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ABSTRACT

Background: Inhibitor development in hemophilia A is a major clinical challenge, 
leading to severe bleeding complications and reduced quality of life. This 
multifactorial process is influenced by genetic, immunological, and treatment-
related factors.

Objectives: To determine the association between intron 22 inversion (Inv22) 
and the HLA-DRB1*15:01 allele with inhibitor development.

Materials and methods: This study investigated inhibitor development during 
initial and subsequent treatments, assessing the association between Inv22 
and HLA-DRB1*15:01 with inhibitor formation in 40 hemophilia A patients, 40 
non-hemophilia A patients, and 40 healthy controls.

Results: The study found no significant association between Inv22 or HLA-
DRB1*15:01 allele and inhibitor development during initial (odds ratio (OR): 0.60, 
95% CI: 0.11-3.43, p=0.697) or subsequent treatments (OR: 1.33, 95% CI: 
0.30-5.93, p=1.000). Similarly, HLA-DRB1*15:01 allele showed no significant 
correlation (initial: OR: 0.25, 95% CI: 0.06-1.13, p=0.089; subsequent: OR: 
0.82, 95% CI: 0.24-2.84, p=1.000). However, patients with both genetic factors 
had a significantly higher risk of developing inhibitors (OR: 7.90, 95% CI: 1.88-
33.06, p=0.007). 

Conclusion: This study found no significant association between Inv22 or the 
HLA-DRB1*15:01 allele and inhibitor development in hemophilia A patients 
during initial or subsequent treatments. However, their combined presence 
significantly increased the risk of inhibitor formation, suggesting a potential 
interactive effect requiring further investigation.
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Introduction
	 Development of Factor VIII (FVIII) inhibitors 
represents the most formidable complication in 
Hemophilia A management today. While therapeutic 
advancements have significantly reduced mortality, 
the emergence of neutralizing antibodies—affecting 
approximately 25-30%1,2 of patients globally and up to 
17% of severe cases in Thailand3—renders standard 
replacement therapy ineffective. This failure of immune 
tolerance not only escalates the risk of severe bleeding 
and disability but also necessitates costly bypassing 
agents,1 thereby imposing a profound clinical and 
economic burden. The etiology of inhibitor formation is 
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multifactorial, driven by a complex interplay between 
environmental exposures and genetic predisposition.4

Central to this pathogenesis is the immune recognition 
of therapeutic FVIII as a neo-antigen, a process heavily 
influenced by the nature of F8 gene mutations and 
the host’s Major Histocompatibility Complex (MHC) 
profile.4,5 Intron 22 inversion (Inv22), responsible for 
nearly half of severe Hemophilia A cases, causes 
a complete disruption of FVIII synthesis. In 2019, 
at Ramathibodi Hospital, the prevalence of Inv22 
among patients with severe hemophilia A was 
35.6%.3 However, its independent role as a predictor 
for inhibitor development remains controversial, 
with prior studies yielding conflicting associations.4 
Concurrently, Class II Human Leukocyte Antigens 
(HLA), specifically the HLA-DRB1*15:01 allele, are 
implicated in efficient peptide presentation to T-cells. 
While HLA-DRB1*15:01 is a globally recognized risk 
factor,5 local evidence indicates it is the only allele 
significantly associated with inhibitors in Thai patients 
(19.4% vs. 5.0% in controls, p=0.021),6 exceeding the 
8.09% background frequency observed in the general 
Thai population.7 whereas alleles like DRB1*14 
and DRB1*07 show no such significance.6 These 
inconsistencies are frequently attributed to variations 
in sample sizes, study designs, and the diverse genetic 
backgrounds of different ethnic cohorts.5 Yet, when 
analyzed in isolation, HLA-DRB1*15:01 often appears 
as a weak risk factor, suggesting that the mechanisms 
driving immunogenicity are likely synergistic rather 
than singular.8  The synergy likely arises because Inv22 
creates a ‘null’ state where FVIII is perceived as entirely 
foreign, which HLA-DRB1*15:01 then efficiently 
presents to the immune system.
	 This discrepancy in current literature highlights 
a critical gap in understanding how structural genetic 
defects interact with immune response genes. To 
advance the frontier of precision medicine, this 
study aims to elucidate the association and potential 
interaction between Inv22 and the HLA-DRB1*15:01 
allele in the context of inhibitor development within the 
Thai population. For instance, identifying such high-risk 
genetic profiles can guide personalized prophylaxis or 
the early use of non-factor therapies like emicizumab 
to prevent inhibitor formation.9 
	 Unraveling these genetic complexities is 
essential for constructing robust risk stratification 
models, ultimately enabling clinicians to personalize 
therapeutic strategies and optimize outcomes for high-
risk patients.

