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Abstract

HLA alleles are representative of ethnicities and may play important roles in predisposition to hematological disorders. We
analyzed DNA samples for HLA-A, -B, -C, -DRB1, and -DQB1 loci, from 1550 patients and 4450 potential related donors
by PCR-SSO (Polymerase chain reaction sequence-specific oligonucleotides) and estimated allele frequencies in donors
and patients from 1550 families who underwent bone marrow transplantation (BMT) in Egypt. We also studied the associa-
tion between HLA allele frequencies and incidence of acute myeloid leukemia, acute lymphoblastic leukemia, and severe
aplastic anemia. The most frequently observed HLA class I alleles were HLA- A*01:01 (16.9%), A*02:01 (16.1%), B*41:01
(8.7%), B*49:01 (7.3%), C*06:02 (25.1%), and C*07:01 (25.1%), and the most frequently observed class II alleles were
HLA-DRB1*#11:01 (11.8%), DRB1*03:01 (11.6%), DQB1*03:01 (27.5%), and DQB1*05:01 (18.9%). The most frequently
observed haplotypes were A*33:01~B*14:02~DRB1*01:02 (2.35%) and A*01:01~B*52:01~DRB1*15:01 (2.11%). HLA-
DRB1*#07:01 was associated with higher AML odds (OR, 1.26; 95% CI, 1.02-1.55; p=0.030). Only HLA-B38 antigen
showed a trend towards increased odds of ALL (OR, 1.52; 95% CI, 1.00-2.30; p=0.049) HLA-A*02:01, -B*14:02, and
-DRB1*#15:01 were associated with higher odds of SAA (A*02:01: OR, 1.35;95% CI, 1.07-1.70; p=0.010; B*14:02: OR,
1.43;95% CI, 1.06-1.93; p=0.020; DRB1*15:01: OR, 1.32;95% CI, 1.07-1.64; p=0.011). This study provides estimates
of HLA allele and haplotype frequencies and their association with hematological disorders in an Egyptian population.
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Introduction

Human leukocyte antigens (HLA) are encoded by the
major histocompatibility complex (MHC) on the short arm
of chromosome 6 (p21). The human MHC loci are classi-
fied into Class I (HLA-A, -B, and -C) and Class II (HLA-
DR, -DP, and -DQ) (Gfeller and Bassani-Sternberg 2018).
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Donor-recipient histocompatibility is critical for the success
of allogeneic stem cell transplantation (allo-SCT) (Simpson
and Dazzi 2019).

Allo-SCT is the standard of care for many hematological
disorders. HLA allele matching plays a key role in the etiol-
ogy of allogeneic immune responses following allo-SCT,
such as graft-versus-host disease (GVHD) (Park and Seo
2012), and significantly impacts the transplant outcome
(Petersdorf 2017). The most used source of hematopoietic
stem cells is bone marrow (BM). However, peripheral blood
stem cell harvesting is the common practice in our BMT unit
due to the relatively easier and safer procedure compared to
BM harvesting (Mahmoud et al. 2008).

Since there is no donor registry in Egypt, therefore, allo-
SCT transplants are only performed from related donors
-chiefly siblings and parents. Unfortunately, about 50%
of our patients do not find a fully matched HLA donor.
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Haploidentical stem cell transplants (Haplo-SCT) were
recently introduced into practice (Chang et al. 2021). How-
ever; matched unrelated donor (MUD) transplants have
better outcomes and are usually the preferred alternative to
Haplo-SCT (Gooptu et al. 2021).

HLA polymorphic regions have functional significance
for disease susceptibility due to their association with pep-
tide-binding grooves. Certain HLA antigens and alleles are
linked to the pathophysiology and outcomes of hematologi-
cal disorders (Kazemi et al. 2021) and could be critical fac-
tors for disease predisposition. Abnormal HLA expression
is associated with the occurrence of several hematological
disorders such as lymphomas, acute and chronic leukemias,
severe aplastic anemia (SAA), hemoglobinopathies (e.g.,
B-thalassemia, sickle cell disease), and congenital immu-
nodeficiencies (Villemagne et al. 2005; Huang et al. 2012;
Gragert et al. 2014; Zaimoku et al. 2017).

The frequencies of HLA alleles and haplotypes are
unique to each ethnic group and their diversity reflects
the extent of variation between different populations. The
information about the frequencies and distributions of HLA
alleles and haplotypes among Egyptians is currently limited
(Elshakankiry et al. 2017). In this study, we retrospectively
collected HLA typing data performed on HLA- loci A,
B, C, DRBI1, and DQBI1 for patients and donors at the
Histocompatibility Laboratory of Nasser Institute for
Health and Research (NIH) and estimated HLA allele
and haplotype frequencies in Egyptians in an attempt to
establish a National stem cell donor registry, which will
help transplant candidates to find a compatible stem cell
donor. Furthermore, we studied the association between
HLA alleles and incidence of the most frequently allografted
hematological disorders in our BMT Unit; mainly acute
myeloid leukemia (AML), acute lymphoblastic leukemia
(ALL), and severe aplastic anemia (SAA) to unravel risky
HLA alleles for each hematological disorder.

Patients and methods

Patients and donors’ selection

Between 2016 and 2022, we received peripheral blood sam-
ples from 1550 allo-SCT candidates with various hemato-
logical disorders -including hematological malignancies,
bone marrow failure syndromes, primary immunodeficien-
cies, and hemoglobinopathies (Table 1). We also typed
blood samples from 4450 potential donors.

DNA extraction and HLA typing method

DNA was extracted using the QiAamp Blood Mini Kit®
(Qiagen, Hilden, Germany) according to the manufacturer's
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Table 1 Baseline demographics and characteristics of patients and
donors

Characteristic n/N (%)
Donors — no. (%) 4450/ 6000 (74)
Age —yr
Median (IQR) 30 (21, 40)
Range 0.06-74
Patients — no. (%) 1550 / 6000 (26)

Hematological condition — no. (%)

AML, MS 466 / 1550 (30)
SAA 438 /1550 (28)
ALL 265 /1550 (17)
BTM 95/1550 (6.1)
CML 87 /1550 (5.6)
MDS, CMML 56 /1550 (3.6)
Others?® 143 /1550 (9.2)

Patients (AML, ALL, SAA) born to
consanguineous parents — no. (%)

HLA-A, -B, and -DRB1 homozygous®— no. (%)

Patients who had at least one donor — no. (%)

367 /1550 (23.4)

4712117 2.2)
832/ 1550 (53.7)
861/ 1550 (55.5)
62/1139 (5.4)

Total number of matched donors“— no. (%)
One locus (5/6) mismatch%— no. (%)

Donor-recipient relation — no. (%)

Sibling 3874 /4450 (87)
Mother 170/ 4450 (3.8)
Father 152 /4450 (3.4)
Cousin 63 /4450 (1.4)
Daughter 38/4450 (0.9)
Son 3774450 (0.8)
Uncle (Paternal) 22 /4450 (0.5)
Uncle (Maternal) 21/4450 (0.5)
Half-Brother 13 /4450 (0.3)
Half-Sister 11/4450 (0.2)
Husband 10/4450 (0.2)
Other 3974450 (0.8)

ALL Acute Lymphoblastic Leukemia, AML Acute Myeloid Leuke-
mia, BTM Beta-Thalassemia Major, CML Chronic Myeloid Leuke-
mia, CMML Chronic Myelomonocytic Leukemia, /QR Interquartile
range, MDS Myelodysplastic syndrome, MS Myeloid Sarcoma, SAA
Severe Aplastic Anemia

*Heterogeneous group of rare benign and malignant hematological
conditions, and inborn errors of metabolism

"HLA-A, -B, and -DRBI typing was completed for 1171 donors and
946 patients

“In 29 families, there were two matched donors per family

YHLA-A, -B, and -DRB1 mismatch analysis was completed for 1139
donors and patients only

protocol. HLA-A, -B, -C, -DRB1, and -DQB1 were typed
using the polymerase chain reaction sequence-specific oli-
gonucleotide probes (PCR-SSO). The detection method
is based on PCR amplification principles (exons 1-4 of
HLA-A locus, exons 2—4 of HLA -B locus, exon 2-3 of
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HLA-C locus, exon 2 of HLA-DRBI1 locus, and exon 2-3
of HLA-DQBI1 locus). Amplified DNA was then hybrid-
ized with specific oligonucleotide probes immobilized as
parallel lines on membrane-based strips. HLA allele poly-
morphisms were genotyped using INNO-LIPA (FUJIREBIO
Europe N.V. Gent, Belgium). The INNO-LIPA kit detects
the HLA allele groups listed in IMGT/HLA version reports
3.52. The results were analyzed by using the LiPA interpre-
tation software LIRAS.

