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Abstract

WeestimatedHLA haplotype frequencies based on individuals homozygous for 4, 5 or

6 loci. Validation of our approach using a sample of over 3.4million German individuals

was successful. Compared to an expectation-maximization algorithm, the errors were

larger. However, our approach allows the unequivocal detection of rare haplotypes.
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1 INTRODUCTION

Population-specific human leucocyte antigen (HLA) haplotype fre-

quencies (HF) are of particular importance in the context of stem cell

donor registries in twoways. First, they allow the determination of the

probability that an incompletely typed donor is a complete match for a

given patient. This is used in modern donor search algorithms that sort

donors based on these probabilities (Bochtler et al., 2016; Dehn et al.,

2016; Steiner, 2012; Urban et al., 2020). Second, HLA HF can be used

to determine the proportion of patients of given ethnicity for which

a matching stem cell donor can be found in a donor pool of defined

size and ethnic composition. Such analyses are of great relevance for

Abbreviations: AF, allele frequency; ARD, antigen recognition domain; EM,

expectation-maximization; HF, haplotype frequency; HLA, human leucocyte antigen; HSCT,

hematopoietic stem cell transplantation; HWE, Hardy–Weinberg equilibrium; NGS,

next-generation sequencing
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strategic planning of donor recruitment activities (Alfraih et al., 2021;

Bergstrom et al., 2009; Schmidt et al., 2014; Sonnenberg et al., 1989).

The determination of HLA haplotypes in the laboratory has been

described (Z. Guo et al., 2006), but is still relatively costly and not

very commonly used. In particular, it is also not currently applied for

HLA typing of newly registered potential stem cell donors, which is of

course highly cost-sensitive (Schmidt et al., 2020). Generally, the haplo-

types of registered donors cannot be determined by pedigree analysis

(Becker&Knapp, 2002; Ikeda et al., 2015) either, since donor registries

usually do not have information on respective family relationships.We

have attempted to determine HF from presumed family relationships

of registered stem cell donors (based on address, last name and age

difference) and presented corresponding preliminary results (Sauter

et al., 2015). However, due to methodological difficulties, we have

not further pursued that approach so far. Taken together, the HLA

haplotypes of individuals enrolled in a donor registry are not known
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with certainty and therefore HF determination by simple counting is

not possible.

Even if the individual HLA haplotypes are generally not known,

there are methods to determine population-specific HF based on

sufficiently large samples. Typically, HF from donor registry data

are estimated by maximum likelihood methods via an expectation-

maximization (EM) algorithm (Dempster et al., 1977; Excoffier &

Slatkin, 1995). The most widely used tool for this purpose is probably

the Arlequin software package (Excoffier & Lischer, 2010). Our group

has developed the freely downloadable Hapl-o-Mat software (Sauter

et al., 2018; Schäfer et al., 2017), which includes special adapta-

tions to the characteristics of donor registry data (large samples,

heterogeneous resolution andmissing loci).

Despite these options, we have been looking for a way to also

determine HF in a direct way, that is, by simple counting if possible.

The large number of donors registered with DKMS and typed in

high resolution gives us the chance to do this. It makes it possible to

obtain quite large samples of completely HLA homozygous individuals.

Since the two identical haplotypes of these donors are known, the

haplotypes of the homozygous subset can simply be counted. The

HF of the underlying larger sample are then obtained by a simple

mathematical transformation. The aim of the present study was to find

out whether useful HF can be obtained with this simple method and

whether they may even be superior to the HF obtained with an EM

algorithm.

2 METHODS

Our data set comprised N = 3,456,066 unrelated donors with self-

reported German descent who were recruited by DKMS Germany

from 2013 to 2019. Upon registration, donors provided informed con-

sent including the processing of donor data for scientific studies. HLA

typing of new registrants was performed for the loci HLA-A, HLA-

B, HLA-C, HLA-DRB1, HLA-DQB1 and HLA-DPB1 at the EFI- and

ASHI-accredited DKMS Life Science Lab (Dresden, Germany). The

amplicon-based next-generation sequencing (NGS) workflow using

Illumina MiSeq, HiSeq or NovaSeq devices (Lange et al., 2014; Schöfl

et al., 2017) targeted the exons coding for the antigen recognition

domain (ARD; exons 2 and 3 for class I and exon 2 for class II genes).

