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ARTICLE INFO ABSTRACT

Keywords: Leukocyte immunoglobulin-like receptors (LILRs), encoded on human chromosome 19q13.4, comprise a set of
LILRB3 11 immunoglobulin superfamily receptors known for their genetic heterogeneity. Notably, LILRB3 and LILRA6
LILRA6 within this cluster exhibit pronounced sequence homology in immunoglobulin-like domains involved in ligand

Short read sequencing
Copy number variation
Genetic diversity

binding and variable copy number (CN) states. However, understanding their precise role remains challenging.
To address this difficulty, we developed an algorithm and tool named JoGo-LILR Caller, which jointly calls CNs
of LILRB3 and LILRA6 from a population-scale whole-genome short-read sequencing dataset. This tool was
applied to 2,504 international HapMap samples and yielded a global CN profile. The 100 % concordance rate
corroborated this profile with the CN data obtained from 40 samples of pangenome reference assemblies pro-
vided by the Human Pangenome Reference Consortium (HPRC). The frequencies of LILRB3-LILRA6 CN haplo-
type structures were also estimated for five continental groups with a global CN profile. The established allele
frequency profile allowed our tool to estimate LILRB3-LILRA6 CN haplotype combinations. JoGo-LILR-trio
enhanced the prediction reliability for haplotype pairs within trio datasets, with trio analysis on 40 child sam-
ples demonstrating a 100 % concordance between the predicted pair of haploid CN types and the diploid ref-
erence assemblies. Its utility will extend to facilitating software advancements for imputing LILRB3-LILRA6 CN
types from SNP array genotyping data, enabling subsequent association analyses that link these CN types to
diverse phenotypic traits and diseases, e.g., inflammatory bowel diseases and Takayasu arteritis.

1. Introduction responses. This diverse family consists of inhibitory (LILRB1, LILRB2,
LILRB3, LILRB4, and LILRB5) and activating (LILRA1l, LILRA2,

The leukocyte immunoglobulin-like receptor (LILR) family, an LILRA4, and LILRA5) receptors, and one secretory protein (LILRA3),
important component encoded on the reverse strand of human chro- intricately contributing to the dynamic equilibrium in immune regula-
mosome 19q13.4, plays a fundamental role in modulating immune tion (Fig. 1). The LILR family is predominantly expressed in myeloid
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Fig. 1. Global Structure of the Centromeric Cluster Region of the LILR Gene Family and Gene Structures of LILRB3 and LILRAG6. The figure provides an
overview of the centromeric cluster region (GRCh38: chr19:54,210,000-54,340,000) of the LILR gene family and the LILRB3 and LILRA6 region with high copy
number diversity. (a) The upper panel shows the genomic organization (all reverse strands) of the LILR gene family within the centromeric cluster, highlighting
inhibitory receptors (LILRB2, LILRB3, LILRB5), activating receptors (LILRA4, LILRAS5, LILRA6), and the secretory protein (LILRA3). Arrows represent these genes’s
relative positions and orientations, and regions with copy number diversity are indicated. The high similarity between LILRB3 and LILRAG6 regions poses challenges
in determining their precise total copy number (gray arrows) and the composition of LILRB3 (blue arrows) and LILRA6 copies (pink arrows). (b) The lower-right
panel details the gene structures of LILRB3 and LILRA6, including their exonic regions (GRCh38: chr19:54,216,000-54,244,000). Exons with high sequence
similarity between LILRB3 and LILRAG6 are shaded in orange, highlighting their structural resemblance. The intra- (blue and red) and extracellular locations

(orange) of these gene regions are depicted.

cells, although certain members are also expressed in other cell types,
including lymphoid cells (LILRB1), neurons, and hematopoietic stem
cells (LILRB2) [1]. The LILR family is important for various physiolog-
ical processes, including inflammation [2], immune response [3],
immune tolerance [4], and cellular differentiation [5].

As depicted in Fig. 1, LILRB3 and LILRAG6 display notable structural
diversity, with highly polymorphic copy number variations compared
to other LILR family members. This variability may influence immune
regulation and contribute to disease susceptibility. Characterizing
these structural features would enhance our understanding of immune
system function.

Beyond HLA class I molecules, the LILR family interacts with a
diverse array of non-HLA ligands, including apolipoprotein E4
(APOE4), angiopoietin-like proteins = (ANGPTLs), galectins,
cytokeratin-associated ligands, microbially cleaved immunoglobulins,
and virus-derived proteins [6-12]. This extensive range of ligand
recognition emphasizes the multifaceted roles of the LILR family in a
variety of physiological processes.

The roles of LILR genes in health and disease are multi-
dimensional. These genes are central to the body’s response to infec-
tion, the pathology of inflammatory diseases, and cancer progression.

Their interactions with primary HLA class I alleles are crucial in medi-
ating disease associations, highlighting their importance in immune
response and susceptibility to diseases, such as autoimmune and infec-
tious diseases [1], cardiovascular diseases [13], ankylosing spondylitis
[14], Takayasu arteritis [15,16], and prostate cancer [17].