Statistical analysis and modeling

For each locus, only fully typed subjects were included in
the analysis. Antigen and allele frequencies were estimated
by direct counting and were estimated for each locus and the
studied subgroups (i.e. HLA-A, -B, -C, -DRB1, and -DQB1
in patients with ALL, AML, SAA, and donors indepen-
dently). Standard errors were calculated as the square root of
AF(1-AF)/n“, where AF is the allele frequency, and n“ is the
number of alleles given the locus and the subgrou: Antigen
and allele frequencies were calculated using R software (R
Core Team 2022) version 4.2.0.

Haplotype frequencies were estimated in subjects with
full 4-digit typing of HLA-A, -B, and -DRB1. Haplotype
phasing and haplotype frequency were estimated using the
expectation—maximization algorithm implemented in Python
for Population Genomics (PyPOP) software (Lancaster
et al. 2007) version 1.0.0b7, -which was installed using the
package installer for Python package management system
(pip) version 23.2.1 and executed in Python (Van Rossum
and Drake 2009) version 3.11.5-. Haplotype frequencies
standard errors were calculated as the square root of HF(1-
HF)/2N, where HF is the haplotype frequency, and N is the
number of subjects with complete haplotype data. Haplotype
frequencies were estimated in donors and patients and the
frequencies were compared using Fisher’s exact test.

A univariate multinomial regression analysis was per-
formed to determine the association between HLA anti-
gens, alleles, and the odds of ALL, AML, and SAA, taking
donors as the reference control grou: All additive, domi-
nant, and recessive genetic models were considered, and
all the odds ratios were age- and sex-adjusted. The regres-
sion analysis was performed using the ‘nnet’ package
(Venables and Ripley 2002) version 7.3—17 in R software.
The alleles included in the regression analysis satisfied the
following conditions: (1) A frequency of at least 0.03 in all
the patient groups and donors, (2) A count of at least 5 in
all of the selected patient subgroups and 5 in donors, (3)
For the dominant and recessive models, for each antigen
group/allele, there must be at least 5 heterozygous patients
and 5 heterozygous donors for the dominant model, 5
homozygous patients and 5 homozygous donors for the
recessive model (the latter condition was not applied for

the additive model, as the genotypes are coded and ana-
lyzed as numerical variables). P-values were adjusted for
false-detection rate (FDR) using Benjamini-Hochberg’s
procedure. Missing data were omitted from the analysis.

Tests for deviations from the Hardy-Weinberg equilib-
rium (HWE) were performed using Guo and Thomson’s
Chi-squared test (Guo and Thompson 1992), and testing
for selective neutrality was performed using Slatkin’s test
(Slatkin 1994). Both tests were performed for each locus
in donors using PyPO: Two-locus pairwise linkage dis-
equilibrium (LD) analysis was performed using the same
package. Haplotypes were compared between donors and
recipients in each disease using Fisher’s exact test, and
p-values were also adjusted for FDR.

Allele frequencies of Egyptian donors were compared
to other populations using the package ‘midasHLA’
(Hammer and Migdat, 2022) version 1.4.0 in R, which
fetches allele frequency data from the Allele frequency
net database (AFND, www.allelefrequencies.net). We
included only alleles of frequencies > 0.03 and popula-
tions with missing frequency data of no more than 5%.
We used agglomerative clustering to examine the ances-
tral relation of the included populations, with correlation
as a measure of genetic distance, and Ward’s method for
clustering. Allele frequencies were transformed using the
arcsine square root transformation before clustering. Heat-
maps were plotted using the package ‘pheatmap’ (Kolde
2019) version 1.0.12.

Results
Demographics, antigen, and allele frequencies

Patients represented 26% of the whole cohort (1550/6000).
The median age of donors was 30 years, and the median
age of patients was 27 years. The most frequent hemato-
logical conditions eligible for allogeneic stem cell trans-
plantation (allo-SCT) were AML (30%), SAA (28%), and
ALL (17%). Fifty-three percent of patients had at least
one fully matched donor per family, and 1.9% had more
than one fully matched donor per family. Siblings rep-
resented 87% of potential donors while only 7.2% were
parents (Table 1).

Patients born to consanguineous parents represented
23.4% of study population. The highest rates of consan-
guinity were observed among families of patients with
Fanconi anemia (83%) and Beta-Thalassemia (67%). MDS
patients were the most likely to find a fully matched donor
(66.1% match probability), while patients with inher-
ited immunodeficiency syndromes were the least likely
(15.4%) (Table 2).
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Overall

Others

NHL/CLL MDS/CMML MF SAA

ID

FA HL

CML

AML

ALL

Table 2 Age, gender, consanguinity, and probability of finding a matched donor for each hematological disorder
BTM
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1550 (100)

438 (283) 40 (2.6)

18 (1.2)

24(1.5)  14(09) 13(0.8) 34(22)  56(3.6)

87 (5.6)

265 (17.1) 466 (30.1) 95 (6.1)

N (%)

Age at presentation — yr

40 (34,44) 27(21,37) 9(4,24) 27(20,37)

13-55

26 (21,33) 30 (23,40) 5(3.2,8.5) 34(28,44) 8(4,12.5) 24(20,28) 1(0.83,2) 28 (20,39) 35 (27,45)

3-64

Median (IQR)

Range
Male sex — no. (%)

0.3-41 0.2-64

0.7-59

0.8-56

13-55

2-8

10-60 2-20 3-37 0.
47 (54)

0.3-34

2-62

967 (62.4)

270 (61.6) 20 (50)

108 (25)

13 (72.2)
5(28)

34 (60.7)
10 (18)

25 (73.5)
6 (18)

9 (64.3) 9(69.2)
7 (54)

321

15 (62.5)
20 (83)

177 (66.8) 290 (62.2) 58 (61.1)

367 (23.4)

22 (55)

64 (67) 13 (15)

68 (15)

Positive consanguinity*— 41 (15)

no. (%)
At least one matched

19 (47.5) 832(53.7)

246 (56.2)

11 (61.1)

11 (45.8) 8(57.1) 2(15.4) 19(55.9) 37 (66.1)

42 (48.3)

135 (50.9) 265 (56.9) 37 (38.9)

donor®™— no. (%)

ALL Acute Lymphoblastic Leukemia, AML Acute Myeloid Leukemia, BTM Beta-Thalassemia Major, CLL Chronic Lymphocytic Leukemia, CML Chronic Myelogenous Leukemia, CMML

Chronic Myelomonocytic Leukemia, FA Fanconi Anemia, HL Hodgkin’s Lymphoma, /D Immunodeficiency, MDS Myelodysplastic Syndrome, MF Myelofibrosis, NHL Non-Hodgkin’s Lym-

phoma SAA Severe Aplastic anemia

#Percentage of patients born to consanguineous parents

One or more matched donors per family

HLA antigen and allele frequencies in donors

For class I loci, we observed 24 unique HLA-A anti-
gens, 37 -B antigens, and 14 -C antigens. The most fre-
quent HLA-A antigens were A2 (23.2%), Al (18.2%),
and A30 (9.28%). For HLA-B, the most frequent were B41
(10.7%), B35 (9.47%), and B14 (7.87%). For HLA-C the
most frequent antigens were Cw7 (35.7%), Cw6 (20.7%),
and Cw4 (16.6%). For HLA class II loci, we observed 13
unique DR antigens and 5 unique DQ antigens; the most fre-
quent were DR13 (16.9%), DR4 (16.9%), and DR3 (14.2%).
For HLA-DQ, the most frequent antigens were DQ3
(36.2%), DQ6 (25.8%), and DQ5 (20.6%) (ST1).

For HLA class I alleles, we observed 52 unique -A alleles,
76 -B alleles, and 24 -C alleles; the most frequent A alleles
were A*01:01 (16.9%), A*02:01 (16.1%), and A*03:01
(7.31%); the most frequent B alleles were B*41:01 (8.71%),
B*49:01 (7.31%), and B*14:02 (6.81%), and the most
frequent HLA-C alleles were C*06:02 (25.1%), C*07:01
(25.1%), and C*04:01 (17.1%). For HLA class II alleles,
we observed 37 DRBI1 alleles and 14 DQBI1 alleles; the
most frequent DRB1 alleles were DRB1*11:01 (11.8%),
DRB1*03:01 (11.6%), and DRB1*13:01 (11.4%), and the
most frequent DQBI1 alleles were DQB1*03:01 (27.5%),
DQB1*05:01 (18.9%), and DQB1*06:01 (13.8%) (Table 3).
Agglomerative hierarchical clustering suggested a distant
ancestry between Egyptian donors and the common ancestor
of Tunisians and Saudis (Fig. 1).

