DRB1*10
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Supplementary Figure 131: Funnel plot for HLA-DRB1*10



HLA-DRB1*1001  HLA-DRBA*0101 Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
02 Hayetal 1997 1 1 1 2 GE%  3.00[0.06 15118 i
26. Schwarz et al 2013 1] 2 7 33 10.3% 0.71[0.03, 16.37]
26. Schwarz et al 2013 17 23 38 53 831% 1.2 [0.37,3.36]
Total (95% Cl) 26 82 100.0% 1.14 [0.42, 3.12]
Total events 18 45
e TalE e ChiE— _ _ SEe I t 1 {
?el?;ugenemfl.lT?ru t7.ZDPDD,zosh\FF_DD.BBQD, di=2 (P=085),F=0% N0 01 7 10 100
estforoverall effiect 2=10.25 (P = 0.80) DRB1*1001 Decreases Risk  DRB171001 Increases Risk
.
*
Supplementary Figure 132: Forest plot for HLA-DRB1*10:01
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Supplementary Figure 133: Funnel plot for HLA-DRB1*10:01
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HLA-DRB1*11  HLA-DRB1*01 Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% Cl M-H, Random, 95% CI
02 Hayetal 1957 8 18 13 36 9.7% 1.42[0.45, 4.48] T
03. Oldenhurg et al 19497 ] 28 5 15 TA1% 1.13[0.28, 4.33]
04. Ohta et al 1999 1] 1 2 i 1.0% 0.60[0.02, 20.98]
06, Bril et al 2004 2 8 4 12 3.2% 0.67 [0.08, 4.93]
07. Astermark et al 20063 20 38 g 25 12.0% 1.98 [0.70, 5.56] -
12, Pavlova et al 2009 25 52 21 48 20.8% 1.19[0.54, 2.62] B e
19. De Barros et al 2012 4 27 4 18 5.5% 0.61[0.13,2.83] I I
21. Mathalang etal 2012 2 b 0 1 1.0% 1.67 [0.05,58.28]
26. Schwarz et al 2013 a0 111 48 TE  25.5% 1.33 [0.65, 2.71] — T
26. Schwarz etal 2013 7 a0 7 45 10.0% 0.88 [0.28, 2.749] .
30. Pinto et al 2014 1] 11 3 g Mot estimahle
33. Pinto et al 2016 7 13 3 g 4.1% 2.33[0.40,13.61] —
Total (95% Cl) 349 291 100.0% 1.24 [0.87,1.78] -
Total events 174 126
Heterageneity: Tau®= 0.00; Chif= 211, df= 10 (P = 0.98); F= 0% ID o 051 150 1DU=
Testfor overall effect 2=1.18 (P = 0.24) DRB1*11 Decreases Risk DRB1*11 Increases Risk
Supplementary Figure 134: Forest plot for HLA-DRB1*11
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Supplementary Figure 135: Funnel plot for HLA-DRB1*11
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HLA-DRB1*12  HLA-DRB1*01 Odds Ratio Odds Ratio
Study or Subgroup Events  Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
02. Hay etal 1997 1 4 13 36 10.2% 0.59 [0.08, 6.27]
04. Ohta et al 1994 1 3 2 B HBE% 1.00[0.04,18.91]
06. Bril etal 2004 1] 1 4 12 4.9% 0.63 [0.02,15.84]
07. Astermark et al 2006a 0 1 g 25 823% 0.58[0.02, 15.68]
12. Pavlova etal 2009 4 8 21 43 25.3% 1.29[0.289, 5.78] nl—
19. De Barros etal 2012 1 1 4 18 9.7% 0.70[0.08, 7.849]
21. Nathalang et al 2012 13 20 0 1 51% 5.40[0.19, 148.78] +
26. Schwarz et al 2013 13 14 58 7B 12.8% 4.03[0.49, 33.00]
26. Schwarz et al 2013 1 12 7 45 11.7% 0.49[0.05, 4.45]
30. Pinto et al 2014 2 3 3 g Mot estimahle
33 Pinto etal 2016 4 5 3 9 8.4% 5.00 [0.60, 106.94] +
Total {95% CI) 74 276 100.0% 1.33 [0.62, 2.82] i
Total events 38 1

Heterogeneity: Tau®= 0.00; Chi*= 559, df=9{P=0.78);, F=0% I t

0.

1

Testfor averall effect: 2= 0.74 (P = 0.48) oot DRB1*120Secreases Risk DRE1*12 \ncr;anses Risk 10
Supplementary Figure 136: Forest plot for HLA-DRB1*12
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Supplementary Figure 137:

Funnel plot for HLA-DRB1*12
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HLA-DRB1*13  HLA-DRB1*01 Odds Ratio Odds Ratio
Study or Subgroup Events  Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
02. Hay etal 1997 8 38 13 36 11.3% 0.47[0.17,1.33] S
03. Oldenbury et al 1997 1 10 5 15 24% 0.22[0.02, 2.28]
04. Ohta et al 1999 2 1 2 i 2.2% 1.00[0.09,11.03]
06. Bril et al 2004 3 20 4 12 43% 0.35[0.08, 1.96] - 1
07. Astermark et al 2006a 18 39 g 25 1M.4% 1.52[0.54, 4.27] e B —
12, Pavlova et al 2009 34 it 21 48 20.7% 1.29 [0.61, 2.70] I B
19. De Barros etal 2012 9 28 4 18 B7% 1.66 [0.42, 6.49] e
21. Nathalang et al 2012 5 i 0 1 1.0%  11.00([0.28, 433.80] +
26. Schwarz et al 2013 g7 111 48 TE O 23.2% 1.13 [0.56, 2.26] I
26. Schwarz et al 2013 14 a7 7 45 11.9% 1.77 [0.65, 4.84] N e —
30. Pinto et al 2014 11 21 3 g Mot estimahle
33. Pinto et al 2016 14 26 3 g 5.0% 2.73[0.56,13.37] —
Total {95% CI) 409 291 100.0% 1.15[0.80, 1.64] -
Total events 186 126

Heterogeneity: Tau®=0.02; Chi*=10.43, df=10 (P = 0.39), F=5%

0.

1

Testfor overall effect: 2= 0.74 (F = 0.46) oot DRE1*1EDSecreases Risk DRB1*13 \ncreauses Risk 1o
Supplementary Figure 138: Forest plot for HLA-DRB1*13
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Supplementary Figure 139:

Funnel plot for HLA-DRB1*13
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HLA-DRB1*14  HLA-DRB1*01 Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% Cl M-H, Random, 95% CI
02 Hayetal 1957 1 ] 13 36 4.4% 0.22[0.02,1.97]
03. Oldenhurg et al 19497 3 7 5 15 B.2% 1.50[0.24, 9.45]
04. Ohta et al 1999 2 g 2 i 3.8% 0.67 [0.08, 6.87]
06, Bril et al 2004 1 1 4 12 1.8% 567 [0.19, 169.53] +
07. Astermark et al 20063 ] 10 g 25 9.5% 1.78[0.40, 7.84] e
12, Pavlova et al 2009 g 20 21 48 18.6% 0.86 [0.30, 2.48] e E—
19. De Barros et al 2012 7 11 4 18 T.6% BA3[1.17,32.10] -
21. Mathalang etal 2012 4 12 0 1 1.8% 1.59[0.05, 47.52]
26. Schwarz et al 2013 5 24 7 45 12.9% 1.43[0.40, 5.10] I B —
26. Schwarz etal 2013 27 36 a8 TE  24.6% 0.83[0.37,2.34] —
30. Pinto et al 2014 17 H 3 g Mot estimahle
33. Pinto et al 2016 22 37 3 g 8.9% 2.93[0.63,13.59] 7
Total (95% Cl) 175 291 100.0% 1.31 [0.83, 2.07] -
Total events a4 126
Heterageneity Tau®= 0.00; Chi*= 9.33, df= 10 (P = 0.50); F= 0% ID o 051 1 1DU=
Testfor overall effect 2= 1.16 (P = 0.24) " DRB1*14 Decreases Risk DRB1*14 Increases Risk
Supplementary Figure 140: Forest plot for HLA-DRB1*14
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Supplementary Figure 141:

Funnel plot for HLA-DRB1*14
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HLA-DRB1*15  HLA-DRB1*01 Odds Ratio Odds Ratio
Study or Subgroup Events  Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
02. Hay etal 1997 16 40 13 36 12.5% 1.18[0.47, 2.89] i
03. Oldenbury et al 1997 21 a7 5 15 68% 2.63[0.75,8.21] I
04. Ohta et al 1999 4 13 2 i 2.85% 0.89[0.11, 7.02]
06. Bril et al 2004 1 11 4 12 1.8% 0.20[0.02, 2.16]
07. Astermark et al 2006a 21 a0 g 25 1M.0% 1.29[0.48, 3.47] e R —
12, Pavlova et al 2009 52 g1 21 48 20.3% 231 [1.11, 4.78] e —
19. De Barros etal 2012 12 kil 4 18 B1% 2.21[0.88, 8.37] N
21. Nathalang et al 2012 19 29 0 1 1.0% 5.87 [0.21, 149.16] +
26. Schwarz et al 2013 95 116 48 TE o 21.4% 1.40[0.69, 2.859] I
26. Schwarz et al 2013 18 72 7 45 11.5% 1.81 [0.68, 4.76] I e —
30. Pinto et al 2014 24 49 3 g Mot estimahle
33. Pinto et al 2016 28 43 3 g 4.9% 2.24 [0.51, 9.91] —
Total {95% CI) 533 291 100.0% 1.64 [1.18, 2.28] L 4
Total events 287 126

Heterogeneity: Tau®= 0.00; Chi*= 6.55, df=10 (P=0.77);, F= 0% I

Testfor overall effect 7= 2.96 (P = 1.003) oo DRE1*15039creases Risk DRE1*15\ncre1anses Risk 1o
Supplementary Figure 142: Forest plot for HLA-DRB1*15
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Supplementary Figure 143:

Funnel plot for HLA-DRB1*15



185

HLA-DRB1*1501  HLA-DRB1*0101 Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
02, Hay et al 1997 16 40 1 1 46% 0.67 [0.04,11.45]
26. Schwarz et al 2013 14 bkl 7 33 353% 1.39 [0.50, 3.58] —
26, Schwarz et al 2013 85 103 a8 53 601% 1.86 [0.85, 4.049] ——
Total (95% Cl) 108 22 100.0% 1.60 [0.87, 2.95] —a
Total events 116 46
Heterogeneity: Tau®= 0.00; Chi®= 0.58, df= 2 (P = 0.75); F=0% 50 Y 051 150 1DD=
Testfor overall efiect Z=1.52 (P = 013) DREB171501 Decreases Risk DRB171501 Increases Risk
.
*
Supplementary Figure 144: Forest plot for HLA-DRB1*15:01
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Supplementary Figure 145: Funnel plot for HLA-DRB1*15:01



HLA-DRB1*16  HLA-DRB1*01

Odds Ratio
M-H, Random, 95% CI

186

Odds Ratio
M-H, Random, 95% CI

Study or Subgroup Events  Total Events Total Weight
03. Oldenbury et al 1997 1 2 5 15 44%
04. Ohta et al 1994 2 2 2 B 34%
06. Bril etal 2004 1] 2 4 12 3.7%
07. Astermark et al 20062 1] 10 g 25 17.8%
12. Pavlova etal 2009 5 13 21 43 25.0%
149. De Barros et al 2012 1 11 4 18 T.2%
21. Nathalang et al 2012 2 2 0 1 2.0%
26. Schwarz et al 2013 4 9 7 45 16.5%
26. Schwarz et al 2013 24 26 a8 7B 16.6%
30. Pinto etal 2014 0 1 3 g

33 Pinto etal 2016 0 1 3 9 33%
Total {95% CI) 78 255 100.0%
Total events 44 113

Heterogeneity: Tau®= 0.00; Chi*= 8.57, df= 9 {P = 0.48); F=0%
Testfor overall effect: Z=1.69 (P = 0.09)

2.00[0.10,39.08]
9.00 [0.30, 271.65]
0.38 [0.01, 9.64]
1.78(0.40, 7.84]
0.80[0.23, 2.82]
0.35 [0.03, 3.62]
15.00[0.18,1236.18]
4,34 [0.93, 20.30]
3.72[0.80,17.31]
Mot estimahle
0.62 [0.02,19.58]

1.72[0.92, 3.22]

+

-

0.0

0.1 10 100
DRB1*16 Decreases Risk DRB1*16 Increases Risk

Supplementary Figure 146: Forest plot for HLA-DRB1*16
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Supplementary Figure 147: Funnel plot for HLA-DRB1*16
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GAIAA GG Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
08, Astermark et al 2006h 42 ar 38 740 % 112 [0.61, 2.07] ——
22 Pinto etal 2012 15 40 35 a0 Mot estimable
31. de Alencaretal 2015 12 38 23 78 21.5% 1.10[0.48, 2.56] —_—
32 Gorskietal 2016 7 12 10 14 57% 0.56 [0.11, 2.86] —_— T
33, Pinto etal 2016 25 49 a6 104 32.8% 0.89[0.45, 1.76] — .
Total {95% CI) 186 273 100.0% 1.00 [0.68, 1.47] <
Total events 86 124
Heterogeneity: Tau®= 0.00; Chi®= 0.78, df= 3 (P = 0.86); F= 0% 11 1’0 100’

Testfor overall effect: £=0.02 (P =0.99)

Supplementary Figure 148
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Supplementary Figure 149:
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CTmT cC Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
08, Astermark et al 2006h 32 67 45 97 33.3% 1.06 [0.57,1.97] —h—
17, Agostini et al 2012 18 G5 21 71 255% 0.91[0.43, 1.92] —
20 Luetal 2012 62 117 1 5  35% 4.581[0.49, 41.57]
22 Pinto etal 2012 12 36 ] a4 Mot estimable
31. de Alencaretal 2015 a0 102 4 13 10.5% 0.94 [0.27, 3.28] . E—
33, Pinto et al 2016 18 43 BE 112 27.2% 0.50[0.25,1.02] —
Total (95% CI) 394 298 100.0% 0.86 [0.56, 1.32] L
Total events 160 137
Heterogeneity: Tau®=0.04; Chi®=4.79, df= 4 (F= 031}, F=17T% t t t |
o _ 0.m 0.1 10 100
Testfor overall effect Z=0.68 (P = 0.50) CT/TT Decreases Risk CT/TT Increases Risk

Supplementary Figure 150: Forest plot for IL4 -590 C>T (rs2243250)

SEilog[OR])
0 |
|
|
|
0
o o
05+ i
D
|
1
|
|
| O
|
1
|
154 |
|
1
1
|
1
2 l : l l I::IRI
0.01 0.1 1 10 100

Supplementary Figure 151: Funnel plot for IL4 -590 C>T (rs2243250)
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08. Astermark et al 2006k
12. Pavlova et al 2009

20, Lu etal 2012

33 Pinto etal 2016

Total (95% CI)
Total events
Heterogeneity: Tau®=0.21

Supplementary Figure 152:

_ SE(log[OR])

01

0.3+

04T

Mot (CA)n=22 (CAJn=22 Odds Ratio
Events  Total Events Total Weight M-H, Random, 95% CI
45 120 32 44 M T% 0.23[0.11,0.48]
231 470 29 50 26.0% 0.70[0.39, 1.26]
52 110 62 106 274% 0.64[0.37,1.09]
98 209 22 47 249% 1.00[0.53,1.89]
909 247 100.0% 0.58 [0.34, 1.01]

426 145

JChif=89.23,df=3(P=003);F=67%
Testfor averall effect: Z=1.93 {F = 0.048)

8]