Notably, variations in specific LILR genes, namely LILRB3 and
LILRAG6, have been linked to various immune regulation and are asso-
ciated with spectrum diseases, including Takayasu arteritis [15],
inflammatory bowel diseases [18], ovarian cancer [19], and atopic
dermatitis (AD) [20]. For instance, genome-wide copy number (CN)
variation association studies estimated from the SNP array have dis-
covered duplications in LILRA6 to an increased risk of epithelial ovar-
ian cancer and high-grade serous ovarian cancer [19]. In the AD study,
while the copy number of LILRA6 did not differ between unaffected
and AD individuals, the lack of LILRA6 was found to be under-
transmitted within families affected by AD, suggesting a protective
effect against the disease. In contrast, the presence of one copy of
LILRA6 was modestly over-transmitted, potentially due to the activat-
ing nature of this receptor triggering an immune response that pro-
motes AD development [12]. These observations support the role of
LILRA3 and LILRA6 CN variations in modulating immune response
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and potentially influencing disease susceptibility and progression. Elu-
cidating CN variations in these genes is useful for a better understand-
ing the diversity of immune responses and disease susceptibility. Thus,
developing of CN-calling software in these areas will accelerate these
studies.

Several bioinformatics tools have been developed to determine CNs
or haplotypes from short-read whole-genome sequencing data (stWGS)
of other human genomic regions. Notable examples include Cyrius,
which estimates the haplotypes of the CYP2D6 and CYP2D7 regions
from srWGS data [21], HLA-VBSeq [22,23] and HLA-HD for HLA hap-
lotyping [24], and LPA Caller, which identifies the LPA Kringle-IV-2
VNTR unit CN [25].

In the context of the challenging genomic regions of LILRB3 and
LILRAG, our study draws upon methodologies that have been honed
in these other genomic areas. We introduce JoGo-LILR Caller (JoGo-
LILR), a tool engineered to delineate the genomic structure of LILRB3
and LILRA6 CNs from srWGS data (Fig. 1). This tool carefully identifies
and utilizes the distinct core genomic regions unique to LILRB3 and
LILRAG. It employs a clustering plot mechanism to enable the interpre-
tation of LILRB3-LILRA6 CN structures through joint-calling opera-
tions on multiple samples and scaling to thousands.

We applied the JoGo-LILR method to a dataset comprising 2,504
srWGS samples from the 1000 Genomes Project (1kGP) [26]. The
1kGP, succeeding the international HapMap Project [27], aimed at
providing a comprehensive catalog of human genetic variation by
sequencing the genomes of 2,504 individuals from 26 geographically
diverse populations across five continental groups (African, American,
East Asian, European, and South Asian; Supplementary Table 1). This
design ensures a balanced representation, with approximately one
hundred unrelated samples from each population, to characterize vari-
ants with an allele frequency of 1 % or higher within each group. The
HapMap samples were recruited at each location (most of the popula-
tion cares about the grandparent’s origins) and can be regarded as rep-
resentative of general populations, as they were not strictly filtered
based on any specific disease conditions. The 1kGP revealed that pop-
ulations from the same continental group tend to share a high propor-
tion of genetic variants due to shared ancestry and historical gene
flow. Genetic differentiation is more pronounced between populations
from different continents, reflecting migration history, genetic drift,
and adaptation to local environments. These findings demonstrate
the significant impact of geography on genetic diversity [28].

For these 2,504 samples, JoGo-LILR not only estimates the haplo-
type pairs of LILRB3-LILRA6 CN types by solving an optimization prob-
lem but also infers the frequencies of these CN types globally and
across five continental groups. To ensure the validity of inferred hap-
lotype pairs, the optimization process derives the frequencies of
LILRB3-LILRA6 CN haploid structures by solving equations that define
the relationships between diploid CN types and their constituent hap-
loid structures. The method minimizes discrepancies between
observed CN type distributions and estimated haplotype structure fre-
quencies, ensuring biologically plausible and consistent results. Utiliz-
ing the estimated population frequency data as prior knowledge, JoGo-
LILR further refines the prediction of a pair of LILRB3-LILRA6 CN hap-
lotype structure probabilities. To evaluate its accuracy, we specifically
assessed JoGo-LILR's performance against 40 pangenome reference
assembly datasets from the Human Pangenome Reference Consortium
(HPRC) project [29], representing a subset of the HapMap samples.

Additionally, we developed JoGo-LILR-trio, an extension of the tool
designed to enhance the accuracy of LILRB3-LILRA6 CN-type estima-
tions in trios. This version integrates Mendelian inheritance principles
and parental pair of CN haplotype structure probabilities. Applied to a
cohort of 602 complete trios [26], JoGo-LILR-trio predicted the most
probable pair of LILRB3-LILRA6 CN haplotype structures for each child
sample. These predictions were validated using 40 child samples from
diploid reference assemblies with paternal or maternal origins from
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HPRC. JoGo-LILR is available on the Joint Open Genome and Omics
Portal (https://jogo.csml.org/JoGo-LILR/).