Materials and methods 
Participants and sample collection
	  This study included 120 participants, consisting of 
40 hemophilia A patients (FVIII activity (FVIII:C) <50%), 
40 non-hemophilia A patients (FVIII:C ≥50%), and 40 
healthy individuals as controls. Among hemophilia A 
patients, the severity was classified into severe (N=27, 
67.5%; FVIII:C<1%), moderate (N=10, 25.0%; FVIII:C 

1-5%), and mild (N=3, 7.5%; FVIII:C >5%). Participant 
data included gender, age, FVIII activity (initial and 
post-treatment), age at first treatment, post-treatment 
inhibitor levels (Bethesda units; BU), coagulation test 
(aPTT), treatment type, and 2 mL collected EDTA blood 
samples. All samples were collected from Maharat 
Nakhon Ratchasima Hospital, Thailand, during 
treatment and follow-up. Inhibitor titer was defined 
by the Bethesda unit (BU),10 representing the amount 
of inhibitor that neutralizes 50% of FVIII activity after 
2-hour incubation at 37 °C with normal plasma; a titer 
0.6 BU was considered positive. Inclusion criteria for 
“Non-hemophilia A” required a confirmed FVIII:C >50%, 
while “Healthy individuals” showed no coagulation test 
abnormalities. Exclusion criteria for all groups included 
individuals who had not received treatment for over one 
year. To reduce comparison bias, control groups were 
randomly selected without matching. 

Genotyping of the Inv22 and  HLA-DRB1*15:01 allele
	 Genomic DNA was extracted from EDTA-
anticoagulated whole blood using the Wizard® 
Genomic DNA Purification Kit (Promega, USA) 
according to the manufacturer’s instructions. Intron 
22 inversion was genotyped using the inverse shifting 
(IS)-PCR method, modified from Rossetti et al.11 
Briefly, 20 μL of genomic DNA (100 ng/μL) was digested 
with 20 U of BclI restriction enzyme (Thermo Fisher 
Scientific, USA) at 55 °C for 4 hours in a 50 μL reaction 
volume. The reaction was heat-inactivated at 80 °C 
for 30 minutes. Circularization of the digested DNA 
was performed using 3 U of T4 DNA ligase (Thermo 
Fisher Scientific, USA) in a 400 μL reaction volume 
at 4 °C overnight. Ligated DNA was purified using the 
QIAquick® PCR & Gel Cleanup Kit (QIAGEN, Germany) 
and eluted in 20 μL of distilled water. Amplification 
was performed using the IS-PCR method in a 20 µL 
reaction containing 4 μL of circularized DNA, 2x Green 
PCR Master Mix (Biotechrabbit, Germany), and 0.5 μM 
of each primer (ID: 5’-ACATACGGTTTAGTCACAAGT-3’, 
IU: 5’-CCTTTCAACTCCATCTCCAT-3’, 2U: 5’-ACGTGT 
CTTTTGGAGAAGTC-3’, 3U: 5’-CTCACATTGTGTTCTTGT 
AGTC-3’). PCR cycling conditions consisted of 35 cycles 
of denaturation at 95°C for 30 seconds, annealing at 
55°C for 1 minute, and extension at 72 °C for 1 minute. 
Results were interpreted by band size: 487-bp for wild-
type and 333-bp for Inv22.
	 For detection of the HLA-DRB1*15:01 allele, 
genomic DNA was amplified using the PCR-SSP 
method. as previously described by Delfan et al.12 
PCR was carried out in a final volume of 20 μL 
containing 100 ng of genomic DNA, 2x Green PCR 
Master Mix (Biotechrabbit, Germany), and 0.5 μM of 
each primer. The HLA-DRB1*15:01-specific primers 
used were forward 5′-TCCTGTGGCAGCCTAAGAG-3′ 
and reverse 5′-CCGCGCCTGCTCCAGGAT-3′. The 
human growth hormone (HGH) gene served as an 
internal control, with forward primer 5′-TGCCTTCC 
CAACCATTCCCTTA-3′ and reverse primer 5′-CCACT 
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CACGGATTTCTGTTGTGTTTC-3′. PCR amplification was 
performed for 35 cycles under the following conditions: 
denaturation at 95°C for 30 seconds, annealing at 60°C 
for 45 seconds, and extension at 72 °C for 30 seconds. 
All PCR products were separated on a 1.5% agarose gel 
and visualized under UV illumination. The 197-bp and 
434-bp bands represented the HLA-DRB1*15:01 allele 
and the HGH internal control, respectively.