Odds Ratio
M-H, Random, 95% CI
R

i

)
R

B
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Supplementary Figure 153: Funnel plot for IL10 microsatellite (rs2234662)
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GAJAA GG Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% Cl M-H, Random, 95% Cl
12. Pavlova et al 2009 495 203 35 a7 18.0% 0.55[0.30,1.01] -
14, Bafunno et al 2010 494 308 17 a8 17.2% 1.06 [0.57, 1.96] —
15. Chaves etal 2010 24 46 2 4 1.6% 1.08[0.14,8.42]
16. Lozier etal 2011 249 778 74193 B08% 0.76 [0.55,1.05] -
22 Pinto et al 2012 46 114 4 i Mot estimable
3. de Alencaretal 2015 32 13 2 3 1.1% 0.20[0.02, 2.26]
33.Pinto et al 2016 s 145 8 3 1.4% 0.21[0.02,1.88]
Total (95% CI) 1593 321 100.0% 0.74 [0.57, 0.95] <&
Total events 569 135
Heterogeneity: Tau?= 0.00; Chi®= 4.75, df= 5 (P = 0.45); F= 0% f t t |
. 0.0 0.1 10 100
Testfor overall effect 2= 2.34 (P = 0.02) GAJAA Decreases Risk GAJAA Increases Risk

Supplementary Figure 154: Forest plot for IL10 -1082 G>A (rs1800896)
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Supplementary Figure 155: Funnel plot for IL10 -1082 G>A (rs1800896)



Study or Subgroup

Odds Ratio

Total Weight M-H, Random, 85% CI

Odds Ratio
M-H, Random, 95% Cl

12 Pavlova etal 2009
15. Chaves etal 2010
17. Agostini etal 2012
20, Luetal 2012

22, Pinto etal 2012

28 Fidancietal 2014
3. de Alencaret al 2015
33. Pinto et al 2016

Total (95% Cl)
Total events

CTT cC
Events Total Events
60 114 70
15 358 11
26 ;] 13
58 108 ]
34 a6 16
14 34 13
20 3] 14
55 106 25
530
248 151

221%
2.0%
15.5%
9.7%

127%
14.9%
171%

100.0%

Heterogeneity: Tau*=0.16; Chi*=11.88, df= 6 {F = 0.06); F= 0%
Testfor overall effect Z=1.03 (P =0.31)

Supplementary Figure 156
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1.171[0.72,1.91]
0.27 [0.07,1.03]
285[1.31,6.21]
2.09[0.66, 6.64]

Mot estimahble
1.78[0.70, 4.54]
1.121[0.50,2.51]
0.86[0.43,1.74]

1.26 [0.81, 1.95]
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Supplementary Figure 157: Funnel plot for IL10 -819 C>T (rs1800871)
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CAIAA cC Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
12. Pavlova et al 2009 60 114 70 145 23T7% 1.17[0.72,1.91] —
148. Chaves etal 2010 15 358 11 15 10.58% 0.27[0.07,1.03] —
17. Agostini etal 2012 26 B5 13 71 18.2% 2.97 [1.36, 6.49] —
20.Luetal 2012 53 109 4 13 11.5% 265 [0.77,9.14] I I —
22 Pintoetal 2012 34 a6 16 34 Mot estimahble
31.de Alencaret al 2014 24 8z 10 31 16.5% 0.99 [0.41, 2.39] —
33. Pinto et al 2016 55 106 25 45 19.6% 0.86 [0.43,1.74] i
Total (95% CI) 512 323 100.0% 1.20 [0.70, 2.05] S
Total events 238 133
Heterogeneity: Tauf= 0.25 Chif=12.62, df=5{P = 0.03) F= 0% :D o 051 150 le
Testfor overall ffect 2= 0.66 (F = 0.51) " CAIAADecreases Risk CAAAIncreases Risk

Supplementary Figure 158: Forest plot for IL10 -592 C>A (rs1800872)
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Supplementary Figure 159: Funnel plot for IL10 -592 C>A (rs1800872)
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AGIGG AA Odds Ratio Odds Ratio

Study or Subgroup Events Total Events Total Weight M-H, Random, 95% Cl M-H, Random, 95% CI
18. Bafunno etal 2012 42 el 24 52 BOF% 0.98[0.50,1.94]
28 Fidanciet al 2014 18 55 10 28 30.9% 0.88[0.34, 2.28] L
32 Gorskietal 2016 8 18 ] 11 8.4% 0.251[0.04,1.60] - 1
Total (95% CI) 162 91 100.0% 0.85 [0.50, 1.44] -
Total events 68 43

. ==  EhiE = - _ Ee \ \ , )
Heterogeneity: Tau®=0.00; Chi®*=1.83, df= 2 (P = 0.40);, F= 0% o o n o0

Testfor overall effect 7= 0.62 (F = 0.54) AGIGG Decreases Risk AG/GG Increases Risk

Supplementary Figure 160: Forest plot for IL10 rs3024496
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Supplementary Figure 161: Funnel plot for IL10 rs3024496
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Odds Ratio Odds Ratio
Study or Subgroup log[Odds Ratio] SE Weight IV, Random, 95% CI IV, Random, 95% CI
20 Luetal 2012 -0.3867F 0561395 19.8% 0.68[0.23, 2.04] I
23 Astermark et al 2013 0.336472 0151659 77.2% 1.40[1.04,1.88] ‘.‘
32. Gorskietal 2016 -1.28093 1584649  3.0% 0.28[0.01,6.20]
Total (95% CI) 100.0% 1.16 [0.67, 2.00] ?
Heterogeneity: Tau® = 0.08; Chi*= 2.52, df= 2 (P = 0.28), F= 21% t f T ; |
. 0.0 01 1 10 100
Testior overall efiect Z=0.52 (F=0.60) AGIGG Decreases Risk AGIGG Increases Risk

Supplementary Figure 162: Forest plot for IL13 2044 A>G (rs20541)
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Supplementary Figure 163: Funnel plot for IL13 2044 A>G (rs20541)
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GA/AA GG Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 895% CI M-H, Random, 95% CI
07. Asterrnark et al 2006a 45 36 3 78 O11A% 1.74 [0.94, 3.24] T
12. Pavlova etal 2009 48 a1 82 173 151% 1.72[1.01,2.93] I
14. Bafunno etal 2010 26 i3] 87 308 142% 1.55 [0.90, 2.69] T
16. Lozier etal 2011 79 230 245 F38  429% 1.05 [0.77, 1.44] -
17. Agostini et al 2012 7 23 32 108 4.8% 0.79[0.31, 2.09] —_—T
22 Pinto etal 2012 7 20 43 100 Mot estimable
31. de Alencar et al 2015 11 32 24 85 B5T7% 1.33 [0.56, 3.17] I e —
33. Pinto et al 2016 13 26 71130 6.1% 0.83[0.36,1.93] I
Total (95% Cl) 551 1623 100.0% 1.25[1.01, 1.54] >
Total events 230 572
Heterogeneity: Tau?= 0.00; Chi*= 6.06, df= 6 (P = 0.42); F= 1% I t 1 |
] 0. 0.1 10 100
Testfor overall effect 2= 210 (P = 0.04) GAMA Decreases Risk  GAAA Increases Risk

Supplementary Figure 164: Forest plot for TNFA -308 G>A (rs1800629)
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Supplementary Figure 165: Funnel plot for TNFA -308 G>A (rs1800629)
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CTmT cc Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 895% CI M-H, Random, 95% CI
07. Astermark et al 2006a 13 28 64 135 18.3% 0.96 043, 2.17] [ E—
12. Pavlova etal 2009 21 a2 109 208 259% 0.62 033, 1.14] — &
17. Agostini et al 2012 9 26 30 10 156% 1.41 [0.57, 3.51] B e —
20 Luetal 2012 19 36 44 86 19.4% 1.07 (049, 2.33] —
22 Pinto etal 2012 16 28 34 42 Mot estimable
33, Pinto et al 2016 27 41 a7 Ma 207% 1.96 [0.93, 4.12] T
Total {95% Cl) 183 654 100.0% 1.08 [0.71, 1.64] -
Total events 89 304
Heterageneity: Tau®= 0.08; Chi®= 6.06, df= 4 (P = 0.19); F= 34% ID o 011 1’0 100’
Testfor overall effect: Z=10.34 (F = 0.73) © CTITT Decreases Risk CT/T Increases Risk

Supplementary Figure 166: Forest plot for TNFA -827 C>T (rs1799724)