Hardy-Weinberg equilibrium and selective
neutrality testing in donors

Except for HLA-DQ, there was a significant deviation from
expected genotype frequencies under HWE in all loci. Addi-
tionally, excessive homozygosity was observed in all loci.
Slatkin's test showed that there was a significant departure
from the infinite allele model in the HLA-B and HLA-DRBI1
loci, with negative Fnd values suggesting balancing selec-
tion. Furthermore, the expected homozygosity under HWE
was significantly lower than expected under the infinite
allele model (Table 4).

HLA antigen and allele frequencies in patients

The most common HLA class I antigens in ALL patients
were A2 (22.2%), B41 (10.7%), and Cw7 (37.7%). The
most common alleles were A*02:01 (17.5%), B*41:01
(8.3%), C*04:01 (19.2%) and C*07:01 (19.2%). The most
common HLA class II antigens were DR13 (20.2%), DQ3
(25%), and DQ6 (25%), while the most common alleles
were DRB1%#13:01 (13.6%) and DQB1*04:02 (18.9%) (ST2
and Table 5).
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Fig. 1 Heatmap showing clustered and transformed allele frequencies in Egyptian donors and selected populations

In AML patients, the most common HLA class I anti-
gens were A2 (22.8%), B41 (11.3%), and Cw7 (32.4%).
The most common alleles were A*01:01 (19.5%), B*41:01
9.6%), C*04:01 (23%), and C*06:02 (23%). The most
common HLA class II antigens were DR13 (18.2%), DQ2
(30%), DQ3 (30%), and DQ4 (30%), while the most common
alleles were DRB1*07:01 (12.9%), DQB1*02:01 (30%) and
DQB1*04:01 (30%) (ST2 and Table 5).

In SAA patients, the most common HLA class I antigens
were A2 (29.6%), B41 (11.3%), and Cw7 (40%). The most
common alleles were A*02:01 (19.8%), B*41:01 (9.76%),
B*14:02 (9.76%), and C*04:01 (18.5%). The most com-
mon HLA class II antigens were DR4 (17.9%) and DQ3
(30%), while the most common alleles were DRB1*03:01
(13.2%), DRB1 *15:01 (13.1%), and DQB1*03:01 (25%)
(ST2 and Table 5).

Table 4 Hardy-Weinberg and

neutrality testing for each locus Locus Poped  Mgametes K Sons Fawe fiam Fod” Per Ptatin

in donors HLA-A 1433 2866 52 0.10677 0.08000 0.09950 -0.5950 0.00092  0.29730
HLA-B 1449 2898 76 0.08834 0.03990 0.06520 -1.35810 <0.00001 0.01310
HLA-C 213 426 24 046479 0.17140 0.15470  0.30230 <0.00001 0.72140
HLA-DRB1 3686 7372 37 0.10608 0.07990 0.16420 -1.33530 <0.00001 0.00640
HLA-DQB1 29 58 14 0.24138 0.14860 0.15890 -0.22170 0.10433  0.52050

fiam €xpected homozygosity under mutation-drift equilibrium (infinite allele model), fywg expected

homozygosity under Hardy-Weinberg equilibrium, F,; normalized deviate of the homozygosity, f,

obs

observed homozygosity, k number of unique alleles, ny,.q number of patients/donors who have full geno-

type data for a given locus, n

gametes

total number of alleles (2Xny,.q), Pgr Guo and Thomson’s Hardy-

Weinberg Chi-squared test p-value, Pg;, 4, Slatkin’s neutrality test p-value

*Negative F,4 values imply balancing selection, while positive values imply directional selection
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Table 5 HLA class I and II allele frequency in ALL, AML, and SAA patients

ALL AML SAA

Locus Allele n AF +SE Allele n AF +SE Allele n AF +SE

HLA-A A*02:01 60  0.17544+0.02057 A*01:01 117  0.19500+0.01617 A*02:01 117 0.19831+0.01642
A*01:01 55 0.16082+0.01986 A*02:01 102 0.17000+0.01534 A*01:01 78  0.13220+0.01394
A*03:01 24 0.07018+0.01381 A*03:01 39  0.06500+0.01006 A*03:01 37 0.06271+0.00998
A*33:01 20  0.05848+0.01269 A*30:01 38 0.06333+0.00994 A*33:01 37 0.06271+0.00998
A*68:02 18  0.05263+0.01207 A*24:02 37  0.06167+0.00982 A*68:02 35 0.05932 +0.00973
A*30:04 17 0.04971x+0.01175 A*32:01 26 0.04333+0.00831 A*02:05 35 0.05932 +0.00973
A*24:02 16  0.04678+0.01142 A*33:01 26 0.04333+0.00831 A*23:01 25 0.04237 +0.00829
A*32:01 15 0.04386+0.01107 A*30:04 23 0.03833+0.00784 A*29:01 23 0.03898 +0.00797
A*30:01 14 0.04094+0.01071 A*68:02 22 0.03667+0.00767 A*30:01 20 0.03390+0.00745
A*11:01 13 0.03801+0.01034 A*02:02 19  0.03167+0.00715 A*02:02 20 0.03390+0.00745
A*02:05 12 0.03509+0.00995 A*69:01 19  0.03167+0.00715 A*11:01 20 0.03390+0.00745
A*26:01 12 0.03509+0.00995 A*11:01 18 0.03000+0.00696 A*24:02 18 0.03051+0.00708
A*31:01 8 0.02339+0.00817 A*29:01 18  0.03000+0.00696 A*69:01 14 0.02373 +£0.00627
A*23:01 7 0.02047 £0.00766 A*02:05 17 0.02833+0.00677 A*26:01 14 0.02373 +£0.00627
A*30:02 7 0.02047 £0.00766 A*23:01 15 0.02500+0.00637 A*32:01 13 0.02203 +0.00604
A*24:03 7 0.02047 £0.00766 A*26:01 11 0.01833+0.00548 A*30:04 11 0.01864 +0.00557
A*02:02 6 0.01754+0.00710 A*30:02 11 0.01833+0.00548 A*68:01 10 0.01695+0.00531
A*29:01 6 0.01754+0.00710 A*03:02 7 0.01167+0.00438 A*30:02 9 0.01525 +0.00505
A*69:01 5 0.01462 +£0.00649 A*24:03 5 0.00833 +£0.00371 A*24:03 9 0.01525 +0.00505
A*03:02 5 0.01462 +£0.00649 A*31:01 5 0.00833+0.00371 A*03:02 8 0.01356 +0.00476
A*68:01 3 0.00877+£0.00504 A*34:02 4 0.00667 +£0.00332 A*31:01 8 0.01356 +0.00476
A*74:01 3 0.00877£0.00504 A*66:01 3 0.00500+0.00288 A*01:03 5 0.00847 +0.00377
A*23:04 2 0.00585+0.00412 A*01:02 2 0.00333+0.00235 A*34:02 3 0.00508 +0.00293
A*66:01 1 0.00292 +£0.00292 A*02:06 2 0.00333+£0.00235 A*66:01 3 0.00508 +0.00293
A*01:02 1 0.00292 +£0.00292 A*36:01 2 0.00333+£0.00235 A*80:01 3 0.00508 +0.00293
A*24:01 1 0.00292 +£0.00292 A*68:01 2 0.00333+0.00235 A*02:17 3 0.00508 +0.00293
A*02:17 1 0.00292 +£0.00292 A*80:01 2 0.00333+£0.00235 A*74:01 3 0.00508 +0.00293
A*24:07 1 0.00292 +£0.00292 A*01:03 1 0.00167+0.00167 A*36:01 2 0.00339 +0.00239
A*25:01 1 0.00292 +£0.00292 A*02:04 1 0.00167+0.00167 A*25:01 2 0.00339 +0.00239
A*29:02 1 0.00292 +£0.00292 A*02:07 1 0.00167+0.00167 A*74:03 2 0.00339 +0.00239
A*34:02 0 0.00000+0.00000 A*02:08 1 0.00167+0.00167 A*02:08 1 0.00169 +0.00169
A*02:06 0 0.00000+0.00000 A*23:04 1 0.00167+0.00167 A*28:01 1 0.00169 +0.00169
A*36:01 0 0.00000+0.00000 A*24:01 1 0.00167+0.00167 A*34:01 1 0.00169 +0.00169
A*80:01 0 0.00000+0.00000 A*24:06 1 0.00167+0.00167 A*01:02 0 0.00000 +0.00000
A*01:03 0 0.00000+0.00000 A*25:02 1 0.00167+0.00167 A*02:06 0 0.00000 +0.00000
A*02:04 0 0.00000+0.00000 A*02:17 0 0.00000+0.00000 A*02:04 0 0.00000 +0.00000
A*02:07 0 0.00000+0.00000 A*24:07 0 0.00000+0.00000 A*02:07 0 0.00000 +0.00000