For the analyses in this work, alleles with identical or synonymous

DNA sequences with regard to these exons (coding for the ARD) were

grouped together (‘g’ nomenclature; Schmidt et al., 2009). In contrast

to the P-nomenclature, this includes null alleles defined by mutations

outside the ARD. Only donors with unambiguous g-level alleles were

considered for analyses.

The number of fully homozygous donors depended on the HLA

loci taken into account. When considering four loci, HLA-A, -B, -C and

-DRB1, n4= 26,311 donors were completely homozygous (0.76% of

the original sample size). Addition of HLA-DQB1 reduced the number

of fully homozygous donors only slightly to n5= 25,433 (0.74%). In

the 6-locus scenario including HLA-DPB1, only n6= 9,217 donors

were completely homozygous (0.27%). The much smaller sample

size in that scenario apparently results from the weak linkage dise-

quilibrium between HLA-DPB1 and the other HLA loci considered

(Sanchez-Mazas et al., 2000).

To estimate HF with the method based on completely homozy-

gous donors, we first determined the HF in the subset of homozygous

donors: The frequency f∗i of a haplotype i in a homozygous donor sub-

set can be obtained simply by counting all individuals homozygous for

haplotype i and division by the subset size, that is, by the number of all

individuals homozygous for any haplotype. We then estimated the HF

fi of the original sample (N= 3,456,066) from the subset frequencies f∗i
previously obtained. In doing so, we made use of the fact that, under

the assumption of Hardy–Weinberg Equilibrium (HWE), f∗i = f2i ∕
∑
j
f2j

holds. This equation again includes the aforementioned quotient of

individuals homozygous for a particular haplotype i and all homozy-

gous individuals; only now we do not consider the observed numbers

of the homozygous subset but the unknown frequencies of the origi-

nal sample. We then obtain fi =
√∑

j
f2j

√
f∗i by elementary transfor-

mations. As the frequencies f∗i have already been determined, the HF

fi we are looking for are now known except for a constant factor. (The

factor C =
√∑

j
f2j is constant because all frequencies fj are unknown

but fixed. For other samples, of course, other constant factors would

be obtained). As a last step, we normalize the frequencies fi so that∑
i
fi = 1 holds.

If the original sample includes a specific haplotype k but no homozy-

gous individual with that haplotype, then our approach leads to the

estimation fk = 0 because the observed subset frequency f∗k also

equals 0. As this will normally happen for many haplotypes of a given

sample, one may argue that the condition
∑
i
fi = 1 is not reasonable

as cumulated frequency is inevitably ‘lost.’ However, it should also

be noted that we considerably overestimate the frequency of a rare

haplotype, for which there accidentally happens to be one or more

homozygous individuals in the original sample. This is also likely to

occur occasionally and contributes to the rather distinct step structure

of the HF curve generated by our approach that will be discussed later.

It is not clear a priori which of the two described opposing effects

leading to frequency under- or overestimation of rare haplotypes

dominates and to which extent. Therefore, it seems justified to use

the common frequency normalization given by
∑
i
fi = 1.Wewill see in

Section 3 that the good accordance of the HF obtained from the new

method based on homozygous individuals with the results from the

EM algorithm empirically confirms this decision, at least for a broad

range of homozygous subset sizes.

For comparison, we also estimated the HF using the EM algorithm

implemented in the Hapl-o-Mat software. The threshold for stopping

the algorithmwas set to ε= 10−8.

For HF estimation with the EM algorithm, the underlying data set is

required tobe inHWE.Deviations fromHWEwere calculatedper locus

by determining deviations between observed and expected homozy-

gosity and by performing an exact test using a Markov chain (S. W.