__SE(log[OR])

01

02T

O

o

O

0.01 0.1 1 10 100

Supplementary Figure 1677: Funnel plot for TNFA -827 C>T (rs1799724)
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GAIAA GG Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 895% CI M-H, Random, 95% CI
07. Astermark et al 20063 10 19 66 144 289% 1.31 [0.50, 3.42] O
12, Pavlova etal 2009 g 17 122 251 17 4% 0.94 [0.35, 2.51] . B
17, Agostini et al 2012 5 17 34118 M.3% 1.04 [0.34, 3.18] e —
22 Pinto etal 2012 3 7 47 113 Mot estimable
31. de Alencaretal 2015 1 11 34106 B.0% 0.21[0.03,1.72]
33, Pinto etal 2016 7 11 TTO145 164% 1.85[0.43 5.51] I e —
Total {95% CI) 75 765 100.0% 1.05 [0.63, 1.76] .
Total events K| 333
Heterogeneity: Tau®= 0.00; Chi®= 2.91, df=4 (P = 0.87); F= 0% 150 1DD=

Testfor overall effect Z=018 (P =0.85)

ecreases Risk GA/AA Increases Risk

Supplementary Figure 168: Forest plot for TNFA -238 G>A (rs361525)
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Supplementary Figure 169: Funnel plot for TNFA -238 G>A (rs361525)
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AGIGG AA Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
07, Astermark et al 20063 14 28 B3 136 3r5% 1.16[0.581, 2.61] ——
12, Pavlowa etal 2009 11 kil 119 228 401% 0.81[0.23,1.11] — &
22 Pintoetal 2012 4 11 46 104 Mot estimahble
33, Pinto etal 2016 g 14 TE 140 224% 112037, 3.41] E —
Total (95% CI) 73 505 100.0% 0.83 [0.47, 1.45] -
Total events 33 258
Heterogeneity: Tau®= 0045, Chi*=2.44 df=2 (P=029); F=18% 'D.D'I 0'1 1'D 1DD'

Testfor overall efiect 2= 0.66 (P = 0.51) AGIGG Decreases Risk AGIGG Increases Risk

Supplementary Figure 170: Forest plot for TNFA 670 A>G (rs3093662)
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Supplementary Figure 171: Funnel plot for TNFA 670 A>G (rs3093662)



Chapter 5
INH (-)
N=998
HLA-A
*01 153 (15.3)
*02 297 (29.8)
*03 116 (11.6)
*11  63(6.3)
%23 21(2.1)
*24 89 (8.9)
*25 19 (1.9)
%26 27(2.7)
*29 44 (4.4)
*30  34(3.4)
*31 26 (2.6)
*32 39(3.9)
*33 6(0.6)
*38  3(03)
*36 1(0.1)
*66  5(0.5)
*68  55(5.5)
HLA-B
*07 125 (12.5)
*08 106 (10.6)
*13 25(2.5)
*14  32(3.2)
*15  68(6.8)

All

INH (+)
N=258

32(12.4)
73(28.3)
42 (16.3)
21(8.1)
7(2.7)
22 (8.5)
5(1.9)
2(0.8)
9(3.5)
12 (4.7)
7(27)
9(3.5)

2(0.8)
0(0)

0(0)
3(1.2)

12 (4.7)

31(12.0)
20(7.8)
13(5.0)
13 (5.0)

25(9.7)

OR
(95% Cl)

REF
1.18
(0.73-1.9)
1.73
(1.00-2.99)
1.59
(0.83-3.07)
1.59
(0.60-4.26)
1.18
(0.63-2.23)
1.26
(0.41-3.82)
0.35
(0.07-1.69)
0.98
(0.42-2.30)
1.69
(0.76-3.75)
1.29
(0.49-3.38)
11
(0.47-2.61)
1.59
(0.28-8.98)

NE

NE
2.87
(0.60-13.61)
1.04
(0.48-2.25)

REF
0.76
(0.40-1.46)
2.10
(0.93-4.75)
1.64
(0.74-3.62)
1.48
(0.79-2.80)

INH (-)
N=224

34(15.2)
69 (30.8)
28(12.5)
18(8.0)
3(13)
17(7.6)
5(2.2)
5(2.2)
9 (4.0)
7(3.1)
4(1.8)
11(4.9)

1(0.4)
0(0)

0(0)
2(0.9)

11 (4.9)

25(11.2)
21(9.4)
6(2.7)
5(2.2)

10 (4.5)

Mild

INH (+)
N=22

0(0)
5(22.7)

3(13.6)
2(9.1)
2(9.1)

2(9.1)

0(0)

0(0)
1(4.5)

1(4.5)

0(0)
2(9.1)

0(0)
0(0)

0(0)

0(0)
4(18.2)

2(9.1)
0(0)
1(4.6

1(4.6)

0(0)

OR
(95% cl)

REF
NE
NE
NE
NE
NE
NE
NE
NE
NE
NE
NE

NE
NE
NE

NE

NE

REF

NE
2.08
(0.14-30.73)
2.50
(0.17-37.85)

NE

INH (-)
N=162

24(14.8)
46 (28.4)
17 (10.5)
9(5.6)
3(1.9)
12(7.4)
5(3.1)
3(1.9)
5(3.1)
8(4.9)
7(4.3)
7(4.3)

1(0.6)
1(0.6)

0(0)
1(0.6)

13(8.0)

18 (11.1)
19 (11.7)
4(2.5)
3(1.9)

16 (9.9)

Moderate

INH (+)
N=24

6(25.0)
5(20.8)
4(16.7)
2(8.3)
1(4.2)
1(4.2)
1(4.2)
0(0)
0(0)
1(4.2)
0(0)
1(4.2)

0(0)
0(0)

0(0)
1(4.2)

1(4.2)

1(4.2)
3(12.5)
2(83)
3(12.5)

1(4.2)

OR
(95% cl)

REF
0.43
(0.11-1.68)
0.94
(0.21-4.14)
0.89
(0.14-5.74)
1.33
(0.1-17.21)
0.33
(0.03-3.46)
0.80
(0.07-9.22)

NE

NE
0.50
(0.05-5.40)

NE
0.57
(0.05-6.26)

NE
NE

NE
4.00
(0.19-85.41)
0.31
(0.03-3.18)

REF
2.84
(0.24-33.71)
9.00
(0.57-143.34)
18.00
(1.21-268.74)
1.13
(0.06-22.55)

INH (-)
N=612

95 (15.5)

182 (29.7)
71(11.6)
36(5.9)
15 (2.5)
60 (9.8)
9(1.5)
19 (3.1)
30(4.9)
19 (3.1)
15(2.5)
21(3.4)

4(0.7)
2(0.3)

1(0.2)
2(0.3)

31(5.1)

82 (13.4)
66 (10.8)
15(2.5)
24(3.9)

42 (6.9)

Severe

INH (+)
N=190

25(13.2)
57(30.0)
29(15.3)
16 (8.4)
3(1.6)
17(9.0)
4(2.1)
1(0.5)
7(3.7)
8(4.2)
6(3.2)
6(3.2)

2(1.1)
0(0)

0(0)
2(1.1)

7(3.7)

25(13.2)
17(9.0)
7(3.7)
8 (4.2)

23(12.1)

OR
(95% cl)

REF
1.19
(0.68-2.08)
1.55
(0.81-2.97)
1.69
(0.78-3.66)
0.76
(0.19-3.03)
1.08
(0.52-2.24)
1.69
(0.45-6.33)
0.20
(0.02-1.74)
0.89
(0.33-2.36)
1.60
(0.6-4.28)
1.52
(0.51-4.56)
1.09
(0.38-3.13)
1.90
(0.30-12.00)

NE

NE
3.80
(0.46-31.39)
0.86
(0.32-2.28)

REF
0.84
(0.41-1.76)
1.53
(0.53-4.39)
1.09
(0.42-2.87)
1.80
(0.88-3.66)

199

Intron 22 Type 1 Inversion

INH (-)
N=230

35(15.2)
75 (32.6)
25(10.9)
20(8.7)
9(3.9)
23(10)
2(0.9)
8(3.5)
4(1.7)
4(1.7)
6(2.6)
4(1.7)

1(0.4)
2(0.9)

0(0)
0(0)

12(5.2)

26 (11.3)
28(12.2)
4(1.7)
10 (4.4)

24 (10.4)