2. Material and methods
2.1. Download of srWGS and realignment to reference assembly

The srWGS data of the original 2,504 1kGP unrelated samples,
which exclude close familial relationships such as parents, children,
or siblings to ensure independence in genetic analyses, along with
an additional 698 related samples from a total of 3,202 samples [26]
were downloaded from the International Genome Sample Resource
website (https://www.internationalgenome.org/data-portal/data-col-
lection/30x-grch38). WGS data were prepared using the TruSeq DNA
PCR-Free High Throughput Library Prep Kit and sequenced on an Illu-
mina NovaSeq 6000 system using 2 x 150 bp cycles (NovaSeq 6000 S4
Reagent Kit; NovaSeq Xp Kit; PhiX v3 Control (Illumina, San Diego,
CA, USA)). For the CRAM file, the reference assembly of GRCh38DH
was realigned using BWA (ver. 0.7.17-r1188) [30] with the option
“mem -p t24”. For the aligned BAM file, we constructed a regional
BAM file between chr19:54,216,000-54,243,000 that thoroughly cov-
ered the LILRB3 to LILRAG6 regions.

2.2. Mapping quality analysis to the aligned results

For each 2,504 1kGP unrelated sample, the mean mapQ of the
sequenced reads of each chromosomal position was calculated. For
the mean mapQ of 2,504 1kGP samples to a chromosomal position
(in our case, a mean value from 2,504 samples), we calculated the
mean mapQ to the position.

2.3. Calculation of normalized depth for LILRB3core, LILRA6core, and
LILRB3 + LILRAG regions

For the LILRB3core (chr19:54,216,000-54,219,900), LILRA6core
(chr19:54,236,600-54,239,600), and LILRB3 + LILRA6 (chr19:54,216
,000-54,223,100 and chr19:54,236,000-54,243,000) regions, the nor-
malized depth was calculated using CNVNator ver. 0.4.1 through the
region-specific call mode after creating the root file with a 100 bp
bin, i.e., LILRB3core, LILRA6core, and LILRB3 + LILRA6 (for the auto-
somal region, the value would be two if the normalized depth of cov-
erage of the region was the same as that of the reference assembly).

2.4. JoGo-LILR CN call and plot

By taking the vector (LILRB3+LILRA6, LILRB3core/LILRA6core)
from input samples, for example, 2,504 and 3,202 samples in our anal-
ysis, single linkage hierarchical clustering (using SciPy library
ver.1.10.1 in Python 3.10) was applied, and the cluster group was cre-
ated by the specified size (in our analysis, 20 using the fclust in the
SciPy library; to avoid an infinity value, if LILRB3core/LILRA6core
was higher than 4, it was treated as 4). For each cluster, the minimum
distance to the theoretical anchor position of the LILRB3-LILRA6 CN
type was selected as the CN type (the reference anchor position of each
LILRB3-LILRA6 CN type is in Supplementary Table 2). Notably, more
than one cluster may be annotated to the same LILRB3-LILRA6 CN
type. After each cluster was annotated to an LILRB3-LILRA6 CN type,
all samples were plotted against the LILRB3-LILRA6 CN type using a
scatter plot (x-axis: LILRB3 + LILRA6, y-axis: LILRB3core/LILRA6core)
constructed using the Plotly library ver. 5.18.0.

K-means clustering and DBSCAN were applied to the same input
data for comparison with single linkage clustering. K-means clustering
was performed using the scikit-learn library (ver.1.3.2) in Python 3.10.
The number of clusters (n_clusters) was set to 20, matching the cluster
size used in the single linkage. Clusters were assigned using the fit_pre-
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dict method, and cluster centers were calculated. The cluster centers
were then compared to the theoretical anchor positions, as in single
linkage, to assign CN types. DBSCAN clustering was conducted using
the scikit-learn library (ver.1.3.2) with fixed min_samples=1 and
varying eps values (e.g., 0.1, 0.5, 1.0) as the algorithm does not allow
explicit specification of a fixed cluster size (e.g., n=20). Clusters
formed by DBSCAN were assigned CN types based on their center posi-
tions relative to the theoretical anchor positions.

2.5. Validation dataset of LILRA6-LILRB3 copy number structure from
diploid reference assemblies

The diploid human pangenome reference dataset (v1) compressed
using the assembled genome compressor (AGC) format was down-
loaded from the HPRC repository (https://github.com/human-pange-
nomics/HPP_Yearl_Data_Freeze v1.0) [29]. FASTA files were
extracted from the AGC file for 40 HapMap samples shared with
3,202 HapMap samples with stWGS using APC tool (https://github.-
com/refresh-bio/agc). The FASTA files were aligned to GRCh38 refer-
ence assembly using Minimap2 (ver. 2.23) with ‘-ax asm5’ option [31]
and inspected using IGV (ver. 2.16.2) [32] to determine the CNs and
the assembly status of the two alleles for each sample. For HG01952,
HG02145, HG02818, and HG02886, which exhibited ambiguity in
the CN structures, the latest HPRC assembled dataset (v1.0.1 (r2))
was additionally downloaded from the HPRC GitHub website and pro-
cessed following the same procedures applied to the HPRC v1 dataset.
To assess the statistical power of the algorithm, we performed a power
analysis using a validation dataset of 40 samples. The CN types
observed in the validation set were distributed as follows: CN2_B1A1
(0 samples), CN2_B2A0 (0 samples), CN3_B2A1 (6 samples),
CN4_B2A2 (20 samples), CN5_B2A3 (9 samples), CN6_B2A4 (3 sam-
ples), CN7_B2A5 (0 samples), CN8_B2A6 (2 samples), and CN9_B2A7
(0 samples). The corresponding global population frequencies for
these CN types were CN2_B1Al (0.0012), CN2_B2A0 (0.0044),
CN3_B2A1 (0.0667), CN4_B2A2 (0.5919), CN5_B2A3 (0.2672),
CN6_B2A4 (0.0539), CN7_B2A5 (0.0120), CN8_B2A6 (0.0024), and
CN9_B2A7 (0.0004) (these probabilities were calculated in the next
section). The probability of achieving the observed concordance rate
of 100 % under the global frequency distribution was calculated using
the formula:

P(All Correct) = [ " fF.

where f; is the frequency of CN type i in the global population, and k; is
the count of CN type i in the validation set.