Guo & Thompson, 1992) implemented in Arlequin 3.5.2.2 (Excoffier &

Lischer, 2010). Parameters were set to 106 Markov chain steps and

105 dememorization steps. For the exact test, p-values <0.05 were

regarded as indicative for a significant deviation fromHWE.
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F IGURE 1 Frequencies of the 10most frequent 4-, 5- and 6-locus haplotypes. Blue: Hapl-o-Mat;N= 3,456,066. Red: homozygous donors.
(a) 4 loci (HLA-A, -B, -C, -DRB1); size of homozygous subset: n4 = 26,311. (b) 5 loci (HLA-A, -B, -C, -DRB1, -DQB1); n5 = 25,433. (c) 6 loci (HLA-A,
-B, -C, -DRB1, -DQB1, -DPB1); n6 = 9,217

3 RESULTS

We detected no significant deviations from HWE (Table 1), which

allowed the use of the EM algorithm and the approach based on

homozygous donors. For common haplotypes, the frequencies

determined by both methods showed a good accordance. The 10

most common haplotypes were identical in all scenarios (4, 5 or 6 loci;

Figure 1, Table 2). The order of these top 10 haplotypes was the

same for both HF estimation methods when 6-locus haplotypes were

considered. The 5-locus haplotypes showed one rank discrepancy

(ranks 6 and 7 switched), and the 4-locus haplotypes showed two

discrepancies (ranks 5/6 and 9/10 switched). Among the 10 most

frequent haplotypes, themean deviation between theHF derived from

TABLE 1 Deviations fromHWE per locus for the full sample
(N= 3,456,066)

HLA

locus

p-value
(exact test)

Observed

homozygosity

Expected

homozygosity

A 0.945 0.147 0.145

B 0.125 0.064 0.059

C 0.734 0.095 0.090

DRB1 0.711 0.082 0.079

DQB1 0.371 0.132 0.130

DPB1 0.440 0.232 0.230

Abbreviation: HLA, human leucocyte antigen.

the homozygous sample and those estimated with Hapl-o-Mat was

2.9% in the 4-locus scenario. The corresponding values for the 5- and

6-locus scenarios were 2.7% and 15.1%, respectively. Not only did the

6-locus scenario have by far the highest mean deviation, it was also the

only scenario in which the HF obtained with onemethod (homozygous

donors) were consistently higher than the HF obtained with the other

method (Hapl-o-Mat).We consider themuch smaller sample size in the

6-locus scenario to be the most likely reason for the larger deviation

from the results obtained with the EM algorithm. This assumption

is supported by Figure S1 where we downsized the subset of the

5-locus scenario (n5= 25,433) to match the sample size of the 6-locus

homozygous subset (n5Small= n6= 9,217). The mean deviation from

the 10 highest HF obtained using Hapl-o-Mat was 21.9%, compared

to 2.7% in the original 5-locus scenario, with all HF obtained from the

downsized subset being higher than those from the EM algorithm.

The EM algorithm also struggles with decreasing sample sizes, as

shown in Figure S2. Here, we downsized the Hapl-o-Mat input data

for 6 loci from N = 3,456,066 to match the sample size of the 6-locus

homozygousdonors (n6=9,217). Themeandeviation fromthe10high-

est HF obtained using the original dataset (N = 3,456,066) was 20.6%

and thus even larger than with the approach based on homozygous

individuals (15.1%). In the further course of theHF curve, however, the

characteristic step formation (see below) occurs significantly later than

in the approach using homozygous donors.

