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ABSTRACT

The human leukocyte antigen (HLA) system, or the
human version of the major histocompatibility com-
plex (MHC), is known for its extreme polymorphic
nature and high heterogeneity. Taking advantage of
whole-genome and whole-exome sequencing data,
we developed PGG.MHC to provide a platform to ex-
plore the diversity of the MHC in Asia as well as
in global populations. PGG.MHC currently archives
high-resolution HLA alleles of 53 254 samples rep-
resenting 190 populations spanning 66 countries.
PGG.MHC provides: (i) high-quality allele frequen-
cies for eight classical HLA loci (HLA-A, -B, -C, -
DQA1, -D@B1, -DRB1, -DPA1 and -DPB1); (ii) visu-
alization of population prevalence of HLA alleles on
global, regional, and country-wide levels; (iii) hap-
lotype structure of 134 populations; (iv) two on-
line analysis tools including ‘HLA imputation’ for in-
ferring HLA alleles from SNP genotyping data and
‘HLA association’ to perform case/control studies for
HLA-related phenotypes and (v) East Asian—specific
reference panels for HLA imputation. Equipped with
high-quality frequency data and user-friendly com-
puter tools, we expect that the PGG.MHC database
can advance the understanding and facilitate appli-
cations of MHC genomic diversity in both evolution-
ary and medical studies. The PGG.MHC database
is freely accessible via https://pog.fudan.edu.cn/
pggmhc or https://www.pggmhc.org/pggmhc.

INTRODUCTION

The major histocompatibility complex (MHC) region, lo-
cated at chromosome position 6p21 of the human genome,
harbors multiple class I and class I human leukocyte anti-
gen (HLA) genes, which are co-dominantly expressed to
present intracellular and extracellular antigens, respectively.
The HLA genes are associated with various autoimmune
diseases (1,2), infectious diseases (3), cancers (4) and psy-
chiatric diseases (5). HLA genes also play a vital role in
transplantation, for certain encoded HLA molecules can
function as antigens which can incite immune response and
lead to rejection in transplantation (6). The HLA genes are
highly polymorphic, and there are currently 34 422 identi-
fied alleles according to the HLLA sequence database IPD-
IMGT/HLA (Release 3.49 July 2022) (7), allowing fine-
tuning of the immune system. The HLA genes display a
high degree of diversity among populations and geographic
regions. The diversity of HLA alleles can explain the ge-
netic difference in some diseases among populations. For
example, previous studies have shown that the HLA-B*27
carrier rate correlates with the population prevalence of
ankylosing spondylitis, a type of arthritis of the human
spine (8). Moreover, the disease-associated HLA alleles can
vary among populations of different ancestry; for instance,
pemphigus vulgaris is associated with HLA-DRB1*04:02
in Ashkenazi Jews, while in non-Jewish patients with Euro-
pean or Asian ethnic origins, the disease is associated with
HLA-DRB1*14:01/04 and HLA-DQB1*05:03 (9). HLA
haplotype denotes a certain combination of HLA alleles
on a chromosome, which is very important in matching
unrelated donors and recipients in hematopoietic stem cell
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transplantation (HSCT). A study of German donors used
the observed regional differences in HLA-A, -B and -DR
alleles and haplotype frequencies to optimize HSCT donor
recruitment strategies (10). Therefore, it is essential to in-
vestigate the diversity of HLA genes and dissect their hap-
lotype structures within and between populations.

To enable researchers to estimate the allele frequencies of
HLA genes and other immune-related genes among popu-
lations, the allele frequency net database (AFND) has been
constructed to serve as a repository for allele frequency data
(11). In the AFND’s latest update, a gold-standard dataset
classification criterion was introduced, including allele fre-
quencies summing up to 1 [£1.5%], sample size larger than
50, and 2-field resolution HLA allele. However, there is a
lack of unified integration and HLA typing process in the
AFND database, which can affect the comparability of al-
lele frequencies between different datasets. Moreover, a lim-
ited number of loci have been genotyped in most AFND
datasets. For instance, there are fewer than 10 datasets that
have seven loci genotyped among golden datasets (12). In
addition, to the best of our knowledge, there are no com-
puter tools available in AFND or any other MHC databases
for functional analysis of the MHC region.