The effect size between the observed concordance rate (100 %) and
the expected concordance rate derived from the global population fre-
quency was calculated using:

Effect Size = 2 x (arcsin (/p;) — arcsin (/p3)),

where p, = 1.0 and p, = 1.45 x 10",

Using this effect size, a sample size of 40, a significance level o of
0.05, and degrees of freedom of 8 (calculated as the number of CN
types minus one), the statistical power was determined.

2.6. Estimation of the frequencies of LILR CN haploid structures

To estimate the frequencies of the LILRB3-LILRA6 CN haploid
structures from the nine LILRB3-LILRA6 CN types, we estimated the
frequencies of seven LILRB3-LILRA6 CN haploid structures, CNO_BO-
A0, CN1_B1-AO, CN2_B1-Al, CN3_B1-A2, CN4_B1-A3, CN5_B1-A4,
and CN6_B1-A5 (the sum should be 1). We employed an optimization
approach with sequential least quadratic programming, utilizing the
optimized function in SciPy ver. 1.10.1. This method minimizes the
difference between the observed result (the left term) and the esti-
mated variables (the right term) in nine equations, aiming to accu-
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rately estimate frequencies of CN haplotype structures. The
equations are as follows:

2 x CNO_BO-A0 x CN2_B1-Al

CN1_B1-A0 xCN1_B1-AO

2 x CN1_B1-AO0 x CN2_B1-Al

2 x CN1_B1-A0 x CN3_B1-A2 + CN2_B1-Al x C

(i) CN2_B1A1
(ii) CN2_B2A0
(iii) CN3_B2A1l
(iv) CN4_B2A2

N2 B1-Al

(v) CN5_B2A3

X CN3_B1-A2
(vi) CN6_B2A4 = 2 x CN1_B1-A0 x CN5_B1-A4 + 2 x CN2_B1-Al
X CN4_B1-A3 + CN3_B1-A2 x CN3_B1-A2
(vii) CN7_B2A5 = 2 x CN1_B1-AO0 x CN6_B1-A5 + 2 x CN2_B1-Al
X CN5_B1-A4 + 2 x CN3_B1-A2 x CN4_B1-A3
(viii) CN8_B2A6 = 2 x CN2_B1-Al x CN6_B1-A5 + 2 x CN3_B1-A2
X CN5_B1-A4 + CN4_B1-A3 x CN4_B1-A3
(ix) CN9_B2A7 = 2 x CN3_B1-A2 x CN6_B1-A5 + 2 x CN4_B1-A3
X CN5_B1-A4

2 X CN1_B1-A0 x CN4_B1-A3 + 2 x CN2_B1-Al

2.7. JoGo-LILR-trio: haploid CN combination and probability estimation

For trio data, the JoGo-LILR-trio algorithm determines the most
probable pair of LILRB3-LILRA6 CN haploid structures for the mater-
nal and paternal genomes, ensuring compliance with Mendelian inher-
itance principles. The algorithm first identifies all possible
combinations of maternal and paternal haploid CNs that could result
in the observed diploid CN of the child. This approach ensures that
all potential combinations adhering to Mendelian inheritance rules
are considered.

Next, the algorithm incorporates population-specific haplotype fre-
quency data to calculate the likelihood of each combination. This
probabilistic framework refines predictions by leveraging prior knowl-
edge of population haplotype frequencies, ensuring consistency with
the diploid CN results for both the parents and the child. Finally, the
combination with the highest likelihood is reported as the most prob-
able haploid CN structure for the trio. The algorithm also outputs the
probability of the selected combination, providing a quantitative mea-
sure of the likelihood for the prediction.

This probabilistic approach allows JoGo-LILR-trio to provide robust
and reliable predictions of haploid CN combinations for trio data, mak-
ing it suitable for downstream analyses.

2.8. Validation dataset of paternal and maternal LILRA6-LILRB3 haploid
CN structure from diploid reference assemblies

All 40 samples from the HPRC dataset were children from trio data-
sets, and the diploid reference assemblies included annotations indi-
cating the maternal or paternal origin of each sequence. Based on
these annotations, the most probable maternal and paternal haploid
CN pairs estimated by JoGo-LILR-trio were compared to the corre-
sponding pairs derived from the HPRC diploid reference assemblies.

3. Results

3.1. Global overview of the LILR centromeric cluster and LILRB3-LILRA6
structures

The centromeric cluster region of the LILR gene family, located on
GRCh38: chr19:54,210,000-54,340,000, exhibits complex genomic
organization, as depicted in Fig. 1. The upper panel highlights the
reverse strand alignment of inhibitory receptors (LILRB2, LILRB3,
LILRB5), activating receptors (LILRA4, LILRAS5, LILRA6), and the
secretory protein (LILRA3), along with regions of notable copy number
diversity. The close structural similarity between the LILRB3 and
LILRA6 regions introduces challenges in determining their precise
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copy number and composition, as indicated by the gray, blue, and pink
arrows.