Albeit we observed good accordance for high HF, accuracy

decreased with lower frequency haplotypes (Figure 2). This is due to

the limitednumber of different haplotypes in thehomozygous samples,
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TABLE 2 10most frequent haplotypes in the 4-locus, 5-locus and 6-locus scenarios with the Hapl-o-Mat software and the approach based on
homozygous donors

Hapl-o-Mat Homozygous donors

Rank Haplotype

Frequency

(%) Haplotype

Frequency

(%)

4 loci 1 A*01:01 g∼B*08:01 g∼C*07:01 g∼DRB1*03:01 g 5.795 A*01:01 g∼B*08:01 g∼C*07:01 g∼DRB1*03:01 g 5.769

2 A*03:01 g∼B*07:02 g∼C*07:02 g∼DRB1*15:01 g 3.189 A*03:01 g∼B*07:02 g∼C*07:02 g∼DRB1*15:01 g 3.145

3 A*02:01 g∼B*07:02 g∼C*07:02 g∼DRB1*15:01 g 1.813 A*02:01 g∼B*07:02 g∼C*07:02 g∼DRB1*15:01 g 1.794

4 A*03:01 g∼B*35:01 g∼C*04:01 g∼DRB1*01:01 g 1.517 A*03:01 g∼B*35:01 g∼C*04:01 g∼DRB1*01:01 g 1.515

5 A*02:01 g∼B*44:02 g∼C*05:01 g∼DRB1*04:01 g 1.200 A*02:01 g∼B*15:01 g∼C*03:04 g∼DRB1*04:01 g 1.237

6 A*02:01 g∼B*15:01 g∼C*03:04 g∼DRB1*04:01 g 1.182 A*02:01 g∼B*44:02 g∼C*05:01 g∼DRB1*04:01 g 1.103

7 A*29:02 g∼B*44:03 g∼C*16:01 g∼DRB1*07:01 g 1.052 A*29:02 g∼B*44:03 g∼C*16:01 g∼DRB1*07:01 g 1.003

8 A*02:01 g∼B*40:01 g∼C*03:04 g∼DRB1*13:02 g 1.006 A*02:01 g∼B*40:01 g∼C*03:04 g∼DRB1*13:02 g 0.975

9 A*01:01 g∼B*57:01 g∼C*06:02 g∼DRB1*07:01 g 0.902 A*02:01 g∼B*13:02 g∼C*06:02 g∼DRB1*07:01 g 0.884

10 A*02:01 g∼B*13:02 g∼C*06:02 g∼DRB1*07:01 g 0.876 A*01:01 g∼B*57:01 g∼C*06:02 g∼DRB1*07:01 g 0.865

5 loci 1 A*01:01 g∼B*08:01 g∼C*07:01 g∼DRB1*03:01 g∼

DQB1*02:01 g

5.769 A*01:01 g∼B*08:01 g∼C*07:01 g∼DRB1*03:01 g∼

DQB1*02:01 g

5.813

2 A*03:01 g∼B*07:02 g∼C*07:02 g∼DRB1*15:01 g∼

DQB1*06:02 g

3.096 A*03:01 g∼B*07:02 g∼C*07:02 g∼DRB1*15:01 g∼

DQB1*06:02 g

3.095

3 A*02:01 g∼B*07:02 g∼C*07:02 g∼DRB1*15:01 g∼

DQB1*06:02 g

1.765 A*02:01 g∼B*07:02 g∼C*07:02 g∼DRB1*15:01 g∼

DQB1*06:02 g

1.775

4 A*03:01 g∼B*35:01 g∼C*04:01 g∼DRB1*01:01 g∼

DQB1*05:01 g

1.518 A*03:01 g∼B*35:01 g∼C*04:01 g∼DRB1*01:01 g∼

DQB1*05:01 g

1.534

5 A*02:01 g∼B*15:01 g∼C*03:04 g∼DRB1*04:01 g∼

DQB1*03:02 g

1.165 A*02:01 g∼B*15:01 g∼C*03:04 g∼DRB1*04:01 g∼

DQB1*03:02 g

1.235

6 A*02:01 g∼B*44:02 g∼C*05:01 g∼DRB1*04:01 g∼

DQB1*03:01 g

1.051 A*29:02 g∼B*44:03 g∼C*16:01 g∼DRB1*07:01 g∼

DQB1*02:01 g

0.991

7 A*29:02 g∼B*44:03 g∼C*16:01 g∼DRB1*07:01 g∼

DQB1*02:01 g

1.031 A*02:01 g∼B*44:02 g∼C*05:01 g∼DRB1*04:01 g∼

DQB1*03:01 g

0.976

8 A*02:01 g∼B*40:01 g∼C*03:04 g∼DRB1*13:02 g∼

DQB1*06:04 g

0.993 A*02:01 g∼B*40:01 g∼C*03:04 g∼DRB1*13:02 g∼

DQB1*06:04 g

0.975

9 A*02:01 g∼B*13:02 g∼C*06:02 g∼DRB1*07:01 g∼

DQB1*02:01 g

0.864 A*02:01 g∼B*13:02 g∼C*06:02 g∼DRB1*07:01 g∼

DQB1*02:01 g

0.883

10 A*01:01 g∼B*57:01 g∼C*06:02 g∼DRB1*07:01 g∼

DQB1*03:03 g

0.858 A*01:01 g∼B*57:01 g∼C*06:02 g∼DRB1*07:01 g∼