INH (+)
N=88

14(15.9)
22(25)
10(11.4)
7(8.0)
2(23)
8(9.1)
2(2.3)
1(1.1)
4 (4.6)
6(6.8)
2(2.3)
3(3.4)

0(0)
0(0)

0(0)
2(2.3)

5(5.7)

13(14.8)
10(11.4)
4 (4.6)
4 (4.6)

8(9.1)

OR
(95% cl)

REF
0.73
(0.32-1.67)

1.00(0.36-2.74)
0.88
(0.29-2.67)
0.56
(0.10-3.16)
0.87
(0.30-2.53)
2.50
(0.29-21.69)
0.31
(0.03-3.06)
2.50
(0.51-12.33)
3.75
(0.85-16.49)
0.83
(0.14-5.06)
1.87
(0.34-10.29)

NE
NE

NE

NE
1.04
(0.29-3.73)

REF
0.71
(0.25-2.01)
2.00
(0.4-10.07)
0.80
(0.20-3.26)
0.67
(0.22-1.99)



*18

*27

*35

*37

*38

*39

*40

*41

*a4

*45
*47
*48

*49

*50

*51

*52

*53

*55

*56

*57
*58
HLA-C

*01

*02

*03

*04

*05

*06

49 (4.9)
46 (4.6)
81(8.1)
6(0.6)
22(2.2)
14 (1.4)
83(8.3)
10(1)
175 (17.5)

6(0.6)
2(0.2)

2(0.2)
14 (1.4)
7(0.7)
55 (5.5)

9(0.9)

5(0.5)
12 (1.2)
4(0.4)

34 (3.4)

6(0.6)

26 (2.6)
50 (5.0)
131 (13.1)
105 (10.5)
103 (10.3)

82 (8.2)

13 (5.0)
5(1.9)
23(8.9)
6(2.3)
1(0.4)
5(1.9)
23(8.9)
4(1.6)
29(11.2)

4(1.6)
0(0)

0(0)
5(1.9)
3(1.2)
19(7.4)
1(0.4)

0(0)
1(0.4)
1(0.4)

13 (5.0)

0(0)

4(1.6)
13 (5.0)
40 (15.5)
28(10.9)
22(8.5)

37 (14.34)

1.07
(0.50-2.30)
0.44
(0.15-1.26)
1.14
(0.60-2.17)
4.03
(1.14-14.20)
0.18
(0.02-1.57)
1.44
(0.46-4.55)
1.12
(0.59-2.11)
1.61
(0.45-5.84)
0.67
(0.37-1.20)
2.69
(0.67-10.82)

NE

NE
1.44
(0.46-4.55)
1.73
(0.39-7.59)
1.39
(0.70-2.77)
0.45
(0.05-4.09)

NE
0.34
(0.04-2.98)
1.01
(0.10-10.46)
1.54
(0.70-3.39)

NE

REF
1.69
(0.47-6.07)
1.98
(0.62-6.38)
1.73
(0.53-5.70)
1.39
(0.42-4.64)
2.93
(0.90-9.54)

9(4.0)
10 (4.5)
18(8.0)
3(1.3)
3(1.3)
5(2.2)
26 (11.6)
2(0.9)
47 (21.0)

1(0.5)
1(0.5)

1(0.5)
2(0.9)
0(0)
15 (6.7)

1(0.5)

3(1.3)
2(0.9)
0(0)

7(3.1)

1(0.5)

7(3.1)
9(4.0)
31(13.8)
26 (11.6)
32(14.3)

17 (7.6)

0(0)
0(0)
3(13.6)
0(0)
0(0)
2(9.1)
3(13.6)
0(0)
4(18.2)

2(9.1)
0(0)

0(0)

0(0)

0(0)
3(13.6)

0(0)

0(0)
0(0)
0(0)

1(4.6)

0(0)

1(4.6)
3(13.6)
1(4.65)
4(18.2)

2(9.1)

4(18.2)

NE

NE
2.08
(0.29-15.17)

NE

NE
5.00
(0.50-49.57)
1.44
(0.20-10.31)

NE
1.06
(0.17-6.80)
25.00
(1.32-474)

NE

NE
NE

NE
2.50
(0.34-18.42)

NE

NE
NE

NE
1.79
(0.12-25.84)

NE

REF
2.33
(0.17-31.27)
0.23
(0.01-4.71)
1.08
(0.09-12.66)
0.44
(0.03-6.29)
1.65
(0.14-19.71)

9(5.6)
4(2.5)
12(7.4)
2(1.2)
6(3.7)
2(1.2)
15(9.3)
3(1.9)
20(12.4)

2(1.2)
0(0)

0(0)
4(2.5)
0(0)
14 (8.6)

1(0.6)

1(0.6)
1(0.6)
1(0.6)

3(1.9)

2(1.2)

3(1.9)
7(4.3)
25 (15.4)
16(9.9)
12 (7.4)

12 (7.4)

3(12.5)
1(4.2)
2(8.3)
1(4.2)

0(0)
0(0)
2(8.3)
1(4.2)
1(4.2)

0(0)
0(0)

0(0)

0(0)

0(0)
1(4.2)

0(0)

0(0)
0(0)
0(0)

2(8.3)

0(0)

1(4.2)
0(0)
3(12.5)
2(8.3)
3(12.5)

5(20.8)

6.00
(0.48-74.79)
4.50
(0.20-102.72)
3.00
(0.21-41.92)
9.00
(0.33-242.33)

NE

NE
2.40
(0.17-33.09)
6.00
(0.25-144.86)
0.90
(0.05-17.88)

NE
NE

NE
NE

NE
1.29
(0.06-25.94)

NE

NE
NE

NE
12.00
(0.71-203.60)

NE

REF

NE
0.36
(0.02-5.31)
0.38
(0.02-6.40)
0.75
(0.05-11.44)
1.25
(0.09-17.16)

31(5.1)
32(5.2)
51(8.3)
1(0.2)
13(2.1)
7(11)
42 (6.9)
5(0.8)
108 (17.7)

3(0.5)
1(0.2)

1(0.2)
8(1.3)
7(1.1)
26 (4.3)

7(1.1)

1(0.2)
9(1.5)
3(0.5)

24 (3.9)

3(0.5)

16 (2.6)
34 (5.6)
75 (12.3)
63(10.3)
59(9.7)

53(8.7)

10 (5.3)
3(1.6)
17(9.0)
5(2.6)
0(0)
1(0.5)
16 (8.4)
3(1.6)
21(11.1)

2(1.1)
0(0)

0(0)
4(2.1)
2(1.1)
14(7.4)

0(0)

0(0)
1(0.5)
1(0.5)

10 (5.3)

0(0)

2(1.1)
9(4.7)
33(17.5)
21(11.1)
14(7.4)

24 (12.6)

1.06
(0.44-2.56)
0.31
(0.08-1.16)
1.09
(0.52-2.30)
16.40
(1.64-164.42)

NE
0.47
(0.05-4.45)
1.25
(0.58-2.69)
1.97
(0.41-9.52)
0.64
(0.32-1.26)
2.19
(0.31-15.19)

NE

NE
1.64
(0.43-6.30)
0.94
(0.17-5.22)
1.77
(0.77-4.05)

NE

NE
0.36
(0.04-3.36)
1.09
(0.10-12.35)
1.37
(0.55-3.39)

NE

REF
2.12
(0.38-11.91)
3.52
(0.71-17.50)
2.67
(0.52-13.61)
1.90
(0.36-10.00)
3.62
(0.71-18.41)

8(3.5)
18(7.8)
23(10)
0(0)
6(2.6)
2(0.9)
11(4.8)
0(0)
35(15.2)

0(0)
0(0)

0(0)
3(13)
3(1.3)
12(5.2)

2(0.9)

1(0.4)
4(1.7)
2(0.9)

6(2.6)

2(0.9)

6(2.6)
19(8.3)
35(15.2)
28(12.2)
18(7.8)

15 (6.5)

3(3.4)
1(1.1)
5(5.7)
3(3.4)
0(0)
1(1.1)
6(6.8)
2(2.3)
13(14.8)

0(0)
0(0)

0(0)
2(2.3)
1(1.1)
7(8.0)

0(0)

0(0)
0(0)
0(0)