Association analysis of Inv22 and HLA-DRB1*15:01 
allele influence on inhibitor development in 
hemophilia A
	 The Bethesda assay was used to measure inhibitors 
in hemophilia A patients, with levels quantified in 
BU. An inhibitor was defined as a level exceeding 0.6 
BU.10 The presence of the Inv22 and HLA-DRB1*15:01 
allele was analyzed in relation to inhibitor formation 
at two time points: the first occurrence of an inhibitor 
(first inhibitor) and at any point during treatment. The 
relationship between Inv22, HLA-DRB1*15:01 allele, 
and inhibitor production in hemophilia A patients 
was tested using Fisher’s exact test or Chi-squared 
test, with odds ratios (OR) and 95% confidence 
intervals (CI) calculated to quantify the strength of 
these associations. The Chi-squared test was used 
primarily, while Fisher’s exact test was selected when 
any expected cell count was less than 5. This study 

also demonstrates the relationship between genetic 
determinants and inhibitor development following 
initial treatment and at any point during treatment. A 
p<0.05 indicated a statistically significant association 
between genetic mutations and inhibitor production. 
Statistical analyses were performed using IBM SPSS 
Statistics version 26 (SPSS Inc., Chicago, IL, USA).

Results
Participants data
	 A descriptive analysis was performed on gender, 
aPTT test, FVIII activity (initial and post-treatment), 
inhibitor level (BU), and treatment type (Table 1). The 
study enrolled 120 subjects: 40 Hemophilia A (HA) 
patients, 40 non-HA patients, and 40 healthy controls. 
The HA cohort was exclusively male. As anticipated, 
HA patients exhibited profound coagulopathy, 
characterized by markedly prolonged aPTT (>82 s) and 
severe FVIII deficiency (<5.2%) compared to controls. 
All HA patients received FVIII concentrate therapy. 
Notably, 30% (12/40) of HA patients presented with 
inhibitors initially, with the prevalence rising to 50% 
(20/40) cumulatively during treatment. Inhibitor titers 
were clinically substantial in positive cases (mean 
16.12±21.57 BU), contrasting sharply with the negligible 
levels observed in non-inhibitor patients.

Table 1. Descriptive analysis of gender, age, FVIII Activity (%), inhibitor levels, and treatment among hemophilia A 
(inhibitor and non-inhibitor during initial or subsequent treatment), non-hemophilia A, and normal control groups.
Factors Hemophilia A patients

(First inhibitor)
(N=40)

Hemophilia A patients
(Inhibitors at any point 

during treatment)
(N=40)

Non-hemophilia A 
(%)

(N=40) 

Normal (%)
(N=40)

Inhibitor
(%)

Non-inhibitor
(%)

Inhibitor
(%)

Non-inhibitor
(%)

Number (%) 12 (30) 28 (70) 20 (50) 20 (50) 40 (100) 40 (100)

Sex

- Male (%) 12 (100) 28 (100) 20 (100) 20 (100) 24 (60) 21 (52.5)

- Female (%) 0 (0) 0 (0) 0 (0) 0 (0) 16 (40) 19 (47.5)

Age (mean±SD) 23.54±10.51 14.26±12.33 18.68±10.67 15.21±14.08 33.60±25.05 62.5±17.70

Range 6-35 1-44 6-35 1-44 3-82 22-91

aPTT test (sec)
(Mean±SD)

86.1±19.9 82.5±21.9 84.5±16.7 82.7±25.3 33.9±12.6 26.1±2.5

% FVIII activity 
(first time visiting; Mean±SD)

4.38±11.24 4.03±7.21 3.17±8.71 5.11±8.33 194.57±80.66 Not test

% FVIII activity 
(post-treatment; Mean±SD)

31.09±41.70 8.01±17.94 17.19±35.10 10.96±20.61 Not test Not test

Inhibitor level (BU; Mean±SD) 16.12±21.57 0.41±0.02 9.84±13.21 0.41±0.02 Not test Not test