The lower-right panel in Fig. 1 further details the gene structures of
LILRB3 and LILRAG6, including their exonic regions (GRCh38: chr19:
54,216,000-54,244,000). Exons with high sequence similarity
between the two genes are shaded in orange, emphasizing their struc-
tural resemblance. These features underline the significance of accu-
rately characterizing the LILRB3-LILRA6 regions to enhance our
understanding of their role in immune regulation.

3.2. Notations and abbreviations of CNs of the LILRB3 and LILRAG6 regions

Building on previous discussions suggesting that LILRB3 and
LILRAG6 exhibit high copy number diversity, this study further charac-
terizes and analyzes these regions by examining combinations of
diploid copy numbers and estimating haploid CN pair structures. To
achieve this, relevant terminology and notations are defined to ensure

(a) LILRB3-LILRA6 Copy Number (CN) haploid structure
LILRB3-LILRAG haploid CN € X (a+b)
LILRB3 haploid CN 488 xa

LILRAG6 haploid CN A6 XDb
. CN1_B1-A0
.. CN2_B2-A0
. A6 CN2 BI-Al
. A6 A6 CN3 BI1-A2
« A6 A6 A6 CN4 BI-A3

CNS5_Bl1-A4

‘ A6 A6 A6 A6
T
LILRB3-LILRAG6 CN haploid structure

(c) LILRB3-LILRAG6 CN type (diploid structure)
[CN1_B1-A0/CN3_B1-A2] or [CN2_B1-A1/CN2_B1-Al]

» CN4 B2A2 < LILRB3-LILRAG6 CN type

<ft|><4
\

\ A6 X2 <« LILRA6 CN

« X2 < LILRB3 CN

LILRB3 or LILRA6 CN

Sample 1

Sample 2 «
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consistent representation and analysis of LILRB3 and LILRA6 copy
number variations (Supplementary Table 2).

Fig. 2 illustrates the key concepts and terminologies used in this
study. As shown in Fig. 2 (a), the haploid CN structure of LILRB3
and LILRA6 within a single haplotype is defined. The total CN and
the individual contributions of LILRB3 and LILRA6 represent this struc-
ture. For example, CN3_B1-A2 represents a haploid structure with one
copy of LILRB3 (denoted as B1) and two copies of LILRA6 (denoted as
A2), summing to a total of three copies (CN3). This notation describes
the organization of LILRB3 and LILRA6 in a single haplotype and
serves as a basis for further analyses.

As illustrated in Fig. 2 (b), the pairing of haploid CN structures rep-
resents the diploid configuration in a sample. For instance, a sample
with one haplotype of CN2_B1-Al and another of CN3_B1-A2 is repre-
sented as [CN2_B1-A1/CN3_B1-A2]. This notation explicitly differenti-
ates between the two haplotypes, which is important for analyses such
as Mendelian inheritance modeling in trio datasets.

(b) Pair of LILRB3-LILRAG haploid CN structures
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}
» [CN1_B1-A0/CN3_B1-A2]
A6 A6

« LILRB3 A6 LILRAG

\/:j LILRB3 or LILRAG6

[CN2_BI1-A1/CN3_B1-A2] or [CN2_BI1-A0/CN3_B1-A3]

» CN5_B2A3

LILRB3-LILRAG6 CN type
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Fig. 2. Notations related to JoGo-LILR Copy Number (CN) Caller. (a) LILRB3-LILRA6 CN haploid structure: The haploid structure illustrates the copy numbers
(CNs) of LILRB3 (blue arrow) and LILRA6 (pink arrow). The CNs of LILRB3 and LILRA6 in the same haplotype are concatenated with a hyphen (e.g., CN2_B1-Al
represents one copy of LILRB3 and one copy of LILRA6). Additionally, the figure distinguishes between the following: LILRB3 or LILRA6 haplotype CN, which is the
total number of copies for either LILRB3 or LILRA6 in a haplotype (e.g., CN2 means the total number of copies for either LILRB3 or LILRAG6 in a haplotype is two);
LILRB3 haplotype CN, which indicates the number of LILRB3 copies in a haplotype (e.g., one copy of LILRB3 is indicated by B1 in CN2_B1-Al); and LILRA6
haplotype CN, which indicates the number of LILRA6 copies in a haplotype (e.g., one copy of LILRA6 is indicated by Al in CN2_B1-A1l). Each row depicts an
example of a haplotype structure corresponding to its CN type (e.g., CN1_B1-A0 to CN5_B1-A4). (b) Pair of LILRB3-LILRA6 CN haploid structures: Depicts pairs of
haploid structures for two samples. The concatenated notations (e.g., [CN2_B1-A1/CN3_B1-A2]) represent the diploid configuration of the LILRB3-LILRA6 CN type
in a given sample. (c¢) LILRB3-LILRA6 CN type (diploid structure): Summarizes the diploid structure by combining the total copy numbers of LILRB3 and LILRA6
across haplotypes. For example, CN5_B2A3 indicates a total of five copies (LILRB3 or LILRA6 CN), with two LILRB3 CNs and three LILRA6 CNs, aggregated from
the haploid structures. In some cases, multiple haplotype combinations result in the same CN type. For instance, [CN1_B1-A0/CN3_B1-A2] and [CN2_B1-Al/
CN2_B1-A1] both correspond to the same diploid CN type CN4_B2A2.
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As depicted in Fig. 2 (c), the concept of diploid CN type is intro-
duced, aggregating the total copy number pattern of LILRB3 and
LILRA6 without distinguishing between individual haplotypes. For
example, a total of two copies of LILRB3 and three copies of LILRA6
across both haplotypes is denoted as CN5_B2A3. In this representation,
the total CN is five, with two copies derived from LILRB3 and three
copies from LILRA6. This simplified notation is particularly useful
for annotating and classifying of cluster plots, allowing a structured
representation of diploid CN types.