5(5.7)

0(0)

0(0)
5(5.7)
12 (13.6)
9(10.2)
8(9.1)

11 (12.5)

0.75
(0.16-3.57)
0.11
(0.01-1.03)
0.43
(0.13-1.49)

NE

NE
1.00
(0.07-13.71)
1.09
(0.31-3.84)

NE
0.74
(0.28-1.96)

NE
NE

NE
1.33
(0.18-9.92)
0.67
(0.06-7.96)
1.17
(0.35-3.89)

NE
NE
NE

NE
1.67
(0.40-6.97)

NE
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*07

*08

*12

*14

*15

*16

*17

Supplementary Table 1: Association between Major Histocompatibility Complex Class I alleles and inhibitors,

overall, by severity, and among persons with intron 22 Type 1 inversion among enrollees in the Hemophilia

307 (30.8)
33(3.3)
57(5.7)
16 (1.6)
27 (2.7)
51(5.1)

10 (1.0)

67 (26.0)
12(4.7)
12 (4.7)
2(0.8)
6(2.3)
11(4.3)

4(1.6)

1.42
(0.45-4.44)
2.36
(0.64-8.73)
1.37
(0.38-4.95)
0.81
(0.12-5.43)
1.44
(0.34-6.13)
1.40
(0.38-5.15)
2.60
(0.5-13.48)

Inhibitor Research Study

61(27.2)
6(2.7)
8(3.6)
5(2.2)
6(2.7)
13 (5.8)

3(1.3)

0.46

4(182)  (0.04-5.29)
1.17

1(4.6)  (0.05-26.70)
1.75

2(9.1)  (0.11-27.07)

0(0) NE
0(0) NE
0(0) NE
0(0) NE

53(32.7)
3(L.9)
11(6.8)
2(1.2)
8(4.9)
8(4.9)

2(1.2)

5(20.8)
3(12.5)
0(0)
0(0)
0(0)
1(4.2)

1(4.2)

0.28
(0.02-3.69)
3.00
(0.16-55.25)

NE
NE

NE
0.38
(0.01-9.48)
1.50
(0.05-48.09)

193 (31.5)
24(3.9)
38(6.2)
9(1.5)
13(2.1)
30(4.9)

5(0.8)

53(27.9)
7(3.7)
7(3.7)
2(11)
6(3.2)
9(4.7)

3(1.6)

2.20
(0.45-10.64)
2.33
(0.39-13.84)
1.47
(0.25-8.58)
1.78
(0.19-16.56)
3.69
(0.58-23.47)
2.40
(0.42-13.56)
4.80
(0.56-41.47)

72(31.3)
9(3.9)
14 (6.1)
3(1.3)
5(2.2)
6(2.6)

0(0)

28(31.8)
3(3.4)
2(23)

0(0)
3(3.4)
5(5.7)

2(2.3)

NE

NE

NE

NE

NE

NE
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HLA-DPB1

*01

*02

*03

*04

*05

*09

*10

*11

*13

*14

*15

*16

*17

*19

HLA-DQA1

*01

*02

*03

*04

*05

*06

HLA-DQB1

*02

*03

*04

*05

INH (-)
N=998

57(5.7)
143 (14.3)
116 (11.6)
532 (53.3)

31(3.1)

13(1.3)

23(2.3)

29(2.9)

16 (1.6)

10(1.0)

6(0.6)

8(0.8)

9(0.9)

5(0.5)

412 (41.3)
137(13.7)
173(17.3)
21(2.1)
251(25.2)

4(0.4)

228(22.9)
343 (34.4)
21(2.1)

154 (15.4)

All

INH (+)
N=258

6(2.3)
38(14.7)
32(12.4)
141 (54.7)

9(3.5)

4(1.6)

6(2.3)

4(1.6)

7(2.7)

2(0.9)

1(0.4)

111 (43.0)
43(16.7)
36 (14.0)
5(1.9)
62 (24.0)

1(0.4)

52(20.2)
90 (34.9)
4(1.6)

40 (15.5)

OR
(95% ClI)

REF
2.52
(0.97-6.60)
2.62
(0.99-6.95)
2.52
(1.02-6.23)
2.76
(0.85-8.97)
2.92
(0.67-12.75)
2.48
(0.68-9.04)
131
(0.32-5.37)
416
(1.15-15.04)
1.90
(0.31-11.78)
1.58
(0.14-17.35)

NE
5.28
(1.24-22.5)
5.70
(1.00-32.64)

REF
1.16
(0.76-1.78)
0.77
(0.50-1.20)
0.88
(0.31-2.52)
0.92
(0.64-1.32)
0.93
(0.09-9.38)

0.88
(0.54-1.42)
1.01
(0.65-1.57)
0.73
(0.23-2.39)

REF

INH (-)
N=224

16(7.1)
28 (12.5)
27 (12.1)
121 (54.0)

7(3.1)

1(0.6)

8(3.6)

8(3.6)

3(1.3)

1(0.6)

2(0.9)

0(0)

2(0.9)

0(0)

53(23.7)
81(36.2)
5(2.2)

31(13.8)

Mild

INH (+)
N=22

1(4.6)
2(9.1)

2(9.1)

12 (54.6)

0(0)
0(0)
1(4.6)
0(0)
2(9.1)
0(0)
0(0)
0(0)
1(4.6)

1(4.6)

7(31.8)
4(18.2)
2(9.1)
0(0)
9 (40.9)

0(0)

3(13.6)
12 (54.6)

0(0)

3(13.6)

OR
(95% CI)

REF
1.14
(0.08-15.45)
1.19
(0.09-16.04)
1.59
(0.17-14.51)

NE

NE
2.00
(0.10-42.09)

NE
10.67
(0.63-181.91)

NE
NE

NE
8.00
(0.30-216.38)

NE

REF
1.57
(0.40-6.11)
0.52
(0.10-2.81)

NE
1.9
(0.66-5.95)
NE
0.58
(0.10-3.35)
1.53
(0.38-6.20)
NE

REF

INH (-)
N=162

8(4.9)
29(17.9)
20(12.4)
85 (52.5)

3(1.9)

0(0)

4(2.5)

3(1.9)

4(2.5)

1(0.6)

2(12)

2(12)

1(0.6)

0(0)

71(43.8)
20(12.4)
24(14.8)
4(2.5)
43 (26.5)

0(0)

38(23.5)
52(32.1)
4(2.5)

26(16.1)

Moderate

INH (+)
N=24

0(0)
4(16.7)
5(20.8)
11(45.8)
1(4.2)
1(4.2)
1(4.2)
0(0)
0(0)
0(0)
1(4.2)
0(0)
0(0)

0(0)

8(33.3)
3(12.5)
2(83)
1(4.2)

10(41.7)

0(0)

7(29.2)
8(33.3)
1(4.2)

3(12.5)

OR
(95% C1)

REF
NE
NE
NE
NE
NE
NE
NE
NE
NE
NE
NE
NE

NE

REF
133
(0.30-5.90)
0.74
(0.14-4.05)
2.22
(0.20-25.15)
2.06
(0.72-5.93)

NE

1.60
(0.35-7.26)
133
(0.30-5.86)
217
(0.16-29.86)

REF

INH (-)
N=612

33(5.4)
86 (14.1)
69 (11.3)
326(53.3)

21(3.4)

12 (2.0)

11(1.8)

18(2.9)

9(1.5)

8(1.3)

2(03)

6(1.0)

6(1.0)

5(0.8)

256 (41.8)
86 (14.1)
102 (16.7)
12 (2.0)
153 (25.0)

3(0.5)

137 (22.4)
210 (34.3)
12 (2.0)

97 (15.9)

Severe

INH (+)
N=190

5(2.6)
30(15.8)
23(12.1)
104 (54.7)

6(3.2)

3(1.6)

4(2.2)

3(1.6)

4(2.2)

2(1.1)

0(0)
0(0)
4(2.2)

2(1.1)

81(42.6)
31(16.3)
31(16.3)
4(2.2)
42(22.1)

1(0.5)

37(19.5)
68 (35.8)
3(1.6)

30(15.8)

OR
(95% CI)