To address these issues, we developed a database to-
wards understanding the Population Genomics and Genet-
ics (PGG) of MHC, namely PGG.MHC, to explore the di-
versity of the MHC region in global populations. Eight clas-
sical HLA loci (HLA-A, -B, -C, -DQA1, -DQBI, -DRBI,
-DPA1 and -DPBI1) were genotyped for each sample. By
the definition of AFND, 65 datasets in PGG.MHC can be
categorized as golden datasets, providing users with high-
quality frequency data. For HLA alleles, we offer conve-
nient queries of HLA allele frequencies and visualization of
allele frequencies at global, regional, and country-wide lev-
els. For HLA haplotypes, we offer haplotype frequency es-
timation and haplotype structure visualization of 134 pop-
ulations.

In addition, we also implemented two computer tools
with online interfaces, namely, HLA imputation and HLA
association. The HLA imputation analysis tool imputes
HLA genotypes for low-density single-nucleotide polymor-
phism (SNP) genotyping data using three public refer-
ence panels, i.e. I000G_REF, Pan-Asian panel, and Korean
panel, as well as two newly constructed East Asian—specific
reference panels, i.e. HuaBiao_.REF and PGG_REF. The
HLA association analysis tool was developed for phenotype
associations based on HLA genotypes with a case/control
design, where users can customize control data in the
PGG.MHC database.

MATERIALS AND METHODS
Data collection

PGG.MHC currently archives 2181 HLA alleles of 53
254 samples representing 190 global populations spanning
66 countries, of which 6054 are whole-genome sequenc-
ing (WGS) data, 5002 are whole-exome sequencing (WES)
data, and 42 198 are high-density genome-wide genotyp-
ing data. The data were collected from the 1000 Genomes
Project (KGP) (13), the Human Genome Diversity Project
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(14), and the Simons Genomic Diversity Project (15), as
well as from the HuaBiao project (16), which provides sam-
ples from a variety of regional Han Chinese populations,
and the PGG project (17,18), which covers samples from
diverse populations in East Asia. Taken together, data from
the HuaBiao project and the PGG project constitute most
of the PGG.MHC data source (>50 000), which captures
the intricate regional genetic diversity in East Asian eth-
nic groups. Detailed information about data sources of
PGG.MHC is provided in Supplementary Table S1.

HLA typing

We performed HLA typing for three class I HLA genes
(HLA-A, -B and -C) and five class II HLA genes (HLA-
DRBI, -DQAI, -DQBI, -DPA1 and -DPBI). These genes
were chosen for their important roles in antigen presenta-
tion and the fact that they are highly polymorphic (19). We
applied corresponding HLA typing techniques for WGS,
WES and genotyping data to determine the HLA alleles for
each sample. In addition, for WES and WGS samples with
high sequencing coverage, we obtained G-group resolution
and 3-field resolution HLA alleles when applicable. Details
about HLA nomenclature can be found in Figure 1. The
complete workflow of HLA typing and genotype integra-
tion is described below:

Direct typing for WGS and WES data. We performed
HLA typing using various methods. For WGS data, we
adopted kourami (20), HLA*LA (21), HLA-HD (22) and
OptiType (23) to perform HLA typing. OptiType could
only provide HLA alleles at the 2-field resolution, while
HLA*LA and kourami could provide HLA alleles at the
G-group resolution. For uniformity of HLA typing res-
olution, we mapped G-group resolution alleles to 2-field
alleles based on each G-group allele’s nomenclature. For
WES data, we performed typing using HLA-HD, Op-
tiType, and POLYSOLVER (24) on class I genes and
HLA-HD, PHLAT (25), and HLA-Genotyper (https://
pypi.org/project/hla-genotyper) on class II genes. Next,
we integrated the typing results based on different meth-
ods for each HLA gene by designating the one with the
highest frequency of occurrence as the final HLA geno-
type. In addition, we used HLA*LA to perform 3-field
HLA typing for WGS data and POLYSOLVER for WES
data.