These definitions provide a practical framework for analyzing the
high copy number diversity of LILRB3 and LILRA6. By consistently rep-
resenting haploid and diploid CN structures, this framework supports
downstream analyses, including population-based haplotype fre-
quency estimation and Mendelian inheritance modeling.

3.3. Overview of the JoGo-LILR CN Caller

The JoGo-LILR CN Caller is an algorithmic tool developed to deter-
mine LILRB3-LILRA6 CN types from whole-genome sequencing data. It
follows a three-step process (Fig. 3) that integrates individual sample-
level analysis (Steps 1 and 2) with population-level analysis (Step 3),
ensuring both precision and consistency in CN typing.

In the first step, sequencing reads are aligned to the GRCh38 refer-
ence assembly (GRCh38DH, with decoy sequences) to generate sorted
BAM or CRAM files (Step 1 in Fig. 3). This alignment standardizes the
data for downstream analyses. If these files already exist, this step can
be omitted for efficiency.

The second step calculates normalized read depths for predefined
genomic regions using CNVNator [33] (Step 2 in Fig. 3). This step
translates raw sequencing data into quantitative metrics for copy num-
ber variation analysis. These results reflect individual sample charac-
teristics but may exhibit variability due to technical (e.g.,
sequencing accuracy, GC bias, mapping errors) or biological factors
(e.g., actual differences in copy numbers among samples, genetic back-
ground variations).

The third step leverages data from Steps 1 and 2 to classify LILRB3-
LILRA6 CN types using a population-based analysis (Step 3 in Fig. 3).
Cluster plots derived from normalized read depths are used to infer CN
structures. From the phased haplotype candidates, the algorithm esti-
mates the most likely haplotype pair based on their probabilities, iden-
tifying the pair with the highest likelihood. In trio datasets (JoGo-
LILR-trio), familial information refines predictions, further enhancing
haplotype phasing in complex genetic datasets. Combining
individual-level processing and population-level analyses improves
the algorithm’s robustness and ability to phase haplotypes from
short-read sequencing data accurately.

3.4. Detection of core regions for LILRB3 and LILRA6

Our analysis began by aligning high-coverage PCR-free srtWGS data
from 2,504 unrelated samples from the 1kGP dataset [26]. These locus
spanning chr19:54,216,000-54,243,000 was targeted, encompassing
the complete gene bodies of LILRB3 and LILRA6 (Step 1 in Fig. 3).

To determine a reliable mappable region across the samples, we
examined the mean mapping quality (MapQ, which reflects the confi-
dence of read alignment to the reference genome; higher scores indi-
cate more reliable alignment) for each chromosomal position within
the extracted BAM files from the 1kGP unrelated samples. MapQ is
defined as —10 logl0 of the probability that the mapping position is
wrong and is rounded to the nearest integer (in our analysis, 0-60,
in Fig. 4). Highly similar regions, such as duplicated or paralogous
sequences, typically show low mapQ scores close to 0, while uniquely
mappable regions have high mapQ values, such as 60. Because the dis-
tribution of mapQ values can vary slightly among samples due to dif-
ferences in sequence variation, we used the mean mapping quality to
summarize these variations and assess region-specific mappability
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across all samples. The global distribution of the mean mapQ values,
charting from the LILRB3 to LILRAG6 regions, is illustrated in Fig. 4
(a). The analysis indicated that the upstream regions and the first
halves of LILRB3 and LILRA6 exhibited low mapQ scores because of
their sequence similarities (Blue rectangle regions in Fig. 4); notably,
both genes were coded on the minus strand, with the upstream corre-
sponding to the downstream positions on chromosome 19. More
details, both genes from exon 1 to exon 7 are highly similar regions
(these regions correspond to the extracellular location of these genes
as depicted in Fig. 1). Conversely, the remaining downstream exons
of both genes (from exon 8 to exon 13 in LILRB3 and exon 8 in LILRA6)
displayed significantly higher mapQ scores, i.e., high diversity
between LILRB3 and LILRA6 (Fig. 4(a)). These regions, defined as
LILRB3core and LILRA6core, enable the separation of LILRB3 and
LILRA6 copy numbers.