REF
2.30
(0.78-6.79)
2.20
(0.73-6.65)
2.11
(0.76-5.81)
1.89
(0.48-7.45)
1.65
(0.31-8.65)
2.40
(0.51-11.39)
1.10
(0.22-5.56)
2.93
(0.60-14.30)
1.65
(0.25-11.09)

NE

NE
4.40
(0.84-23.07)
2.64
(0.36-19.25)

REF
1.14
(0.69-1.89)
0.96
(0.58-1.58)
1.05
(0.31-3.56)
0.87
(0.56-1.35)
1.05
(0.10-11.53)

0.87
(0.49-1.55)
1.05
(0.62-1.76)
0.81
(0.20-3.27)

REF

Intron 22 Type 1 Inversion

INH (-)
N=230

18(7.8)
23(10.0)
23(10.0)
134 (58.3)

8(3.5)

3(13)

3(1.3)

3(13)

4(1.7)

5(2.2)

0(0)

3(13)

1(0.4)

2(0.9)

100 (43.5)
23(10.0)
48(20.9)
7(3.0)
51(22.2)

1(0.4)

45 (19.6)
80 (34.8)
7(3.0)

43 (18.7)

INH (+)
N=88

2(23)
13(14.8)
8(9.1)
47(53.4)
1(1.1)
1(1.1)
4 (4.6)
2(23)
5(5.7)

1(1.1)

36 (40.9)
17(19.3)
15(17.1)
3(3.4)
17(19.3)

0(0)

17(19.3)
32(36.4)
2(2.3)

14(15.9)

OR
(95% CI)

REF
5.09
(0.94-27.67)
3.13
(0.54-18.07)
3.16
(0.65-15.24)
1.13
(0.08-16.25)
3.00
(0.18-50.90)
12.00
(1.33-108.13)
6.00
(0.53-68.00)
11.25
(1.43-88.78)
1.80
(0.12-27.59)

NE

NE
18.00
(0.94-345.10)
9.00
(0.69-117.50)

REF
2.05
(0.95-4.44)
0.87
(0.42-1.80)
1.19
(0.27-5.21)
0.93
(0.46-1.87)

NE

1.16
(0.49-2.75)
1.23
(0.57-2.64)
0.88
(0.15-5.15)

REF
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1.10
*06  252(25.3)  72(27.9) (0.70-1.74)
HLA-DRB1

*01  108(10.8) 25(9.7) REF
0.82

*03  132(13.2) 25(9.7) (0.43-1.55)
0.95

*04  159(15.9)  35(13.6) (0.52-1.73)
133

*07  136(13.6)  42(16.3) (0.74-2.39)
0.80

*08  27(2.7) 5(1.9) (0.27-2.41)
0.27

*09 16 (1.6) 1(0.4) (0.03-2.37)
2.16

*10 6(0.6) 3(1.2) (0.47-9.94)
1.28

*11 91(9.1) 27(10.5) (0.67-2.44)
1.15

*12 15 (1.5) 4(1.6) (0.33-4.01)
1.50

*13  118(11.8)  41(15.9) (0.83-2.71)
1.58

*14  30(3.0) 11(4.3) (0.67-3.74)
1.09

*15 146 (14.6)  37(14.3) (0.60-1.98)
0.62

*16 14 (1.4) 2(0.8) (0.12-3.13)

54(24.1)

23(10.3)
31(13.8)
43(19.2)
29(13.0)
6(2.7)
4(1.8)
2(0.9)

18 (8.0)

4(18.2)

2(9.1)

0(0)
2(9.1)
4(18.2)
0(0)
0(0)
0(0)
8(36.4)
0(0)
4(18.2)
1(4.6)
1(4.6)

0(0)

0.77
(0.15-3.95)

REF

NE
0.53
(0.06-4.49)
1.59
(0.24-10.34)

NE
NE

NE
5.11
(0.89-29.50)

NE
1.70
(0.26-11.13)
2.30
(0.15-34.92)
0.38
(0.03-5.09)

NE

42 (25.9)

21(13.0)
23(14.2)
22(13.6)
20(12.4)
6(3.7)
4(2.5)
0(0)
12(7.4)
2(12)
22(13.6)
6(3.7)
23(14.2)

1(0.6)

5(20.8)

2(83)
4(16.7)
2(83)
3(12.5)
1(4.2)
0(0)
0(0)
4(16.7)
0(0)
4(16.7)
1(4.2)

3(12.5)

0(0)

1.03
(0.21-5.06)

REF
1.83
(0.28-12.08)
0.95
(0.11-8.23)
1.58
(0.22-11.50)
1.75
(0.12-25.97)

NE

NE
3.50
(0.51-24.20)

NE
1.91
(0.29-12.66)
1.75
(0.12-25.97)
1.37
(0.19-9.93)

NE

156 (25.5)

64 (10.5)
78(12.8)
94 (15.4)
87(14.2)
15(2.5)
8(1.3)
4(0.7)
61(10.0)
9(1.5)
69 (11.3)
19(3.1)
93(15.2)

11(1.8)

52(27.4)

19(10.0)
21(11.1)
30(15.8)
30(15.8)
4(2.2)
1(0.5)
3(1.6)
14 (7.4)
4(2.2)
28(14.7)
9(4.7)
27(14.2)

0(0)

1.08
(0.63-1.85)

REF
0.91
(0.43-1.90)
1.07
(0.54-2.14)
1.16
(0.58-2.32)
0.90
(0.25-3.22)
0.42
(0.04-4.00)
2.53
(0.48-13.32)
0.77
(0.34-1.74)
1.50
(0.39-5.77)
137
(0.67-2.78)
1.60
(0.59-4.30)
0.98
(0.48-1.97)

NE

55(23.9)

32(13.9)
30(13.0)
44(19.1)
25(10.9)
9(3.9)
3(13)
1(0.4)
15 (6.5)
4(1.7)

27(11.7)

23(26.1)

8(9.1)
6(6.8)
15(17.1)
16 (18.2)
3(3.4)
0(0)
3(3.4)
6(6.8)
3(3.4)
11(12.5)
2(23)
14 (15.9)

1(1.1)

203

1.28
(0.57-2.90)

REF
0.80
(0.23-2.74)
136
(0.49-3.79)
2.56
(0.90-7.30)
133
(0.27-6.58)

NE
12.00
(0.97-148.28)
1.60
(0.44-5.79)
3.00
(0.51-17.64)
1.63
(0.54-4.89)
1.60
(0.24-10.76)
1.81
(0.63-5.16)
1.00
(0.09-11.51)

Supplementary Table 2: Association between Major Histocompatibility Complex Class II alleles and inhibitors,

overall, by severity, and among persons with intron 22 Type 1 inversion among enrollees in the Hemophilia

Inhibitor Research Study

All
INH (-) INH (+)
N=508 N=134

IL1A rs17561

CC  233(46.0)  79(59.4)

OR
(95% Cl)

REF

INH (-)
N=115

45 (39.1)

Mild

INH (+)
N=11

6 (54.6)

OR

(95% Cl)

REF

INH (-)
N=83

41 (49.4)

Moderate

INH (+)

N=13

7(53.9)

OR

(95% cI)

REF

INH (-)
N=310

147 (47.6)

Severe

INH (+)
N=98

59 (60.8)

Intron 22 Type 1 Inversion

OR INH (-) INH (+) OR
(95% Cl) N=115 N=46 (95% CI)
REF 54(47.0) 29 (64.4) REF



AC

AA

IL12B rs1003199

GG

GA

AA

CD80 rs16829984

GG

CcG

cc

228 (45.0)

46 (9.1)

121 (23.8)
256 (50.49)

131 (25.8)

397 (79.4)
95 (19.0)

8(1.6)

46 (34.6)

8 (6.0)

46 (34.3)
58 (43.3)

30 (22.4)

89 (69.0)
37(28.7)

3(2.3)

0.58
(0.30-1.14)

REF

0.60
(0.29-1.22)

REF

173
0.82-3.66)

58 (50.4)

12 (10.4)

28 (24.4)
57 (49.6)

30(26.1)

93 (82.3)
17 (15.0)

3(2.7)

5 (45.5)

0(0)

3(27.3)
7 (63.6)

1(9.19)

10 (90.9)
1(9.1)