Therapy by FVIII concentrate 12 (100) 28 (100) 20 (100) 20 (100) Not treatment Not 
treatment
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Genotyping of the Inv22 and HLA-DRB1*15:01 allele
	 The detection of the Inv22 and HLA-DRB1*15:01 
allele in blood samples was performed using the 
primers described above. Genotyping for Inv22 and 
HLA-DRB1*15:01 was successfully performed in 
all participants. Genotypes were determined based 
on the specific PCR product sizes as described in 
the Materials and Methods section. The results of 
this study demonstrated that the PCR product sizes 
corresponded to the expected genotypes (Figure 1), 

with Inv22 identified in 9 out of 40 hemophilia A patients 
(22.5%).
	 For the detection of the HLA-DRB1*15:01 allele, 
this study utilized the HGH gene as an internal control. 
The presence of the HLA-DRB1*15:01 allele was 
indicated by the specific PCR product shown in Figure 
2. Based on the results, the HLA-DRB1*15:01 allele 
was detected in 19 of 40 hemophilia A patients (47.5%), 
17 of 40 non-hemophilia A individuals (42.5%), and 12 
of 40 healthy controls (30.0%).

Figure 1. The genotyping of Inv22 gene in hemophilia A patients using the IS-PCR method. MK: 100 bp DNA ladder, 
NTC: non-template control, PC: positive control containing the Inv22 gene, NC: DNA sample from a hemophilia A 
patient negative for the Inv22 gene, Lanes S1-S8: samples from hemophilia A patients 1 through 8.

Figure 2. The genotyping of HLA-DRB1*15:01 allele using the PCR-SSP method in a cohort of 120 individuals. MK: 
100 bp DNA ladder, NTC: non-template control, PC: positive control containing the HLA-DRB1*15:01 allele, NC: DNA 
sample from an individual negative for the HLA-DRB1*15:01 allele, Lanes S1-S8 : samples from individuals 1 through 8.
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Association analysis of Inv22 and HLA-DRB1*15:01 
allele influence on inhibitor development in 
hemophilia A
	 The genetic analysis of study groups in relation 
to first-inhibitor development in hemophilia A 
patients identified Inv22 in 7.5% (N=9) of participants, 
exclusively among those with hemophilia A (Table 2). 
It was present in 17% of inhibitor-positive and 25% of 
non-inhibitor patients, while absent in non-hemophilia 
A and normal individuals. The odds ratio for Inv22 
in inhibitor-positive hemophilia A patients was 0.60 
(95% CI: 0.11-3.43, p=0.697), indicating no significant 
association with inhibitor development.

	 For the HLA-DRB1*15:01 allele, 40% (N=48) of 
participants were positive (Table 2). It was found in 
25% of inhibitor-positive and 57% of non-inhibitor 
hemophilia A patients, compared to 43% of non-
hemophilia A and 30% of normal individuals. The odds 
ratio for HLA-DRB1*15:01 allele positivity in inhibitor-
positive hemophilia A patients was 0.25 (95% CI: 0.06-
1.13, p=0.089). No significant association was observed 
between this genetic marker and inhibitor formation 
(p>0.05). This result indicates that the presence of 
this genotype did not significantly influence the risk of 
inhibitor development in the studied population.

Table 2. Genetic analysis of the Inv22 and the HLA-DRB1*15:01 allele and their association with initial inhibitor 
development in hemophilia A patient’s post-treatment.

Allele Hemophilia A (N=40) Non-Hemophilia A
(N=40)

Normal
(N=40)

Total
(N=120)Inhibitor

(N=12)
Non-inhibitor

(N=28)

Inv22 inversion positive (%) 2 (17) 7 (25) 0 0 9 (7.5)

Inv22 inversion negative (%) 10 (83) 21 (75) 40 (100) 40 (100) 111 (92.5)

Odd ratio (95% CI) 0.60
(0.11-3.43)

19.29
(0.86-432.99)

19.29
(0.86-432.99)

p value 0.697 0.062 0.062

HLA-DRB1*15:01 positive (%) 3 (25) 16 (57) 17 (43) 12 (30) 48 (40)

HLA DRB1*15:01 negative (%) 9 (75) 12 (43) 23 (57) 28 (70) 72 (60)

Odd ratio (95% CI) 0.25
(0.06-1.13)