DQB1*03:03 g

0.828

6 loci 1 A*03:01 g∼B*07:02 g∼C*07:02 g∼DRB1*15:01 g∼

DQB1*06:02 g∼DPB1*04:01 g

2.199 A*03:01 g∼B*07:02 g∼C*07:02 g∼DRB1*15:01 g∼

DQB1*06:02 g∼DPB1*04:01 g

2.484

2 A*01:01 g∼B*08:01 g∼C*07:01 g∼DRB1*03:01 g∼

DQB1*02:01 g∼DPB1*01:01 g

1.995 A*01:01 g∼B*08:01 g∼C*07:01 g∼DRB1*03:01 g∼

DQB1*02:01 g∼DPB1*01:01 g

2.302

3 A*01:01 g∼B*08:01 g∼C*07:01 g∼DRB1*03:01 g∼

DQB1*02:01 g∼DPB1*04:01 g

1.965 A*01:01 g∼B*08:01 g∼C*07:01 g∼DRB1*03:01 g∼

DQB1*02:01 g∼DPB1*04:01 g

2.245

4 A*02:01 g∼B*07:02 g∼C*07:02 g∼DRB1*15:01 g∼

DQB1*06:02 g∼DPB1*04:01 g

1.128 A*02:01 g∼B*07:02 g∼C*07:02 g∼DRB1*15:01 g∼

DQB1*06:02 g∼DPB1*04:01 g

1.257

5 A*02:01 g∼B*15:01 g∼C*03:04 g∼DRB1*04:01 g∼

DQB1*03:02 g∼DPB1*04:01 g

0.880 A*02:01 g∼B*15:01 g∼C*03:04 g∼DRB1*04:01 g∼

DQB1*03:02 g∼DPB1*04:01 g

1.076

6 A*02:01 g∼B*44:02 g∼C*05:01 g∼DRB1*04:01 g∼

DQB1*03:01 g∼DPB1*04:01 g

0.794 A*02:01 g∼B*44:02 g∼C*05:01 g∼DRB1*04:01 g∼

DQB1*03:01 g∼DPB1*04:01 g

0.838

7 A*03:01 g∼B*35:01 g∼C*04:01 g∼DRB1*01:01 g∼

DQB1*05:01 g∼DPB1*04:02 g

0.637 A*03:01 g∼B*35:01 g∼C*04:01 g∼DRB1*01:01 g∼

DQB1*05:01 g∼DPB1*04:02 g

0.747

8 A*03:01 g∼B*35:01 g∼C*04:01 g∼DRB1*01:01 g∼

DQB1*05:01 g∼DPB1*04:01 g

0.540 A*03:01 g∼B*35:01 g∼C*04:01 g∼DRB1*01:01 g∼

DQB1*05:01 g∼DPB1*04:01 g

0.650

9 A*02:01 g∼B*40:01 g∼C*03:04 g∼DRB1*13:02 g∼

DQB1*06:04 g∼DPB1*03:01 g

0.515 A*02:01 g∼B*40:01 g∼C*03:04 g∼DRB1*13:02 g∼

DQB1*06:04 g∼DPB1*03:01 g

0.593

10 A*24:02 g∼B*07:02 g∼C*07:02 g∼DRB1*15:01 g∼

DQB1*06:02 g∼DPB1*04:01 g

0.506 A*24:02 g∼B*07:02 g∼C*07:02 g∼DRB1*15:01 g∼

DQB1*06:02 g∼DPB1*04:01 g

0.590
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F IGURE 2 Haplotype frequencies. Blue: Hapl-o-Mat;N= 3,456,066. Red: homozygous donors. (a) 4 loci (HLAA, -B, -C, -DRB1); size of
homozygous subset: n4 = 26,311. (b) 5 loci (HLA-A, -B, -C, -DRB1, -DQB1); n5 = 25,433. (c) 6 loci (HLA-A, -B,-C, -DRB1, -DQB1, -DPB1); n6 = 9,217

ranging from 1,039 (4 loci), 1,048 (5 loci) to 1,169 (6 loci). The num-

ber of haplotypes occurring more than three times was between 113

(six loci) and 180 (4 loci). Therefore, already in the range between hap-

lotype ranks 100 and 1000, a clear step structure of the HF distribu-

tion curve became apparent. The individual steps corresponded to the

n-fold occurrence of a haplotype in the relatively small homozygous

samples, with the lowest step representing haplotypes that occurred

once, the next higher step haplotypes that occurred twice and so forth.

Due to these pronounced step artifacts, the accuracy of HF estimated

from homozygous donors is lower than that of HF obtained with the

EM algorithm. However, HF estimation from homozygous donors has

the advantage that nonzero HF as calculated for, for example, 1039 4-

locus haplotypes prove the existence of the corresponding haplotypes.