Based on this mapQ analysis, we delineated the LILR core regions
as chr19:54,216,000-54,219,900 for LILRB3 (LILRB3core, orange rect-
angle in Fig. 4(b)) and chr19:54,236,600-54,239,600 for LILRA6
(LILRAG6core, green rectangle in Fig. 4(c)). Additionally, we defined
the total coverage from LILRB3 to LILRA6 gene bodies (referred to as
LILRB3+LILRA6) as spanning chr19:54,216,000-54,223,100 and
chr19:54,236,000-54,243,000. The LILRB3 + LILRA6 region was used
to determine the combined copy number of LILRB3 and LILRA6, as
these regions exhibit high similarity and are not uniquely mappable.
In high similarity regions, the alignment tool may assign reads to
LILRB3 or LILRA6 at random when unique mapping is impossible. Still,
by summing up the information from these regions, the combined copy
numbers of LILRB3 and LILRA6 can be accurately determined. In con-
trast, the LILRB3core and LILRA6core regions, due to their higher
mapQ values and unique mappability, were used to determine the rel-
ative proportions of LILRB3 and LILRA6 copy numbers individually.
Normalized coverage was calculated for the specified regions using
CNVNator version 0.4.1 [33] (Step 2 in Fig. 3). Normalization was
essential, given the variable lengths of the core regions (3,900 bp for
LILRA6core and 3,000 bp for LILRB3core), disparities in total
sequenced coverage, and GC bias among srWGS samples. CNVNator
considers these factors and fits into the downstream analysis.

3.5. LILR cluster plot and theoretical position of LILRB3 and LILRA6 gene
copies

Using the core regions and gene body regions defined in Step 2, we
considered the theoretical cluster (named LILR cluster plot) position of
the normalized CN values (Step 3 in Fig. 3). The x-axis represents the
total normalized CN value of the LILRB3+LILRA6 region, reflecting
the combined copy number of both genes. The y-axis indicates the
ratio of the normalized CN values of the LILRB3core region to the
LILRA6core region, which provides insight into the relative contribu-
tions of LILRB3 and LILRA6. By integrating both the x-axis and y-
axis metrics, the copy number structure of LILRB3 and LILRA6 for each
sample can be determined. Step 3 in Fig. 3 illustrates the relationship
between LILRB3 and LILRA6 CNs and their theoretical cluster positions
in the LILR cluster plot. Crosses in the cluster plot represent individual
measurements from multiple samples, which may include experimen-
tal noise (in Fig. 3, three times were measured from samples with
CN3_B2A1, and other three times were measured from samples with
CN4_B2A2)). Diamonds indicate the center positions of clusters
formed by similar CN characteristics, and blue circles mark the theo-
retical anchor positions for each CN structure (full theoretical 63
anchor positions are listed in Supplementary Table 3). Clusters are
annotated by comparing the center positions (diamonds) to the closest
theoretical anchor positions (blue circles). For example, in Fig. 3, the
red cluster center aligns with the anchor for CN3_B2A1, while the
green cluster center aligns with the anchor for CN4_B2A2. These anno-
tations indicate that the red cluster corresponds to CN3_B2A1, and the
green cluster corresponds to CN4_B2A2.
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Sample A = CN3 B2A1 =[CN1 B1-A0/CN2 BI-Al] Sample B=CN4_B2A2 = [CN2 B1-A1/CN2_B1-Al]

CN1_BI-A0 CN2 BI-Al B |
_ —— LICRAC

LILRA6 LILRA6

cnz_B1-alL, D B | cne_B1-AL D _

Observation (Sequenced Data) Observation (Sequenced Data)

== Sample B =

Sample A

Individual-level Diploid CN Type Analysis
Step1 Align srWGS data to human from each sample to the reference assembly

Reference Reference
GRCh38 - - 1m GRCh38 e
LILRA6 _ LILRA6
Sample A E = = Sample B = = =
Step2 Calculate depth (the aligned sequenced reads) to defined regions
Sample A Sample B
(X,Y) = LILRB3+LILRA6,LILRB3core/LILRA6core) (X,Y) = LILRB3+LILRAG6,LILRB3core/LILRA6core)
=(12/4,4/2)=(3,2)  axin Step3 *1 =(16/4,4/4)=(4,1)  a%in Step3 *1

*1 These values are distributed with the noise from experiments.