HLA-A A*02:08 0 0.00000+0.00000 A*25:01 0 0.00000+0.00000 A*23:04 0 0.00000 +0.00000
A*24:06 0 0.00000+0.00000 A*28:01 0 0.00000+0.00000 A*24:01 0 0.00000 +0.00000
A*25:02 0 0.00000+0.00000 A*29:02 0 0.00000+0.00000 A*24:06 0 0.00000 +0.00000
A*28:01 0 0.00000+0.00000 A*34:01 0 0.00000+0.00000 A*25:02 0 0.00000 +0.00000
A*34:01 0 0.00000+0.00000 A*74:01 0 0.00000+0.00000 A*24:07 0 0.00000 +0.00000
A*74:03 0 0.00000+0.00000 A*74:03 0 0.00000+0.00000 A*29:02 0 0.00000 +0.00000
n* 342 600 590

HLA-B B*41:01 29  0.08286+0.01473 B*41:01 58  0.09571+0.01195 B*41:01 58 0.09764 +0.01218
B*14:02 24 0.06857+0.01351 B*49:01 39 0.06436+0.00997 B*14:02 58 0.09764 +0.01218
B*52:01 24 0.06857+0.01351 B*14:02 36 0.05941+0.00960 B*49:01 44 0.07407 £0.01075
B*38:01 24 0.06857+0.01351 B*52:01 36 0.05941+0.00960 B*52:01 35 0.05892 +0.00966
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Table 5 (continued)

ALL AML SAA
Locus Allele n AF +SE Allele n AF +SE Allele n AF +SE
B*49:01 22 0.06286+0.01297 B*35:01 30  0.04950+0.00881 B*50:01 26 0.04377 +0.00839
B*50:01 20  0.05714+0.01241 B*50:01 29  0.04785+0.00867 B*51:01 25 0.04209 +0.00824
B*15:17 16  0.04571+0.01116 B*38:01 27 0.04455+0.00838 B*35:01 22 0.03704+0.00775
B*35:01 15 0.04286 +0.01083 B*51:01 27 0.04455+0.00838 B*38:01 21 0.03535+0.00758
B*18:01 15 0.04286 +0.01083 B*18:01 24 0.03960+0.00792 B*44:03 18 0.03030+0.00703
B*44:02 13 0.03714+0.01011 B*44:02 24 0.03960+0.00792 B*18:01 17 0.02862 +0.00684
B*42:01 11 0.03143+£0.00933 B*15:17 22 0.03630+0.00760 B*35:02 16 0.02694 +0.00664
B*51:01 10 0.02857+0.00891 B*44:03 20 0.03300+0.00726 B*58:01 16 0.02694 +0.00664
B*53:01 10 0.02857+0.00891 B*53:01 19  0.03135+0.00708 B*15:17 14 0.02357 +0.00622
B*45:01 10 0.02857+0.00891 B*13:02 18 0.02970+0.00690 B*45:01 14 0.02357 +0.00622
B*58:01 8 0.02286 +£0.00799 B*08:01 17 0.02805+0.00671 B*15:03 14 0.02357 +0.00622
B*08:01 7 0.02000+0.00748 B*45:01 14 0.02310+0.00610 B*44:02 13 0.02189 +0.00600
B*39:01 7 0.02000+0.00748 B*35:02 11 0.01815+0.00542 B*42:01 13 0.02189 +0.00600
B*13:02 6 0.01714+£0.00694 B*41:02 11 0.01815+0.00542 B*07:02 13 0.02189 +0.00600
B*35:08 6 0.01714£0.00694 B*42:01 11 0.01815+0.00542 B*08:01 12 0.02020+0.00577
B*44:03 5 0.01429 +£0.00634 B*58:01 11 0.01815+0.00542 B*35:08 11 0.01852 +0.00553
B*41:02 5 0.01429+0.00634 B*07:05 8 0.01320+0.00464 B*13:02 10 0.01684 +0.00528
B*57:01 5 0.01429+0.00634 B*27:07 8 0.01320+0.00464 B*53:01 9 0.01515+0.00501
B*07:02 4 0.01143 +£0.00568 B*35:08 8 0.01320+0.00464 B*55:01 9 0.01515+0.00501
B*14:01 4 0.01143 +£0.00568 B*07:02 7 0.01155+0.00434 B*57:01 9 0.01515+0.00501
B*37:01 4 0.01143 +£0.00568 B*14:01 7 0.01155+0.00434 B*07:05 7 0.01178 +0.00443
B*55:01 4 0.01143 +£0.00568 B*15:03 7 0.01155+0.00434 B*40:01 7 0.01178 +£0.00443
B#27:03 4 0.01143 +£0.00568 B*51:08 7 0.01155+0.00434 B*41:02 6 0.01010+0.00410
B*35:02 3 0.00857+0.00493 B*15:01 5 0.00825+0.00367 B*37:01 6 0.01010+0.00410
HLA-B B*15:03 3 0.00857+0.00493 B*37:01 5 0.00825+0.00367 B*39:01 6 0.01010+0.00410
B*51:08 3 0.00857+0.00493 B*55:01 5 0.00825+0.00367 B*35:03 6 0.01010+0.00410
B*42:02 3 0.00857+0.00493 B*57:01 5 0.00825+0.00367 B*27:03 5 0.00842 +0.00375
B#27:07 2 0.00571+0.00403 B*13:01 4 0.00660+0.00329 B*51:05 5 0.00842 +0.00375
B*15:01 2 0.00571+0.00403 B*15:16 4 0.00660+0.00329 B*14:01 4 0.00673 +0.00336
B*13:01 2 0.00571+£0.00403 B*39:01 4 0.00660+0.00329 B*51:08 4 0.00673 +0.00336
B*40:01 2 0.00571+0.00403 B*39:03 4 0.00660+0.00329 B*13:01 4 0.00673 +0.00336
B*40:02 2 0.00571+0.00403 B*27:02 3 0.00495+0.00285 B*39:03 3 0.00505 +0.00291
B*44:05 2 0.00571+0.00403 B*27:03 3 0.00495+0.00285 B*57:03 3 0.00505 +0.00291
B#27:05 2 0.00571+0.00403 B*35:03 3 0.00495+0.00285 B*73:01 3 0.00505 +0.00291
B*07:05 1 0.00286 +0.00285 B*40:01 3 0.00495+0.00285 B*40:02 3 0.00505 +0.00291
B*15:16 1 0.00286 +0.00285 B*57:03 3 0.00495+0.00285 B*47:01 3 0.00505 +0.00291
B*27:02 1 0.00286 +0.00285 B*73:01 3 0.00495+0.00285 B*41:05 3 0.00505 +0.00291
B*57:03 1 0.00286 +0.00285 B*27:01 2 0.00330+0.00233 B*27:07 2 0.00337 +0.00238
B*73:01 1 0.00286 +0.00285 B*51:05 2 0.00330+0.00233 B*15:16 2 0.00337 +0.00238
B*57:02 1 0.00286+0.00285 B*57:02 2 0.00330+0.00233 B*27:02 2 0.00337 +0.00238
B*47:01 1 0.00286 +0.00285 B*07:01 1 0.00165+0.00165 B*40:06 2 0.00337 +0.00238
B*15:02 1 0.00286 +0.00285 B*14:06 1 0.00165+0.00165 B*47:03 2 0.00337 +0.00238
B*15:08 1 0.00286+0.00285 B*40:02 1 0.00165+0.00165 B*51:07 2 0.00337 +0.00238
B*37:04 1 0.00286 +£0.00285 B*40:06 1 0.00165+0.00165 B*27:08 1 0.00168 +0.00168
B*41:05 1 0.00286 +£0.00285 B*42:02 1 0.00165+0.00165 B*39:06 1 0.00168 +0.00168
B*44:01 1 0.00286 +£0.00285 B*44:05 1 0.00165+0.00165 B*73:02 1 0.00168 +0.00168
B*39:03 0 0.00000+£0.00000 B*47:01 1 0.00165+0.00165 B*78:02 1 0.00168 +0.00168
B*35:03 0 0.00000+£0.00000 B*48:01 1 0.00165+0.00165 B*81:01 1 0.00168 +0.00168
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Table 5 (continued)