0.45
(0.11-1.92)

0.78
(0.18-3.39)

p value 0.089 0.330 1.000

	 Genetic analysis based on inhibitor development 
at any treatment stage showed that Inv22 occurred 
in 7.5% (N=9) of participants, exclusively among 
hemophilia A patients (Table 3). Within this group, 25% 
of inhibitor-positive and 20% of non-inhibitor patients 
carried the inversion, whereas all non-hemophilia A 
and normal individuals were negative. The odds ratio 
for Inv22 in inhibitor-positive hemophilia A patients 
was 1.33 (95% CI: 0.30-5.93, p=1.00), indicating no 
significant association with inhibitor development. 
However, a significant difference was observed 
between hemophilia A and non-hemophilia A groups 

(p=0.026), suggesting a strong link between Inv22 
and hemophilia A. For the HLA-DRB1*15:01 allele, 
40% (N=48) of participants tested positive. Among 
hemophilia A patients, 45% of inhibitor-positive and 
50% of non-inhibitor individuals carried this allele, 
compared to 43% of non-hemophilia A and 30% of 
normal individuals. The odds ratio for HLA-DRB1*15:01 
allele positivity in inhibitor-positive hemophilia A 
patients was 0.82 (95% CI: 0.24-2.84, p=1.00), showing 
no significant association with inhibitor development. 
Similarly, no statistically significant differences were 
found between non-hemophilia A and normal groups.
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	 Genetic analysis of Inv22 and HLA-DRB1*15:01 
allele in the study population showed an odds ratio 
(OR) of 3.34 (95% CI: 0.59-18.88) for the first inhibitor 
occurrence, though this association was not statistically 
significant (p=0.407) (Table 4). However, for inhibitors 
developed at any point during treatment, both intron 22 

inversion and HLA-DRB1*15:01 allele were significantly 
associated with an increased risk, with an OR of 7.90 
(95% CI: 1.88-33.06, p=0.007). These findings suggest 
that these genetic factors may influence inhibitor 
formation over the course of treatment rather than at 
the initial occurrence.

Table 3. Genetic analysis of the Inv22 and the HLA-DRB1*15:01 allele and their association with the development 
of inhibitors in hemophilia A patient at any point during treatment.

Allele Hemophilia A (N=40) Non-Hemophilia A
(N=40)

Normal
(N=40)

Total
(N=120)Inhibitor

(N=20)
Non-inhibitor

(N=20)

Inv22 inversion positive (%) 5 (25) 4 (20) 0 0 9 (7.5)

Inv22 inversion negative (%) 15 (75) 16 (80) 40 (100) 40 (100)

111 (92.5)Odd ratio (95% CI) 1.33
(0.30-5.93)

28.74
(1.50-551.18)

28.74
(1.50-551.18)

p value 1.000 0.026* 0.026*

HLA-DRB1*15:01 positive (%) 9 (45) 10 (50) 17 (43) 12 (30) 48 (40)

HLA DRB1*15:01 negative (%) 11 (55) 10 (50) 23 (57) 28 (70) 72 (60)

Odd ratio (95% CI) 0.82
(0.24-2.84)

1.11
(0.38-3.27)

1.91
(0.63-5.80)

p value 1.000 1.000 0.268
*Statistically significant

Table 4. Association of Inv22 and HLA-DRB1*15:01 allele with first-time and any-time inhibitor development in 
hemophilia A patients.

Inhibitor Allele OR (95%CI) p value

First inhibitor Inv22 +HLA-DRB1*15:01 allele 3.34 (0.59-18.88) 0.407

Inhibitor at any-time inhibitor development Inv22+HLA-DRB1*15:01 allele 7.90 (1.88-33.06) 0.007*
* Statistically significant

