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Human leukocyte antigen (HLA) is the major histocom-
patibility complex for humans. Previous studies have
shown that high-resolution HLA matching can reduce
graft vs. host disease and improve the outcome of
hematopoietic stem cell transplantation (HSCT). Unrelat-
ed donor HSCT is very important when patients have
no HLA-identical sibling donors. However, the chance of
finding an available unrelated donor is not equal for every
patient. Previous studies in Western countries have found
that the HLA haplotype frequency (HF) could help to
predict the probability of identifying HLA allele-matched
unrelated donors.[1] However, the HLA system shows
ethnic diversity and regional disparity. Therefore, if we
want to use the HLA haplotype tool in China, a reliable
HLA haplotype database for the Chinese population needs
to be established.

A previous study in a Japanese population showed that
unrelated individual data were similar to family data.[2]

However, family studies are a reliable way to identify rare
haplotypes.[3] This study was a family study of five-locus
HLA A-C-B-DRB1-DQB1 high-resolution haplotypes,
with a very large sample size in China to date. In addition,
we verified the accordance between expected HFs
calculated by the expectation-maximization (EM) algo-
rithm from unrelated individuals and observed HFs by
segregation analysis (direct counting) in families to find a
suitable method for haplotype database setup.

A total of 2152 families, all four haplotypes (a, b, c, and d)
presenting and confirmed by descent, were included in this
study. They were divided into three groups: (1) Families
with parents (n=1531); (2) Families with one parent and
one or more siblings (n=175); and (3) Families without
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parents, but the haplotypes (a, b, c, and d) were checked by
two or more siblings (n=446). Among these families, 1907,
173, and 72 were from the East China, Central China, and
South China areas, respectively. According to doctors’
typing applications and laboratory standard operation
procedure, sequence-based typing plus sequence-specific
oligonucleotide probe methods were performed for high-
resolution HLA-A, B, C, DRB1, and DQB1 typing for
all patients. Additional tests were performed to resolve
ambiguities. Genomic DNAwas extracted from peripheral
blood. The study was reviewed by the ethics committee of
our hospital (No. 2020-322). Informed consent was
obtained from all the participants when they submitted
a sample for HLA typing.

First, observed HFs for the 2152 families were calculated
by segregation analysis by using Arlequin software version
3.5.2.2 (http://www.cmpg.unibe.ch/software/arlequin35/
Arl35Downloads.html). Only four haplotypes (a, b, c,
and d) were counted for each family to avoid repetition. In
Supplementary Table 1, http://links.lww.com/CM9/A520,
a total of 3274 five-locus A-C-B-DRB1-DQB1 haplotypes
were observed. Only 285 haplotypes were common, and
most were less common or even rare. The thresholds of
common HLA haplotypes were not agreed upon in
different studies,[4] so we defined HF ≥0.1% as a common
HLA haplotype, referring to the acknowledged threshold
of the common HLA allele.[5] In Table 1, the top 20
segregation analysis results in our study were compared to
unrelated individual results (EM algorithm) reported,[6]

and no statistically significant differences were found
(P values were all >0.5). Our data were very similar to the
results of East China reported[6] because a majority of the
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Table 1: Comparison of the top 20 haplotypes between our family study and an unrelated individual study reported in China.

Rank and Haplotype frequency

Our family study The unrelated study reported[6]HLA A-C-B-DRB1-DQB1 haplotype

(4n= 8608) China East China

A
∗

C
∗

B
∗

DRB1
∗

DQB1
∗

Rank† HF (%) Rank HF (%) Rank HF (%)