0(0)

0.54
(0.06-4.63)

REF

0.86
(0.08-9.60)

REF

0.47
(0.01-18.05)

35(42.2)

7(8.4)

17 (20.5)
45 (54.2)

21(25.3)

61 (75.3)
20 (24.7)

0(0)

3(23.1)

3(23.1)

4(30.8)
5(38.5)

4(30.8)

9(69.2)
4(30.8)

0(0)

0.84
(0.11-6.38)

REF

0.58
(0.06-5.44)

REF

1.36
(0.15-12.49)

135 (43.7)

27(8.7)

76 (24.5)
154 (49.7)

80 (25.8)

243 (79.4)
58 (19.0)

5(1.6)

33 (34.0)

5(5.2)

35(35.7)
41 (41.8)

22 (22.5)

65 (67.7)
28(29.2)

3(3.1)

0.58
(0.26-1.31)

REF

0.58
(0.25-1.36)

REF

1.84
(0.76-4.45)

52 (45.2)

9(7.8)

29 (25.2)
54 (47.0)

32(27.8)

98 (86.0)
15 (13.2)

1(0.9)

Supplementary Table 3: Association between variants in immune response genes outside the Major

14 (31.1)

2(4.4)

17 (37.0)
19 (41.3)

10(21.7)

32(72.7)
10 (22.7)

2(4.6)

204

0.49
(0.14-1.68)

REF

0.58
(0.16-2.04)

REF

2.30
(0.53-9.99)

Histocompatibility Complex region and inhibitors, overall, by severity, and among persons with intron 22 Type 1

inversion among enrollees in the Hemophilia Inhibitor Research Study
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SNP
rs3024509
rs3024493
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rs4072226
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INH (+)
19/237
33/211
21/235
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12/244
57/197
79/173
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33/223
82/174
74/180
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49/207
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94/146
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91/937
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69/959
179/849
81/941
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451/567
118/910
189/839
176/850
174/854
74/954
211/817
91/937

P Value
0.6667
0.2647
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1
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0.3478

1
0.4412
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55/195
36/220
29/227
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42/214
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67/189
69/183
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75/181
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63/193
63/193
82/174

54/966

112/900
420/588
143/885
67/961
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84/944

69/959

174/842
160/866
123/903
429/599
161/867
71/957

267/751
310/718
106/918
150/876
94/928

195/833
523/505
214/814
333/695
163/863
156/858
85/943

261/767
261/767
268/758
268/758
320/708

1
0.01795
0.06354

0.8571
0.6923
0.1533
0.1078
0.3902
0.06389
1
0.8571
0.5217
0.7778
1
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0.2639
0.4375
0.5217
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0.1887
0.03566
0.3
0.5789
0.1373
0.5

1
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0.6923
0.6923
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355
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82/174
17/239
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98/150
19/233
92/162
61/195
28/228
83/173
104/152
13/243
75/181
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48/208
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68/188
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20/236
111/145
45/211
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67/183
55/197

320/708
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231/797
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184/810
184/810
436/584
367/641
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352/676
274/754
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359/667
367/661
85/941

336/690
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327/685
216/812
67/961

61/953

297/731
80/948

77/951

445/579
228/800
63/963

491/535
310/690
237/785

0.5789
0.3478
0.3478
0.6667
0.6667
0.4815
0.4815
0.4054
0.4667
0.2159
0.1615
0.625
0.3148
0.2687
0.2111
0.09167
0.5714
0.5789
0.8571
0.7778
1
0.6923
0.5455
0.6923
0.8571
1
0.2571
0.1818
0.6923
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rs11569334
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44750850
44752304
44756263
44757213
44759166
135736205
135741185

CD40
CD40
CD40
CD40
CD40
CD40LG
CD40LG

C
G
G
G
A
G

G

>0 > > >0

A

20/236
27/229
12/238
43/213
21/235
0/0

0/0

51/977
101/927
56/956
162/864
121/901
0/0

0/0

0.1019
0.8571
0.8571
0.07256
0.1048
1

1
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215

316
209
6
6

Supplementary Table 4: Permutation results for investigation of association between immune response variants

outside the Major Histocompatibility Region and inhibitors among enrollees in the Hemophilia Inhibitor Research

Study
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All Mild Moderate Severe Intron 22 Type 1 Inversion

INH (-) INH (+) OR INH (-) INH (+) OR INH (-) INH (+) OR INH (-) INH (+) OR INH (-) INH (+) OR

N=595 N=161 (95% Cl) N=136 N=13 (95% ClI) N=96 N=14 (95% Cl) N=363 N=118 (95% ClI) N=130 N=58 (95% ClI)
HMOX1 Genotype
SS 86 (14.5) 16 (9.9) REF 26 (19.1) 2(15.4) REF 15 (15.6) 2(14.3) REF 45(12.4) 10 (8.5) REF 15(11.5) 5(8.6) REF
SL 261(43.9) 67 (41.6) 1.53 54(39.7) 10(76.9) 1.30 50(52.1) 11(78.6) 1.11 157 (43.3) 44 (37.3) 1.53 61(46.9) 25 (43.1) 1.38

(0.85-2.77) (0.25-6.74) (0.21-5.94) (0.72-3.25) (0.45-4.23)

LL 248 (41.7) 78 (48.5) 56 (41.2) 1(7.7) 31(32.3) 1(7.1) 161 (44.4) 64 (54.2) 54 (41.5) 28(48.3)

Supplementary Table 5: Association between HMOX1 (GT), and inhibitors, overall, by severity, and among

persons with intron 22 Type 1 inversion among enrollees in the Hemophilia Inhibitor Research Study

All Mild Moderate Severe Intron 22 Type 1 Inversion

INH (-) INH (+) OR INH (-) INH (+) OR INH (-) INH (+) OR INH (-) INH (+) OR INH (-) INH (+) OR

N=563 N=151 (95% ClI) N=127 N=13 (95% ClI) N=88 N=14 (95% Cl) N=348 N=104 (95% ClI) N=124 N=55 (95% ClI)
IL10 Genotype
sS 132(23.5) 48(31.8) REF 30(23.6) 2(15.4) REF 15(17.1)  6(42.9) REF 87(25.0)  36(34.6) REF 25(20.2) 19 (34.6) REF
SL 309 (54.9) 62(41.1) 0.66 71(55.9) 6(46.2) 1.7 49 (55.7) 5(35.7) 0.27 189 (54.3) 47 (45.2) 0.69 75(60.5) 22 (40.0) 0.48

(0.43-0.99) (0.33-8.78) (0.08-0.96) (0.42-1.12) (0.23-1.01)

LL 122 (21.7) 41(27.2) 26 (20.5) 5(38.5) 24 (27.3) 3(21.4) 72 (20.7) 21(20.2) 24 (19.4) 14 (25.5)

Supplementary Table 6: Association between IL10 (CA), and inhibitors, overall, by severity, and among persons

with intron 22 Type 1 inversion among enrollees in the Hemophilia Inhibitor Research Study
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HMOX1 GT Repeat (among controls)
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Supplementary Figure 1: Distribution of HMOX1 (GT)n repeat length among

enrollees in the Hemophilia Inhibitor Research Study without inhibitors

IL10 CA Repeat (among controls)
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Supplementary Figure 1: Distribution of IL10 (CA)n repeat length among

enrollees in the Hemophilia Inhibitor Research Study without inhibitors



Chapter 6
Component Beta
HLA-DQB1*06 0.173953
HLA-DRB1*15 0.494696
rs1800629 (AG/AA vs GG) 0.223144
rs1800896 (AG/AA vs GG) -0.30111
IL10 RPT Length (NOT 22 vs 22) -0.54473
Supplementary Table 1: Weights of genotypes included in meta-analysis-based
score.
Component Beta
IL10 RPT Length (S: <=18, L: >18; any L vs SS) -0.4199
rs17561 (AC/AA vs CC) -0.5425
rs1003199 (GA/AA vs GG) -0.5139
rs16829984 (CG/CC vs GG) 0.5495
HLA-DPB1
*04 0.9234
*13 1.4246
*17 1.6635
*19 1.7405

Supplementary Table 2: Weights of genotypes included in HIRS-based score.
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