Discussion
	 Genetic factors play a significant role in inhibitor 
development among hemophilia A patients, particularly 
the type of mutation in the FVIII gene and variations in 
HLA class II alleles.4  Severe, null mutations such as 
Inv22, large deletions, and nonsense mutations can 
lead to a complete absence of FVIII protein, heightening 
the likelihood that administered FVIII will be recognized 
as foreign and elicit an immune response. Conversely, 
milder mutations (e.g., missense mutations) are less 
immunogenic, resulting in a lower incidence of inhibitor 
formation.4 In parallel, certain HLA class II alleles, 
including HLA-DRB1*15:01 allele, have been implicated 
in the antigen presentation process that underlies 
inhibitor development.5 These alleles may predispose 
individuals to a more robust T-cell–mediated immune 
response against FVIII, thus increasing inhibitor risk.13 
This study analyzed whether the Inv22 and HLA-
DRB1*15:01 allele influence inhibitor development 
in hemophilia A patients. As shown in Table 1, Factor 
VIII activity was higher in hemophilia A patients with 

inhibitors than in those without, regardless of whether 
inhibitors developed after initial treatment or at any 
point later. This reflects the treatment strategy of 
administering high-dose factor VIII concentrate to 
induce immune tolerance and suppress inhibitor 
formation.13 This study found the frequency of the Inv22 
to be 22.5% (9 of 40 hemophilia A patients), which is 
slightly lower than the 30-50% reported in previous 
studies.14 Many other studies in Thailand found that the 
allele HLA-DRB1*15:01 is approximately 8%, within the 
general range previously reported to be 8-20%.15,16 
	 This study found no statistically significant 
association between the Inv22 and HLA-DRB1*15:01 
allele with inhibitor development in hemophilia A, 
either for the first inhibitor occurrence (Table 2) or at 
any point during treatment (Table 3), when compared to 
non-inhibitor hemophilia A patients, non-hemophilia A 
group, and normal controls. The results are consistent 
with previous studies, which reported Inv22 in 45.5% 
of hemophilia A patients with inhibitors (5/11), though 
this was not statistically significant when compared to 
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patients without inhibitors (p=0.532).14 These findings 
are consistent with previous studies indicating that the 
Inv22 gene is not significantly associated with inhibitor 
development.9,17 HLA-DRB1*15:01, DQB1*06:02, and 
DQA1*01:02 were frequently observed in hemophilia 
A patients with inhibitors. Notably, one study found a 
significant association for HLA-DQA1*01:02 (OR=2.7, 
95% CI=1.2-4.9).18 Nathalang O. and coworker reported 
an increased likelihood of HLA-DRB1*15 in hemophilia 
patients with inhibitors compared to healthy controls 
(OR=2.74, 95% CI=1.16-6.47, p=0.021), but no 
statistical significance when comparing inhibitor-
positive and inhibitor-negative hemophilia patients 
(p=0.198).6 Consequently, our study focused on 
HLA-DRB1*15:01 and Inv22 as primary risk factors in 
Thais; other alleles showed no significant association, 
likely due to ethnic genetic diversity. However, when 
examining the combined effect of the Inv22 and the 
HLA-DRB1*15:01 allele on inhibitor development, 
their co-occurrence was found to influence inhibitor 
formation at any point during treatment (Table 4). These 
findings regarding the influence of the Inv22 and HLA-
DRB1*15:01 allele remain inconsistent, suggesting that 
while this allele may contribute to immunogenicity, it is 
not a sole determinant. Our results clarify that these 
inconsistencies likely stem from the complex synergy 
between genetic markers rather than isolated effects. 
By demonstrating that their co-presence significantly 
increases inhibitor risk throughout treatment 
(OR=7.90), this study highlights that a multi-genetic 
approach provides a more robust risk assessment 
than individual gene analysis alone. Taken together, 
these insights highlight the multifactorial nature of 
inhibitor formation, whereby both FVIII gene mutation 
severity and immune response genes intersect with 
additional clinical and environmental factors, such as 
treatment regimen and patient immune status. A better 
understanding of these genetic determinants will aid in 
identifying high-risk patients and guiding personalized 
therapeutic strategies, including prophylactic 
treatment and immune tolerance induction.9         

Limitations
	 This study is limited by a relatively small sample 
size and the use of univariate analysis, which may not 
account for all clinical confounders. Additionally, we 
focused on a limited number of genetic markers (Inv22 
and HLA-DRB1*15:01). Future studies with larger 
cohorts and broader genetic panels are necessary to 
validate these findings.

Conclusion
	 This study examined the association between 
intron 22 inversion (Inv22) and the HLA-DRB1*15:01 
allele with inhibitor development in hemophilia A 
patients. The findings suggest that while Inv22 and HLA-
DRB1*15:01 allele alone may not directly influence 
inhibitor formation, their combined presence may 
contribute to increased risk over time. Further studies 

with larger cohorts are warranted to validate these 
findings and better understand the genetic mechanisms 
underlying inhibitor development in hemophilia A.
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