30:01 06:02 13:02 07:01 02:02 1 4.98 1 3.70 1 4.50
02:07 01:02 46:01 09:01 03:03 2 3.18 2 2.46 3 2.56
33:03 03:02 58:01 03:01 02:01 3 2.83 3 2.40 2 2.89
33:03 03:02 58:01 13:02 06:09 4 1.45 5 1.06 4 1.43
11:01 08:01 15:02 12:02 03:01 5 1.30 4 1.13 5 1.01
02:07 01:02 46:01 08:03 06:01 6 0.94 6 0.93 7 0.92
33:03 14:03 44:03 13:02 06:04 6 0.94 7 0.74 6 0.95
11:01 04:01 15:01 04:06 03:02 8 0.86 12 0.56 8 0.60
02:01 03:04 13:01 12:02 03:01 9 0.60 10 0.58 9 0.58
02:01 03:03 15:11 09:01 03:03 9 0.60 22 0.36 18 0.40
11:01 03:04 13:01 15:01 06:01 11 0.58 9 0.64 11 0.56
01:01 06:02 57:01 07:01 03:03 12 0.53 14 0.45 16 0.46
24:02 01:02 54:01 04:05 04:01 13 0.51 16 0.44 14 0.47
11:01 07:02 40:01 08:03 06:01 14 0.48 17 0.42 13 0.49
24:02 14:02 51:01 09:01 03:03 14 0.48 26 0.31 19 0.35
11:01 01:02 46:01 09:01 03:03 16 0.46 11 0.58 10 0.56
11:01 07:02 40:01 09:01 03:03 17 0.45 21 0.36 15 0.46
33:03 07:06 44:03 07:01 02:02 18 0.43 13 0.47 17 0.45
01:01 06:02 37:01 10:01 05:01 19 0.39 8 0.66 12 0.56
11:01 14:02 51:01 09:01 03:03 19 0.39 25 0.31 20 0.34
24:02 03:04 13:01 12:02 03:01 19 0.39 >20‡ – >20‡ –

†The same ranks were assigned to different haplotypes if their HFs were equal. ‡>20means that the ranks and frequencies of some haplotypes outside of
the top 20 list of all the areas showed in study reported.[6] HF: Haplotype frequency; –: No data.
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families in our study were living in this area. The seven
most common haplotypes showed the best accordance.

Second, the same data of the first part were used for allele
frequency (AF) estimation and pairwise linkage disequi-
librium (LD) by using Arlequin. HFs were compared to
AFs, and they were not always completely positively
associated. Supplementary Table 2, http://links.lww.com/
CM9/A520 shows the top 20 haplotypes and the
comparison with alleles. For example, A

∗
30:01-C

∗
06:02-

B
∗
13:02-DRB1

∗
07:01-DQB1

∗
02:02 was themost frequent

haplotype, but the ranks of the A, C, B, DRB1, and DQB1
alleles were 6, 3, 3, 3, and 4, respectively. AFs were not as
frequent as HF because of the strong positive association
between each allele, and the D0 values of the LD test were
0.88, 0.87, 0.71, 0.71, 0.98, 0.83, 0.82, 0.70, 0.73, and
1.00 for A-C, A-B, A-DRB1, A-DQB1, B-C, B-DRB1, B-
DQB1, C-DRB1, C-DQB1, and DR-DQB1, respectively.
In another example, the ranks of A

∗
11:01-C

∗
01:02-

B
∗
46:01-DRB1

∗
09:01-DQB1

∗
03:03 and A

∗
11:01-C

∗
07:

02-B
∗
40:01-DRB1

∗
09:01-DQB1

∗
03:03 were 16 and 17,

respectively. However, the ranks were 1 or 2 for each
allele. This is because the positive association was not very
strong, with even a negative association for some two-
locus haplotypes. In Supplementary Table 3, http://links.
lww.com/CM9/A520, 11 A-B, 5 A-C, 27 B-C, 23 DRB1-
DQB1, 3 A-DRB1, 5 B-DRB1, 4 C-DRB1, 2 A-DQB1, and
4 C-DQB1 two-locus haplotypes show strong positive
associations (HF ≥ 0.1%, D0 > 0.5, r2 > 0.1). A

∗
30:01-

C
∗
06:02-B

∗
13:02, A

∗
02:07-C

∗
01:02-B

∗
46:01, A

∗
33:03-
1742
C
∗
03:02-B

∗
58:01, A

∗
29:01-C

∗
15:05-B

∗
07:05, and A

∗
69:

01-C
∗
12:02-B

∗
52:01 three-locus haplotypes show very

strong linkages, and they accounted for proportions of
6.02%, 5.63%, 5.30%, 0.49%, and 0.34%, respectively.