ALL AML SAA

Locus Allele n AF +SE Allele n AF +SE Allele n AF +SE
B*27:01 0 0.00000+0.00000 B*51:04 1 0.00165+0.00165 B*82:02 1 0.00168 +0.00168
B*51:05 0 0.00000+0.00000 B*62:01 1 0.00165+0.00165 B*83:01 1 0.00168 +0.00168
B*07:01 0 0.00000+0.00000 B*15:02 0 0.00000+0.00000 B*15:01 0 0.00000 +0.00000
B*14:06 0 0.00000+0.00000 B*15:08 0 0.00000+0.00000 B*27:01 0 0.00000 +0.00000
B*40:06 0 0.00000+0.00000 B*27:05 0 0.00000+0.00000 B*57:02 0 0.00000 +0.00000
B*48:01 0 0.00000+0.00000 B*27:08 0 0.00000+0.00000 B*07:01 0 0.00000 +0.00000
B*51:04 0 0.00000+0.00000 B*37:04 0 0.00000+0.00000 B*14:06 0 0.00000 +0.00000
B*62:01 0 0.00000+0.00000 B*39:06 0 0.00000+0.00000 B*42:02 0 0.00000 +0.00000
B#27:08 0 0.00000+0.00000 B*41:05 0 0.00000+0.00000 B*44:05 0 0.00000 +0.00000
B*39:06 0 0.00000+0.00000 B*44:01 0 0.00000+0.00000 B*48:01 0 0.00000 +0.00000
B*47:03 0 0.00000+0.00000 B*47:03 0 0.00000+0.00000 B*51:04 0 0.00000 +0.00000
B*51:07 0 0.00000+0.00000 B*51:07 0 0.00000+0.00000 B*62:01 0 0.00000 +0.00000

HLA-B B*73:02 0 0.00000+0.00000 B*73:02 0 0.00000+0.00000 B*15:02 0 0.00000 +0.00000
B*78:02 0 0.00000+0.00000 B*78:02 0 0.00000+0.00000 B*15:08 0 0.00000 +0.00000
B*81:01 0 0.00000+0.00000 B*81:01 0 0.00000+0.00000 B*27:05 0 0.00000 +0.00000
B*82:02 0 0.00000+0.00000 B*82:02 0 0.00000+0.00000 B*37:04 0 0.00000 +0.00000
B*83:01 0 0.00000+0.00000 B*83:01 0 0.00000+0.00000 B*44:01 0 0.00000 = 0.00000
n? 350 606 594

HLA-C C*04:01 5 0.19231+£0.07729 C*04:01 12 0.23077+0.05843 C*04:01 10 0.18519+0.05286
C*07:01 5 0.19231+£0.07729 C*06:02 12 0.23077+0.05843 C*07:01 9 0.16667 +0.05072
C*06:02 4 0.15385+0.07076 C*07:01 10 0.19231+0.05465 C*08:02 9 0.16667 +0.05072
C*02:02 4 0.15385+0.07076 C*02:02 4 0.07692+0.03695 C*06:02 8 0.14815 +0.04834
C*12:02 2 0.07692 £0.05226 C*05:01 4 0.07692+0.03695 C*02:02 5 0.09259 +0.03945
C*03:04 2 0.07692 +£0.05226 C*08:02 3 0.05769+0.03233 C*01:02 2 0.03704 +0.02570
C*05:01 1 0.03846+0.03771 C*01:02 2 0.03846+0.02667 C*17:01 2 0.03704 +0.02570
C*03:01 1 0.03846+0.03771 C*07:02 2 0.03846+0.02667 C*12:03 2 0.03704 +0.02570
C*12:03 1 0.03846+0.03771 C*12:02 1 0.01923+0.01904 C*17:03 2 0.03704 +0.02570
C*17:03 1 0.03846+0.03771 C*16:01 1 0.01923+0.01904 C*16:01 1 0.01852+0.01835
C*08:02 0 0.00000+0.00000 C*17:01 1 0.01923+0.01904 C*03:04 1 0.01852+0.01835
C*01:02 0 0.00000+0.00000 C*03:01 0 0.00000+0.00000 C*11:01 1 0.01852+0.01835
C*07:02 0 0.00000+0.00000 C*03:04 0 0.00000+0.00000 C*14:02 1 0.01852+0.01835
C*16:01 0 0.00000+0.00000 C*11:01 0 0.00000+0.00000 C*16:02 1 0.01852+0.01835
C*17:01 0 0.00000+0.00000 C*12:03 0 0.00000+0.00000 C*05:01 0 0.00000 =+ 0.00000
C*11:01 0 0.00000+0.00000 C*14:02 0 0.00000+0.00000 C*07:02 0 0.00000 =+ 0.00000
C*14:02 0 0.00000+0.00000 C*16:02 0 0.00000+0.00000 C*12:02 0 0.00000 =+ 0.00000
C*16:02 0 0.00000+0.00000 C*17:03 0 0.00000+0.00000 C*03:01 0 0.00000 = 0.00000
n* 26 52 54

HLA-DRB1 DRBI1#13:01 67  0.13563+0.01540 DRB1*07:01 113 0.12929+0.01135 DRB1*03:01 110 0.13221+0.01174
DRB1*03:01 54  0.10931+0.01404 DRBI1*13:01 112 0.12815+0.01131 DRBI1*15:01 109 0.13101+0.01170
DRB1*#07:01 53 0.10729+£0.01392 DRB1*03:01 101 0.11556+0.01081 DRB1*07:01 89  0.10697+0.01072
DRBI*11:01 52  0.10526+0.01381 DRBI*11:01 98  0.11213+0.01067 DRBI1*11:01 88 0.10577 +0.01066
DRB1*15:01 41 0.08300+0.01241 DRB1*¥15:01 82  0.09382+0.00986 DRBI1*13:01 82  0.09856+0.01033
DRB1%04:03 41 0.08300+0.01241 DRB1#04:02 50  0.05721+0.00786 DRB1*04:03 59  0.07091+0.00890
DRB1*13:03 28  0.05668+0.01040 DRB1*04:03 47  0.05378+0.00763 DRB1*01:02 58 0.06971 +0.00883
DRB1*10:01 28  0.05668+0.01040 DRB1*13:03 43  0.04920+0.00732 DRB1*04:02 38 0.04567 +0.00724
DRB1*01:02 27  0.05466+0.01023 DRB1*10:01 37  0.04233+0.00681 DRB1*¥10:01 35 0.04207 +0.00696

HLA-DRB1 DRBI1*04:02 23 0.04656+0.00948 DRB1#*01:02 34  0.03890+0.00654 DRB1*13:03 32  0.03846+0.00667
DRB1#08:02 20  0.04049+0.00887 DRB1#*04:05 31 0.03547+0.00626 DRB1*04:05 32  0.03846+0.00667
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Table 5 (continued)
ALL AML SAA

Locus Allele n AF +SE Allele n AF +SE Allele n AF +SE
DRB1*14:01 9 0.01822+0.00602 DRB1*14:01 30  0.03432+0.00616 DRB1*04:04 16 0.01923 +0.00476
DRB1*03:02 9 0.01822+0.00602 DRB1*03:02 17 0.01945+0.00467 DRB1*¥03:02 15 0.01803 +0.00461
DRB1*04:05 7 0.01417+0.00532 DRB1*04:04 16  0.01831+0.00453 DRBI1*08:02 14  0.01683+0.00446
DRBI1*04:04 5 0.01012+0.00450 DRB1*08:02 11 0.01259+0.00377 DRB1*¥11:02 10  0.01202+0.00378
DRBI1*01:01 5 0.01012+0.00450 DRB1*11:02 8 0.00915+0.00322 DRB1*01:01 10  0.01202+0.00378
DRBI1*13:05 5 0.01012+0.00450 DRB1*¥12:01 8 0.00915+0.00322 DRBI1*14:01 8 0.00962 +0.00338
DRBI1*11:02 3 0.00607 +£0.00350 DRBI1*01:01 6 0.00686+0.00279 DRB1*12:01 4 0.00481 +0.00240
DRBI1*12:01 3 0.00607 +£0.00350 DRB1*08:01 5 0.00572+0.00255 DRB1*04:01 4 0.00481 +0.00240
DRB1*04:01 3 0.00607 +£0.00350 DRB1*09:01 5 0.00572+0.00255 DRB1*08:01 3 0.00361 +0.00208
DRBI1*08:01 2 0.00405+0.00286 DRBI1*16:02 4 0.00458 +£0.00228 DRB1*09:01 3 0.00361 +0.00208
DRB1*09:01 2 0.00405+0.00286 DRB1*04:01 3 0.00343+0.00198 DRB1*¥13:05 3 0.00361 +0.00208
DRB1*03:07 2 0.00405+0.00286 DRB1*¥13:05 3 0.00343+0.00198 DRB1*16:02 2 0.00240+0.00170
DRB1*16:01 2 0.00405+0.00286 DRBI1*11:03 2 0.00229+0.00162 DRB1*03:07 2 0.00240+0.00170
DRB1*16:02 1 0.00202 +£0.00202 DRBI1*14:04 2 0.00229+0.00162 DRB1*¥14:04 1 0.00120+0.00120
DRB1*12:02 1 0.00202+0.00202 DRB1*01:03 1 0.00114+0.00114 DRBI1*¥16:01 1 0.00120+0.00120
DRB1*14:06 1 0.00202+0.00202 DRB1*03:07 1 0.00114+0.00114 DRB1*¥03:04 1 0.00120+0.00120
DRB1*11:03 0 0.00000+0.00000 DRB1*¥13:07 1 0.00114+0.00114 DRB1*¥08:03 1 0.00120+0.00120
DRB1*14:04 0 0.00000+0.00000 DRB1*14:02 1 0.00114+0.00114 DRB1*¥12:02 1 0.00120+0.00120
DRBI1*01:03 0 0.00000+0.00000 DRB1*¥15:02 1 0.00114+0.00114 DRB1*¥13:04 1 0.00120+0.00120
DRBI1*13:07 0 0.00000+0.00000 DRB1*16:01 1 0.00114+0.00114 DRB1*11:03 0 0.00000 = 0.00000
DRBI1*14:02 0 0.00000+0.00000 DRB1*03:04 0 0.00000+0.00000 DRB1*01:03 0 0.00000 = 0.00000
DRBI1*15:02 0 0.00000+0.00000 DRB1*08:03 0 0.00000+0.00000 DRB1*13:07 0 0.00000 = 0.00000
DRB1*03:04 0 0.00000+0.00000 DRB1*12:02 0 0.00000+0.00000 DRB1*14:02 0 0.00000 = 0.00000
DRB1*#08:03 0 0.00000+0.00000 DRB1*13:04 0 0.00000+0.00000 DRB1*15:02 0 0.00000 = 0.00000
DRBI1*13:04 0 0.00000+0.00000 DRB1*14:06 0 0.00000+0.00000 DRB1*14:06 0 0.00000 = 0.00000
n* 494 874 832