A complete list of the estimated HF for both methods and derived

allele frequency (AF) is available in Table S1. We will also make these

data available on allelefrequencies.net.

4 DISCUSSION

In thiswork, we investigated the possibility of determiningHLAHFof a

large sample of individuals by examining only the subsets fully homozy-

gous for the considered HLA loci. To our knowledge, this approach is

new forHLA, although it has already been applied in the analysis of sin-

gle nucleotide polymorphism data (Yamaguchi-Kabata et al., 2010).

The main appeal of our approach is that the HF can be obtained by

simple counting. Thus, it is not possible to obtain frequencies different

from zero for haplotypes that are not included in the sample, as it may

happen when using the EM algorithm. However, our results are less

accurate than those from HF estimation using the EM algorithm. The

large reduction in sample size of between 99.2% (4 loci) and 99.7%

(6 loci) compared to the full sample of more than 3.4million individuals

means that artifacts associated with sample size are very apparent

even at relatively low haplotype ranks between 100 and 1000. Similar

step-like artifacts are also known from HF distributions determined

with the EM algorithm (Pappas et al., 2015; Schmidt et al., 2020) and

also appear in our Hapl-o-Mat results in this work, but much less

pronounced and at orders of magnitude lower frequencies or higher

haplotype ranks. In practice, the differences in accuracy between the

two methods will in most cases be even greater than in this work as

one is likely to have much smaller homozygous subsets. This leads to

more inaccurate results even for the common haplotypes, as it was

the case in our study for the 6-locus haplotypes. As reliable software

packages for HF determination via the EM algorithm are available, it

is therefore reasonable to rely primarily on these. If questions of the

actual existenceof certain haplotypes are relevant, our approachbased

on homozygous individuals may be a valuable addition. It may also be

helpful in the validation process of new software implementations of

the EM algorithm.

In summary, we presented a new HLA HF estimation method

based on homozygous donors. While the results match accept-

ably with the results of the EM algorithm, especially for frequent

haplotypes, they show considerably stronger artifacts. However,

our approach allows the identification of definitely existing haplo-

types. It should not go unmentioned that the HF and AF of the

German population, which were obtained with the EM algorithm

from a very large sample of over 3.4 million individuals, repre-

sent a relevant data set, even if they were not the focus of this

study.
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