Third, the patients’ typing results were used as phase-
known and phase-unknown data to obtain observed and
expected HFs, respectively, by the direct counting EM
algorithm (only HFs >1� 10–5 were outputted by
Arlequin). In Supplementary Table 4, http://links.lww.
com/CM9/A520, a total of 2050 observed and 1852
expected haplotypes were obtained, and 1228 haplotypes
overlapped. The remaining 822 observed and 624
expected haplotypes did not overlap, and their HFs were
all less than 0.1%. Among the 1228 overlapping
haplotypes, less-common haplotypes were more common,
but the numbers of common and less-common haplotypes
were not equal between the observed and expected groups.
Because 17 commonly observed haplotypes were less
common in the expected group, 41 less commonly
observed haplotypes were common in the expected group.
Therefore, observed HF was the common and less-
common threshold for the chi-square test. The Chi-square
test for trend was carried out for the overlapping
haplotypes by using GraphPad Prism 6 software. The P
values of the Chi-square test showed that there were no
statistically significant differences between observed and
expected haplotypes, not only in total overlapping data
(P= 0.2424) and common data (HF ≥ 0.1%, P= 0.3698)
but also in less-common data (HF< 0.1%, P = 0.1582).
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Therefore, the tendencies of observed and expected
haplotypes are coincident, and the tendency concordance
of common data is the best; then, the total overlapping
data last the less common data. However, the family
segregation analysis found 822 haplotypes that were
missed by EM, and more importantly, 624 haplotypes
were incorrectly built using EM. These 822 haplotypes
found from the family segregation analysis are real because
these are observed haplotypes from the segregation. AFs
and pairwise LDs are two important factors for these
phenomenon, which can be proved by Supplementary
Tables 2 and 5, http://links.lww.com/CM9/A520. For
example, A

∗
02:07-C

∗
03:04-B

∗
40:01-DRB1

∗
10:01-DQB1

∗

05:01 was the incorrect haplotype built by EM. All the
constituent alleles were common and should be observed
easily. However, it had eight negative pairwise LDs, so it
would be hard to present.

Unrelated data are easier to obtain than family data, and
good consistency of tendency between expected and
observed haplotypes was the basis using unrelated related
study (EM) for HLA haplotype database setup. However,
EM could miss less-common real haplotypes but built
incorrectly less-common haplotypes. Therefore, identify-
ing less common haplotypes from segregation analysis
must be used for checking and as supplements to cover the
shortage of EM.

The HLA haplotype tool will be very useful in both
unrelated-HSCT and haplo-HSCT fields.

In unrelated HSCT, it can be helpful to predict the
possibility of finding an HLA allele-matching unrelated
donor and the possible mismatching alleles. Patients with
common haplotypes can find unrelated HLA matching
donors more easily. The chance for patients will decline
along with a decline in HFs. Some patients with common
HLA alleles also have difficulty finding HLA allele-
matching unrelated donors because of the less common
haplotypes caused by strong negative LD. In addition, if
patients or donors only have A, B, and DRB1 typing
results, it can help to predict C and DQB1 results. The
prediction can help clinicians choose several suitable
donors at the HLA confirmatory typing stage.

In haplo-HSCT, for some families with patients and only
one sibling, the donor may be 5/10 allele match, but he/she
may not be real 1-haplo-match; for some families with
patients and one parent/child, the donor is 10/10 allele
match, but he/she is still 1-haplo-match; for some families
1743
with patients and one sibling, the donor is 10/10 allele
match, and he/she may not be a sib-match but is still 1-
haplo-match. Before complete family data are obtained,
these data can help clinicians to predict whether the 10/10
or 5/10 allele match sibling is truly 2-haplo-match or 1-
haplo-match and take appropriate treatment. Usually, the
more common the haplotype is, the more reliable it is.
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