Imputation-based HLA typing for genotyping data. Unlike
WGS and WES data on which HLA typing can be directly
carried out, genotyping data need to be imputed with suf-
ficient SNPs to perform HLA typing. Hence, we adopted
HLA-TAPAS (26) for imputation-based HLA typing of
genotyping data. In particular, we first preprocessed the
data by extracting SNPs of the HLA region using BCFtools
(27) and converting the genome coordinates to GRCh38 us-
ing CrossMap (28). Second, we annotated the SNPs with
dbSNP version 151 (29) and filtered out variants with miss-
ing call rates exceeding 0.1 or minor allele frequency below
0.001. Finally, we performed HLA imputation using HLA-
TAPAS and summarized the 2-field HLA typing results.
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Figure 1. A schematic diagram for HLA nomenclature.

We verified the accuracy of our HLA typing workflow
using samples from the KGP. WGS, WES, and genotyp-
ing data were acquired for these samples. Benchmark HLA
types were obtained from (30). We demonstrated the HLA
typing results for different data types and the benchmark
HLA types in Supplementary Table S2. It turned out that
the overall typing accuracy for WGS/WES/genotyping
data are 100%, 100%, 100% at the 1-field resolution, and
98.75%, 92.5%, 98.75% at the 2-field resolution, respec-
tively.

Haplotype structure building

We merged samples of the same population from different
data sources to build a haplotype structure. For each pop-
ulation with a sample size larger than 20, haplotype fre-
quencies were estimated between adjacent loci and based
on eight HLA loci’s 2-field resolution HLA alleles, using an
expectation—-maximization (EM) algorithm implemented in
Hapl-o-Mat (31).

Database implementation

We used HTTPS protocol to process, deliver, and render
web resources and to ensure the secure transmission of pri-
vate user data. The functionality of PGG.MHC has been
tested in mainstream web browsers, including Chrome, Sa-
fari, IE, Opera and Firefox. We adopted a state-of-the-
art architecture (Supplementary Figure S1) to curate data
storage and database management. For front-end devel-
opment, we built the web user interfaces using a progres-
sive JavaScript framework called Vue.js (https://vuejs.org),
and data visualization was powered by echarts.js (https://
echarts.apache.org). For back-end development, the HTTP
web server was created using Node.js (https://nodejs.org),
a JavaScript runtime environment. For data storage, the
structured data were stored in MySQL (https://www.mysql.
com), and the unstructured document data, such as hap-
lotype structures, were stored in MongoDB (https://www.
mongodb.com). We used Nginx (https://nginx.org) as the
reverse proxy server.

'\
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DATABASE CONTENT
Overview

The database has three major functional modules. First,
it has easy-to-use interfaces for querying allele frequency
and affiliated populations (Figure 2). We also integrated
external links to PGG.Population (32) database, contain-
ing detailed population genetic structure, links to AFND
databases, containing the allele reports, and links to IPG-
IMGT/HLA database, containing the sequences of HLA
alleles. Second, there is an interactive visualization of allele
population prevalence and haplotype structure (Figure 3).
The query interfaces and the visualization functions com-
bined can illuminate the genetic structure of populations.
Third, there are online analysis functions for genotype im-
putation and phenotype association (Figure 3). HLA impu-
tation can infer HLA types for low-density SNP genotyp-
ing data uploaded by users using five reference panels com-
piled in our server. Considering the potential bias resulting
from the heterogeneity in genetic background between case
and control samples when performing association studies,
we implemented an online interface for HLA associations
where users can choose PGG.MHC populations that share
a similar genetic background as their own controls.

Database query

HLA allele frequency query. PGG.MHC provides power-
ful query interfaces for searching and browsing HLA al-
lele frequencies by offering an intuitive search box on the
home page (Figure 2A) and an extensive query interface on
the HLA alleles page (Figure 2B). In the search box on the
home page, users can build their queries by providing al-
lele names or populations to search for PGG.MHC allele
frequency entries. A click on the search button redirects
the web page to the HLA alleles page, demonstrating the
matched entries, where users can compare the differences
in population frequencies of a specific allele or investigate
the variety of HLA alleles in populations of interest. Users
can click on the allele name to access the web page for al-
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Figure 2. Interfaces for data query in PGG.MHC. (A) The query interface on the Home page. (B) Filter options and an example of query results. (C) The

population query interface on the Population List page.

lele details. In the sidebar on the HLA alleles page, users
can fine-tune their query by four groups of filter options: (i)
designating HLA loci, allele resolution, or allele range; (ii)
selecting geographic locations or ethnic groups; (iii) limiting
the source and type of data; and (iv) restricting the range of
allele frequencies. Moreover, this interface allows users to
sort query results by allele, population, frequency, and sam-
ple size by clicking the triangles on the right, and it enables
users to export the desired entries as an Excel file.