HLA-DQB1 DQBI1*#04:02 3 0.18750+0.09758 DQBI1*02:01 3 0.30000+0.14491 DQBI1*03:01 5 0.25000 +0.09682
DQB1*03:01 3 0.18750+0.09758 DQBI1*04:02 3 0.30000+0.14491 DQBI1*02:01 3 0.15000+0.07984
DQB1#05:01 3 0.18750+0.09758 DQB1#03:01 2 0.20000+0.12649 DQB1*05:01 3 0.15000+0.07984

HLA-DQB1 DQBI1*02:01 1 0.06250+0.06052 DQBI1*#03:05 1 0.10000+0.09487 DQBI1#02:02 2 0.10000+0.06708
DQB1#06:03 1 0.06250+0.06052 DQBI1*#06:03 1 0.10000+0.09487 DQBI1*#06:01 2 0.10000+0.06708
DQB1#02:03 1 0.06250+0.06052 DQB1#02:02 0 0.00000+0.00000 DQBI1*#06:02 2 0.10000+0.06708
DQB1#03:02 1 0.06250+0.06052 DQB1#02:03 0 0.00000+0.00000 DQB1*04:02 1 0.05000+0.04873
DQB1#06:01 1 0.06250+0.06052 DQB1*#03:02 0 0.00000+0.00000 DQB1*06:03 1 0.05000+0.04873
DQB1#06:02 1 0.06250+0.06052 DQB1*#05:01 0 0.00000+0.00000 DQB1*03:02 1 0.05000+0.04873
DQB1#06:04 1 0.06250+0.06052 DQB1*06:01 0 0.00000+0.00000 DQB1*03:05 0 0.00000 = 0.00000
DQB1*#03:05 0 0.00000+0.00000 DQB1*06:02 0 0.00000+0.00000 DQBI1#02:03 0 0.00000 = 0.00000
DQB1#02:02 0 0.00000+0.00000 DQB1*06:04 0 0.00000+0.00000 DQBI1*#06:04 0 0.00000 = 0.00000
n* 16 10 20

AF Allele frequency, ALL Acute lymphoblastic leukemia, AML Acute myeloid leukemia, n* total number of alleles, SAA Severe aplastic anemia,

SE Standard error
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Table 6 Most common HLA-A~B~DRBI1 haplotypes in donors

Haplotype Count HF + SE
(2N =2342%)

A*33:01~B*14:02~DRB1*01:02 55 0.02351 +£0.00314
A*01:01~B*52:01~DRB1*15:01 50 0.02117 £0.00298
A*01:01~B*08:01~DRB1*03:01 21 0.00887 +£0.00194
A*11:01~B*52:01~DRB1*15:01 20 0.00847 +£0.00190
A*30:01~B*42:01~DRB1*03:02 19 0.00811+0.00186
A*01:01~B*49:01~DRB1*13:01 17 0.00736 +£0.00177
A*02:01~B*52:01~DRB1*15:01 17 0.00730+0.00176
A*02:01~B*41:01~DRB1*07:01 17 0.00713 £0.00174
A*24:02~B*35:02~DRB1*11:01 16 0.00675 +£0.00169
A*02:05~B*50:01~DRB1*07:01 15 0.00630+0.00164

HF Haplotype frequency, SE standard error
*HLA-A, -B, and -DRBI1 full typing was complete for 1171 donors

Haplotype frequencies and association
with hematological conditions

The EM algorithm identified 1230 unique haplotypes; the
most frequent were HLA-A*33:01~B*14:02~DRB1%*01:02
(2.35%), HLA-A*01:01~B*52:01 ~DRB1%15:01
(2.11%), and HLA-A*01:01~B*08:01~DRB1%*03:01
(0.89%) (Table 6). The most common haplotypes in

Table 7 HLA-A~B~DRB1 haplotype frequencies in patients and donors

ALL patients were A*01:01~B*52:01~DRB1*15:01
(2.45%), A*33:01~B*14:02~DRB1*01:02 (2.45%),
and A*32:01~B*41:01~DRB1#03:01 (1.84%). The
most common haplotypes in AML and myeloid sar-
coma (MS) were A*01:01~B*52:01~DRB1*15:01
(2.62%), A*33:01~B*14:02~DRB1%01:02(2.27%),
and A*02:01~B*41:01~DRB1*07:01 (1.92%).
The most common haplotypes in SAA were
A*01:01~B*52:01~DRB1*15:01 (2.32%),
A*33:01~B*14:02~DRB1*01:02 (2.14%), and
A*33:01~B*14:02~DRB1#11:01 (1.25%). The haplo-
type A*02:01~B*18:01~DRB1*03:01 frequency was
significantly higher in patients with ALL than donors
(1.22% vs. 0.13%). Additionally, the frequencies of
the haplotypes A*33:01~B*14:02~DRB1*11:01 and
A*02:01~B*14:02~DRB1*01:02 (1.25% and 1.07%
respectively) were significantly higher than donors (0.17%
and 0.26% respectively) (Table 7).

Pairwise linkage disequilibrium (LD) in donors

The haplotypes A*31:01~C*06:02, B*13:01~C*06:02,
and B*44:02~C*05:01, were in complete link-
age disequilibrium. A strong LD was found between
B*50:01~C*06:02, B*¥52:01~C*12:02, B*14:02~C*08:02,

Haplotype™® Patients (freq) Donors (freq) Py [y — OR (95% CI)
ALL
A*01:01~B*52:01~DRB1*15:01 8/326 (0.02453) 50/2342 (0.02134) 0.684 0.821 1.15 (0.47-2.48)
A*33:01~B*14:02~DRB1*#01:02 8/326 (0.02453) 55/2342 (0.02348) 0.846 0.846 1.05 (0.43-2.24)
A*32:01~B*41:01~DRB1*03:01 6/326 (0.01840) 14/2342 (0.00600) 0.027 0.081 3.11 (0.97-8.70)
A*02:01~B*52:01~DRB1*15:01 4/326 (0.01227) 17/2342 (0.00726) 0.313 0.470 1.70 (0.41-5.25)
A*02:01~B*18:01~DRB1*03:01 4/326 (0.01227) 3/2342 (0.00128) 0.006 0.036 9.67 (1.63-66.4)
A*01:01~B*38:01~DRB1*¥13:01 4/326 (0.01227) 8/2342 (0.00342) 0.049 0.098 3.62 (0.79-13.6)
AML/MS
A*01:01~B*52:01~DRB1*15:01 15/572 (0.02622) 50/2342 (0.02134) 0.527 0.878 1.23 (0.64-2.25)
A*33:01~B*14:02~DRB1*01:02 13/572 (0.02273) 55/2342 (0.02348) 1.000 1.000 0.97 (0.48-1.80)
A*02:01~B*41:01~DRB1*07:01 11/572 (0.01923) 17/2342 (0.00726) 0.015 0.060 2.68 (1.13-6.11)
A*01:01~B*13:02~DRB1*07:01 7/572 (0.01224) 9/2342 (0.00384) 0.024 0.060 3.20 (1.01-9.73)
A*01:01~B*08:01~DRB1*03:01 6/572 (0.01049) 21/2342 (0.00700) 0.807 1.000 1.17 (0.39-3.02)
SAA
A*01:01~B*52:01~DRB1*15:01 13/560 (0.02321) 50/2342 (0.02134) 0.748 0.876 1.09 (0.54-2.05)
A*33:01~B*14:02~DRB1*#01:02 12/560 (0.02143) 55/2342 (0.02348) 0.876 0.876 0.91 (0.44-1.74)
A*33:01~B*14:02~DRB1*11:01 7/560 (0.01250) 4/2342 (0.00171) 0.002 0.010 7.39 (1.87-34.6)
A*02:01~B*52:01~DRB1*15:01 6/560 (0.01069) 17/2342 (0.00726) 0.425 0.708 1.48 (0.48-3.96)
A*02:01~B*14:02~DRB1*#01:02 6/560 (0.01069) 6/2342 (0.00256) 0.016 0.040 4.21 (1.21-15.8)

ALL acute lymphoblastic leukemia, AML acute myeloid leukemia, FET Fisher’s exact test, freq frequency, MS Myeloid Sarcoma, SAA severe

aplastic anemia
*Haplotypes with frequency <0.01 in patients are ignored
Benjamini-Hochberg’s method for controlling FDR
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C*12:02~DRB1*15:01, DRB1*11:01~DQB1*03:01, and
DRB1*10:01~DQB1*05:01 (ST3).

HLA antigens and alleles association with ALL

Only HLA-B38 showed a trend towards increased odds
of ALL in the additive (OR, 1.52; 95% CI, 1.00-2.30;
p=0.049; g=0.729) and the dominant models (OR, 1.64;
95% CI, 1.06-2.54; p=0.026, g=0.392) (ST4).

HLA antigens and alleles association with AML

HLA-DR1 showed a trend towards lower odds of AML
in the additive (OR, 0.67; 95% CI, 0.48-0.92; p=0.013,
g=0.157) and dominant models (OR, 0.66; 95% CI,
0.47-0.93; p=0.018, g-value=0.214). On the other hand,
DR7 showed a trend towards higher AML odds (OR, 1.25;
95% CI, 1.02-1.54; p=0.033, g=0.200). HLA-DRB1*01:02
showed a trend towards lower AML odds (OR, 0.64; 95%
CI, 0.45-0.91; p=0.014, g=0.214) in the additive model.
HLA-DRB1#07:01 was associated with higher AML
odds in both the additive (OR, 1.26; 95% CI, 1.02-1.55;
p=0.030, ¢=0.296) and dominant models (OR, 1.27; 95%
CI, 1.00-1.62; p=0.045, g=0.454) (ST4 and Table 8).

HLA antigens and alleles association with SAA

HLA-A2 showed a significant association with higher SAA
odds in the additive (OR, 1.38;95% CI, 1.16-1.64; p <0.001,
g=0.007), dominant (OR, 1.44; 95% CI, 1.15-1.81;
p=0.002, g=0.041), and recessive models (OR, 1.71; 95%
CI, 1.16-2.51; p=0.006, g=0.037). Furthermore, HLA-
B14 and -DR15 showed a trend towards higher SAA odds in
the additive (B14: OR, 1.41; 95% CI, 1.09-1.83; p=0.008,
q=0.250; DR15: OR, 1.31; 95% CI, 1.06-1.62; p=0.012,
q=0.157) and dominant models (B14: OR, 1.43; 95% CI,
1.06-1.92; p=0.018, ¢=0.392; DR15: OR, 1.38; 95% CI,
1.08-1.75; p=0.009, g=0.210). On the other hand, HLA-A30
and -DR13 showed a trend toward lower odds of SAA in both
the additive (A30: OR, 0.72; 95% CI, 0.53-0.98; p=0.036,
¢=0.349; DR13: OR, 0.79; 95% CI, 0.65-0.97; p=0.025,
¢ =0.200) and recessive models (A30: OR, 0.70; 95% ClI,
0.50-0.97; p=0.034, ¢g=0.413; DR13: OR, 0.79; 95% CI,
0.63-1.00; p=0.047, g=0.281). Finally, Cw6 showed a trend
towards lower SAA odds in the additive model (OR, 0.67;
95% CI, 0.46-0.98; p=0.039, ¢=0.530) (ST4).
HLA-A*02:01, -B*14:02, and -DRB1*15:01 alleles
were associated with higher odds of SAA in the addi-
tive (A*02:01: OR, 1.35; 95% CI, 1.07-1.70; p=0.010,
q=0.242; B*14:02: OR, 1.43;95% CI, 1.06-1.93; p=0.020,
q¢=0.425; DRB1*#15:01: OR, 1.32; 95% CI, 1.07-1.64;
p=0.011, g=0.214) and dominant models (A*02:01: OR,
1.36; 95% CI, 1.03-1.80; p=0.032, g=0.411; B*14:02: OR,

1.44;,95% CI, 1.01-2.07; p=0.046, ¢=0.818; DRB1*15:01:
OR, 1.38; 95% CI, 1.09-1.76; p=0.008, g =0.246). Fur-
thermore, A*02:01 showed a trend towards increased SAA
odds in the recessive model (OR, 1.90; 95% CI, 1.07-3.38;
p=0.029, g=0.176). On the other hand, A*24:02 showed
a trend towards decreased SAA odds (OR, 0.59; 95% CI,
0.36-0.96; p=0.035, g=0.373) (Table 8).

Discussion

The BMT unit at NIH, Cairo became operational in 1997,
and the transplant rates increased dramatically since that
time. The challenges that face the clinical hematopoietic
stem cell transplantation program in Egypt are financial,
technological, and administrative (Mahmoud et al. 2008;
Mahmoud et al. 2020). However, this is our first report on
HLA-A, -B, -C, -DRBI1, and -DQBI1 allele and haplotype
frequencies from HLA data of 6000 individuals from dif-
ferent regions within Egypt. The history of Egypt reflects
its geographical location at the crossroads of several cul-
tures. In addition, Egypt took part in many regional empires
throughout its history, which explains the complexity and
heterogeneity of its genetic makeu: Allele and haplotype
frequencies encountered in this study were similar to those
reported by AFND (Gonzalez-Galarza et al. 2020).

In this study, 52, 76, 24, 37, and 14 HLA-A, -B, -C,
-DRBI1, and -DQBI1 alleles were observed in Egyptian
donors. Among the HLA-A alleles, A*01:01 (16.9%) and
A*02:01 (16.1%) showed the highest frequency and rep-
resented 33% of HLA -A allelic diversity. HLA-B*41:01
(8.7%), B*49:01 (7.4%), B*14:02 (6.8%), B*52:01 (5.8%),
and B*50:01 (5.1%) accounted for more than 33% of genetic
diversity at the B locus. Although HLA-B*50:01 was
reported to be frequent in Arabs (Jawdat et al. 2014) Cauca-
sians, North Africans, and West-South Asians (Gonzalez-
Galarza et al. 2020), B*41:01 was the most frequent B allele
observed in Egyptians.

The most frequent HLA-C alleles were C*06:02 (25.1%),
C*07:01 (25.1%), and C*04:01 (17.1%), accounting for 63%
of HLA-C diversity. For HLA-DRB1, DRB1*11:01 (11.8%),
DRB1*03:01 (11.6%), and DRB1#13:01 (11.4%) showed
a frequency of more than 33%, followed by DRB1*07:01
(10.5%), and DRB1*15:01 (10.2%), which collectively
accounted for 55% of HLA-DRBI1 diversity in this study.
Both HLA-DRB1#07:01:01G and DRB1%#03:01:01G
are common in Arabs of Central and Eastern regions
of Saudi (Jawdat et al. 2020), and are frequent in Arabs
from Tunisia and Jordan (Gonzalez-Galarza et al. 2020).
For HLA-DQBI, five alleles showed a frequency of
almost 70%. These alleles include DQB1*03:01 (27.5%),
DQB1*05:01(18.9%), DQB1*06:01 (13.8%), DQB1*04:02
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(6.9%), and DQB1*02:02 (5.1%). HLA-DQB1*02:01:01
and DQB1%03:01:01 are frequent in Arabs, while HLA-
DQB1*03:02:01 is frequent in Arabs, Chinese, Indians, and
Caucasians (Gonzalez-Galarza et al. 2020).