Population query. For users who are interested in HLA
alleles of particular populations, we also offer a popula-
tion query interface on a web page with the population list
(Figure 2C), where they can select a region and a country
(the web UI will show a complete list of countries when
the mouse hovers on country items), or enter a keyword to
query populations, and sort populations by different crite-
ria. The population list below displays the population pro-
file cards according to the query. Clicking on the card body
redirects the web page to the corresponding population de-
tails page.

Population prevalence visualization of HLA alleles

A key point in studying the polymorphisms of HLA alleles
in populations is investigating the differences in allele fre-
quencies among populations. PGG.MHC offers population
prevalence visualization interfaces of HLA alleles at global,
country-wide (China), and regional levels. At global and
country-wide levels, we depict population prevalence using
a scatter plot on a map, where each scatter denotes a set
of samples from the same ethnic group and the same data
source, with its color mapping the allele frequency and size
mapping the sample size, facilitating users to develop an in-
tuitive sense about population prevalence. At the regional

level, we used box plots to summarize allele frequency vari-
ation in different geographical regions.

To illustrate the potential application of population
prevalence visualization in genetic and clinical studies, we
picked the allele HLA-DPA1*01:03 as a showcase and at-
tached the screenshots of its population prevalence visu-
alizations in Figure 3. This allele was previously reported
in a genetic study to be associated with an inflammatory
rheumatic disease called ankylosing spondylitis (AS) (P =
0.027) (2). In the global population prevalence map, we
can see a pattern of allele frequency distribution, in which
the allele is more common in Caucasian populations like
European and American populations but less common in
Japanese and African populations. This pattern fits the ob-
servations of previous genetic studies of AS (8), suggesting
that the population prevalence visualization has potential
value for genetic diversity studies of diseases.

We are aware that the AFND database also visualizes
the allele frequency by scatter plot on a global map. How-
ever, we improved and expanded the visualization in the
following aspects: (i) for the functionality of the interface,
we implemented a frequency bar in global and China maps
with which users can toggle the upper and lower bounds
to selectively display datasets limited to a specific frequency
range; (ii) for a different perspective of allele frequency data,
we not only offer population prevalence visualization of
global and regional perspectives but also zoom-in to the
most populous country in the world to depict the HLA al-
lele frequencies in China and (iii) for the manner of dis-
play, unlike in AFND, where the allele frequencies in dif-
ferent regions are displayed in separate bar plots, we dis-
play the regional frequencies in a single box plot so that
users can compare the frequency difference between re-
gions and evaluate the variety of frequencies in a single
region.
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Figure 3. Sitemap of PGG.MHC. The database consists of three modules: (i) visualization of allele frequencies at global, country-wide, and regional levels;
(ii) estimation of haplotype frequency and visualization of population haplotype structure; (iii) HLA imputation and HLA association online analysis

tools.

HLA haplotype structures

We estimated haplotype frequencies based on eight HLA
loci at the 2-field resolution and displayed the results in the
Sankey diagram and table views. The Sankey diagram view
offers an intuitive understanding of the population haplo-
type structure, where we highlight the top three most fre-
quent HLA haplotypes. Users can export the table view
data as an Excel file to compare haplotype frequencies be-
tween populations and investigate the population diversity
of HLA haplotypes.

The haplotype structure shown in Figure 3 belongs to the
Japanese population in our database. The most frequent
haplotype we observe (HLA-A*24:02-HLA-C*12:02-
HLA-B*52:01-HLA-DRB1*15:02-HLA-DQB1*06:01-
HLA-DPA1*02:01-HLA-DPB1*09:01) is in concordance
with the previous literature (33), largely validating our
estimation of the haplotype frequency.

To the best of our knowledge, long-range haplotype fre-
quency information based on eight loci is only available
for the three populations in the AFND database (until
15 July 2022). The PGG.MHC, however, integrates the hap-
lotype structure of 134 populations, including 33 regional
subpopulations in China. The population haplotype fre-
quencies we offer are fundamental to disease association
studies, population genetics studies, and HLA-matching for
HSCT.

ONLINE ANALYSIS
HLA imputation

HLA imputation is an approach that infers HLA alleles
for SNP genotyping data using a pre-constructed HLA ref-
erence panel, which can subsequently contribute to asso-
ciation studies and disease fine-mapping. PGG.MHC im-
plements an imputation pipeline involving SNP2HLA (34)
and offers users an online interface to perform imputa-
tion tasks with their data. As for reference panels, we not
only include three public reference panels: 1000G_REF
(34), Pan-Asian (35) and KOR_REF (36), but also offer
two newly constructed reference panels, i.e. HuaBiao_REF
and PGG_REF. HuaBiao REF is a population-specific
reference panel based on 5002 WES samples, which we
built to facilitate HLA imputation for Han Chinese data.
PGG_REEF is based on 1836 WGS samples from diverse
populations in Asia containing 13 350 SNPs in the HLA re-
gion, which can improve the imputation accuracy and typ-
ing resolution. Detailed information about reference panels
can be found in Supplementary Table S3. The results con-
taining the imputed genotype files in VCF format and the
imputed 2-field resolution HLA alleles in TXT format will
be sent to users via email. To facilitate the comprehension
of this pipeline, users can download example input and out-
put files or utilize the automatic filling button to have a try
before operating their data.



HILA association

HLA association is a method for performing case/control
studies and investigating the HLA alleles associated with
phenotypes or diseases. We implemented an association
pipeline in the PGG.MHC server involving PyHLA (37) and
offered a user-friendly online interface where users can up-
load HLA genotypes of samples or choose PGG.MHC sam-
ples to perform association. The HLA association interface
allows users to choose PGG.MHC populations with a sim-
ilar genetic structure to their target populations as controls
can help to eliminate the influences of the heterogeneous
genetic structure of case and control data on the statisti-
cal analysis. Moreover, the large sample size of PGG.MHC
population can improve the power of association studies.

FUTURE DIRECTIONS

Currentlyy, PGG.MHC archives HLA alleles of 53 254
samples to capture global population diversity, especially
in Asia. After HLA typing and genotype integration of
the samples, we calculated the allele frequencies and esti-
mated the haplotype frequencies of populations. We pro-
vided powerful query and interactive visualization inter-
faces for allele frequencies and populations. Moreover, we
offered two online computer tools for genotype imputation
and phenotype association of user-upload data. We expect
PGG.MHC to serve as a repository for high-quality HLA
allele and haplotype frequency data and facilitate the study
of human genetics, vaccine and immunotherapy develop-
ment, and other related fields.

In the future, we will make an effort to archive as many
samples as possible and offer HLA alleles of higher reso-
lution. For the functionality of the database, we plan to
develop an advanced haplotype frequency query interface
where users can directly input HLA haplotypes or alleles to
search. We also have a plan to improve the online analysis
functions by visualizing the results to facilitate data inter-
pretation.

DATA AVAILABILITY

The complete workflow of HLA typing and HLA imputa-
tion for genotyping data can be found on the group website
(https://pog.fudan.edu.cn/#/software) and GitHub repos-
itory (https://github.com/Shuhua-Group/PGG.MHC).
The use of the data by this work is approved by the
Ministry of Science and Technology of the People’s Re-
public of China (No. 2022BAT2237). For validation of
the HLA typing workflow, we download WGS (https:/
www.internationalgenome.org/data-portal/data-collection/
30x-grch38), WES (https://www.internationalgenome.
org/data-portal/data-collection/phase-3), and  geno-

typing (https://ftp.1000genomes.ebi.ac.uk/voll/ftp/
release/20130502/supporting/hd_genotype_chip) sam-
ples from the KGP data portal. The benchmark

HLA alleles for these samples were downloaded from
https://doi.org/10.1371/journal.pone.0206512.s010.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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