The most frequent HLA alleles in this study were
A*01:01, DRB1*11:01, DRB1*03:01, DRB1*13:01,
DRB1*07:01, DQB1*03:01, DQB1*05:01, DQB1*06:01,
and DQB1%04:02. These alleles are listed in the catalog
from the European Federation for Immunogenetics (EFI) as
common “COM” alleles within all European sub-regions
(Sanchez-Mazas et al. 2017). The frequencies of A*02:01,
A*01:01, A*03:01, C*07:01, C*04:01, DRB1*15:01,
DRB1*#07:01, and DRB1*03:01 in the European American
population (Creary et al. 2019) were similar in their frequen-
cies to Egyptians.

Regarding allelic frequencies, HLA-A*01:01 (16.9%)
frequency was similar to Caucasians of Australia (18.7%),
Belgians (15.5%), Austrians (14.6%), peoples of North-
western England (20.8%) and Southeastern France (15%),
Czechs (16%), Palestinian Arabs of Gaza (17.8%), French
BM donors (13%), and Germans (15.3%). HLA-A*02:01
frequency was 16.6%, which is similar to Brazilians (19.2%)
and Chinese (18.7%), but lower than Argentinians (20-40%),
Austrians (29.4%), Belgians (26.6%), German donors
(28.3%), and the French BM donor registry (29%).

HLA-B*41:01 frequency was 8.7% in this analysis,
which is higher than that of the Western population (1-2%).
HLA-B*49:01 (7.1%) was similar in frequency to Armeni-
ans (9.5%), lower than Israeli Ethiopian Jews (18.6%), and
higher than Western population (3%). HLA-B*14:02 (6.9%)
was similar in frequency to Armenians (6%), lower than
Ashkenazi and Polish Jews (10%), and higher than French
and Germans (2-3%).

HLA-C*07:01 (25.1%) was similar in frequency to Cam-
eroonian Baka Pygmies (25%), Southern Irish (21%), South-
ern Italians (20.6%), and Germans of Essen (20.9%), but
higher than Burkina Faso Fulani (17.4%), peoples of North-
western England (19%) and Southeastern France (17.3%),
Brazilians (15.6%), and Australia New South Wales Cau-
casians (17.3%). HLA-C*06:02 (25.1%) was higher in fre-
quency than the populations of the USA (2-9%), Burkinabes
(5.3%), South-Asian Indians (13.9%), Cameroonians (17%),
Czechs (16%), Germans (11%), and Southeastern French
(10.6%), but similar to Indians (22.2%), Kenyans (21.7%),
Moroccans (23.6%), Pakistanis (21.4%), Saudi Arabians
(21.6%), South Africans (20.1%), and Tanzanians (19.2%).

HLA-DRB1*11:01 frequency (11.8%) was similar
to Brazil's South Caucasians (11.1%), Chinese (11.7%),
Gabonese (13.5%), Georgians (13%), German-Italian
minority (10.4%), Greece (11.4%), African-Americans
(11.3%), Swedes (11.6%), Indians (12%), Israel-Arabs
(10.7%), Italy central (12.8%), but lower than Irani Parsis
(21.9%), Lebanese (30.2%), Russian Siberians (16.7%),

@ Springer

and Ukrainians (13.5%). HLA-DRB1*#03:01 frequency
(11.6%) was similar to Algerians (13.9%), Argentinians
(10.9%), Austrians (11.8%), Belgians (15.7%), mixed-
race Brazilians (11.6%), Chinese (13.1%), Colombians
(15%), Czechs (11%), Croatians (12%), Danes (10.2%),
British (12.7%), French (15.2%), German donors (10.6%),
Israel Ethiopia Jews (12.5%) but higher in Italy Sardinians
(55.7%). DRB1*13:01 (11.4%) was similar in frequency
to Cameroonians and central Africans, Georgians, Indi-
ans, Iranians, Portuguese, Saudi Arabians, and Spanish
(10-15%), but higher in Russian Siberians (23.8%). HLA-
DQB1#03:01 (27.5%) was slightly higher in frequency
than Algerians, Austrians, Belgians, and French (16-21%),
but lower than in Brazilians (60%). HLA-DQB1*05:01
(18.9%) was similar in frequency to Austrians, Belgians,
and the people of South France and Europe (12-25%)
(Gonzalez-Galarza et al. 2020).

The most prevalent HLA-A~B~DRBI1 haplotype
in our donors were A*33:01~B*14:02~DRB1*01:02
(2.35%), A*01:01~B*52:01~DRB1*15:01 (2.12%), and
A*01:01~B*08:01~DRB1*03:01 (0.89%). None of them
included the A*02:01:01 allele unlike the Saudi population
(Jawdat et al. 2020). HLA-A*33:01~B*14:02~DRB1*01:02
frequency was similar to Israelis Americans, Ashke-
nazi Jews, Italians, and Poles (1.7-2.3%), but is higher in
Americans, Europeans, Russians, Saudis, and Croatians
(41-44%). HLA-A*01:01~B*52:01~DRB1*15:01 was
found at a similar frequency in Germans, Turks, and Poles
(1.2%), but this haplotype frequency was higher in Israelis,
Iraqi Jews (40.3%), and Indians (28.7%) (Gonzalez-Galarza
et al. 2020). The haplotype A*01:01~B*08:01~DRB1#03:01
(0.89%) was the third most common HLA haplotype in our
study; this haplotype was also seen in Caucasian and His-
panic ethnicities reported in the 16th IHIW, with frequen-
cies of 0.07, 0.01, and 0.10. This haplotype ranked first in
Europeans, Hispanics, and Dutch (Askar et al. 2013).

The allele frequencies that we reported in our study
are consistent with a previous study on 286 Egyptian
donors (Elshakankiry et al. 2017), the most common HLA
class I antigens in their study were HLA-A2 (19.2%),
Al (15.8%), B41 (10.9%), and B35 (10.2%). However,
they reported different frequencies of HLA-DRB1%13:01
(18.7%), DRB1*04:01 (15%), DRB1*11:01 (14.7%), and
DRB1*03:01 (13.2%). These differences might be attributed
to the small sample size.

The deviations from the HWE were expected a priori.
Consanguinity rates among Egyptians were estimated to be
between 29 and 39% in 2012 (Temtamy and Aglan 2012).
In 2017, it was estimated to be over 40% depending on the
region and urbanization (Ahmed 2017). Inbreeding increases
with consanguinity, resulting in higher homozygosity. How-
ever, we cannot attribute the observed deviation in HWE
solely to inbreeding given the small sample size of HLA-C
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and HLA-DQ alleles and the evidence of balancing selection
in HLA-B and -DR loci.

We studied the association between HLA antigen groups
and alleles with the ALL, AML, and SAA since they were
the most prevalent. Most of our findings were trends toward
significance, and generally, no remarkable antigen groups or
alleles correlated with the odds of ALL or AML. However,
only HLA-A2 showed a statistically significant and posi-
tive association with SAA. Our findings are consistent with
a report by Gluckman et al. where they found an excess of
homozygous HLA-A2 in SAA patients compared to healthy
controls (Gluckman et al. 1981). In our study population, the
frequency of HLA-A2 was 23.3% in donors and 29.6% in
SAA patients. HLA-A2 correlated with higher odds of SAA
in all the genetic models we conducted. The exact allele that
is correlated with SAA could not be identified precisely in
our study. However, we think that it is most likely to be
HLA-A*02:01 since it showed a strong trend towards higher
SAA odds.

We also found unprecedented significant associations
between the haplotypes A*33:01~B*14:02~DRB1*11:01 and
A*02:01~B*14:02~DRB1*01:02 with SAA. It is noteworthy
that HLA-A*33:01, -B*14:02, and -A*02:01 showed strong
trends toward increased SAA odds. The noted association with
haplotype could be a result of the higher power of haplotype
analysis compared to analysis of the individual antigens or
alleles. Also, we found an unprecedented association between
A*02:01~B*18:01~DRB1*03:01 and the odds of ALL.

The main limitation of this study is that we used PCR-SSO
instead of sequencing due to the limited budget provided by
the National Insurance for HLA typing. We perform HLA
typing by screening patients and their family members for
HLA-DRB1. We only proceed to class I (AB) typing for iden-
tical patients and donors on class II or for patients capable of
affording the cost of a haploidentical transplant, which until
now is not fully covered by insurance, and explains why the
number of HLA-DRBI1 typed samples is more than twice the
number of HLA class I (AB) in our study.

Knowledge of population-specific allele and haplotype
frequencies increases the chance of finding matched donors.
Unfortunately, less than 3% of donors listed in international
registries are from oriental origins, which makes it difficult
to find a match for a patient with no sibling donor indicated
for BMT in Egypt (Besse et al. 2016).

Conclusion

The results of this study present valuable information about
HLA genes in Egyptians that can be used for hematopoietic
stem cell unrelated donor recruitment, and selection, and as
a helpful resource for population genetic studies and HLA
disease associations.
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