Population-level Diploid CN Type Analysis
Step3 Call CNs with LILR Cluster Plot

No trio data set = Rank by the probable haploid pair from the
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Fig. 3. Overview of JoGo-LILR CN Caller. This figure illustrates the workflow for calling LILRB3-LILRA6 copy numbers (CNs) from short-read whole-genome
sequencing (stWGS) data. The input consists of three steps: alignment, normalization, and clustering. The input includes FASTQ files or aligned sequencing data for
samples (e.g., Sample A and Sample B) with pair of LILRB3-LILRA6 CN haploid structures such as [CN1_B1-A0/CN2_B1-Al] and [CN2_B1-A1/CN2_B1-Al], and
LILRB3-LILRA6 CN type as CN3_B2A1 and CN4_B2A2, respectively. In Step 1, sequencing reads are aligned to the human reference genome (GRCh38) to generate
read-depth information for specific genomic regions. In Step 2, the depth is normalized for three distinct regions: LILRB3core (highlighted as orange), LILRA6core
(green), and shared LILRB3-LILRAG6 regions (blue). These normalized values are used to calculate the total copy number (LILRB3 + LILRA6) and the ratio of
LILRB3core to LILRA6core. In Step 3, the normalized values are plotted (cross with red and green), with LILRB3 + LILRA6 on the x-axis and LILRB3core/
LILRA6core on the y-axis to plot (right-middle plot). Clustering is applied to group samples with similar CN profiles, as shown by dotted green and red ellipses.
Cluster centers (green and red diamonds) are matched to theoretical anchor positions (blue circles) from the reference table to assign CN types. For example, the
green cluster corresponds to CN4_B2A2, while the red cluster corresponds to CN3_B2A1. The haplotype pair is assigned with the highest likelihood based on
population frequencies. For instance, Sample B is assigned the haploid pair CN2_ B1A1/CN2 B1A1l with 99 % probability. For trio data, the most probable
haplotype pair is estimated based on Mendelian constraints and the frequency of each haploid.
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Fig. 4. The global and local mapQ distributions around LILRB3 and LILRAG. (a) The global mean mapQ distribution (from O (with high similarity to other
regions) to 60 (unique region in GRCh38; y-axis) is shown for the 29 kb region spanning from LILRB3 to LILRA6 (chr19:54,215,000-54,244,000) (x-axis). Both
LILRB3 and LILRA6 are coded on the minus strand. The regions are color-coded as green for LILRA6core, orange for LILRB3core, and blue for the high similarity
regions between LILRB3 and LILRA6. The green and orange rectangles represent uniquely mappable regions for LILRA6core and LILRB3core, respectively, while
the blue rectangles indicate regions with high sequence similarity between LILRB3 and LILRAG, leading to lower mapQ scores. (b) The stable mapQ region for
LILRB3 (chr19:54,215,500-54,223,500) is shown in detail. This 8 kb region is identified as LILRB3core, highlighted in orange. The LILRB3core region consistently
demonstrates higher mapQ scores than the flanking blue rectangle regions, which correspond to the high similarity regions shown in (a). Notably, the high
similarity regions include LILRB3 exons 1-7, contributing to the lower mapQ scores in these regions. (c) The stable mapQ region for LILRA6 (chr19:54,235,500—
54,243,500) is shown in detail. This 8 kb region is identified as LILRA6core, highlighted in green. The LILRA6core region also exhibits consistently higher mapQ
scores than the flanking blue rectangle regions, which correspond to the high similarity regions shown in (a). Notably, the high similarity regions include LILRA6
exons 1-7, leading to lower mapQ scores in these regions.
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By leveraging this clustering approach, Step 3 mitigates the impact
of experimental noise and stabilizes CN structure determination
through joint-calling. This statistical property ensures that even if indi-
vidual samples exhibit variability, the center positions of clusters
remain stable as sample size increases, providing robust annotations
of CN structures.

3.6. LILR cluster plot to estimate CNs by the 1kGP samples

To elucidate the patterns of the international srtWGS dataset, an
LILR cluster plot was created using the 1kGP unrelated samples
(Fig. 5(a), Supplementary Table 4). The analysis revealed nine patterns
corresponding to LILRB3 +LILRA6 and LILRA6core/LILRB3core com-
binations. These patterns were anchored at specific options: (infinity
(capped at 4 in our analysis), 2), (1.0, 2), (2.0, 3), (1.0, 4), (0.67, 5),
(0.5, 6), (0.4, 7), (0.33, 8), and (0.286, 9), each representing unique
LILRB-LILRA6 CN types: CN2_B2A0, CN2.Bl1Al, CN3_B2Al,
CN4_B2A2, CN5_B2A3, CN6_B2A4, CN7_B2A5, CN8_B2A6, and
CN9_B2A7, respectively. We further clarify the assignment from a clus-
ter to a specific LILRB-LILRA6 CN type (Supplementary Fig. 1).

To achieve this classification, single linkage hierarchical clustering
was employed in JoGo-LILR CN Caller. This method was selected
based on its suitability for handling non-spherical cluster shapes, as
observed in the LILRB3-LILRA6 CN dataset. Additionally, by setting
the number of clusters higher than the theoretical CN patterns, the
influence of outliers was mitigated by assigning them to separate clus-
ters (e.g., Cluster ID 20 in Supplementary Fig. 1). This approach min-
imized the impact of outliers on the primary clusters, ensuring higher
purity and improving the accuracy of CN type assignments.

Notably, the y-axis metric (LILRB3core/LILRA6core ratio) was crit-
ical for differentiating earlier clusters, such as CN2_B1Al and
CN2_B2A0, by capturing variations in the proportional relationship
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between LILRB3 and LILRA6. In contrast, the x-axis metric (LILRB3
+LILRA6) played a primary role in distinguishing clusters for
CN4_B2A2 and subsequent CN patterns, where the total copy number
becomes increasingly distinct across samples. While the x-axis was
dominant in later clusters, the y-axis still contributed additional reso-
lution by reflecting subtle proportional differences between LILRB3
and LILRA6, ensuring robust and accurate cluster assignments.

For comparison, we evaluated alternative clustering methods,
including K-means and DBSCAN (Supplementary Figs. 2 and 3). In
the K-means result, two key issues were observed. First, the CN9_B2A7
cluster, which was distinctly identified by the single linkage, was
merged into the CN8_B2A6 cluster (Supplementary Fig. 2). Second,
K-means divided groups with the same CN into multiple unintended
clusters when the cluster size was set to the same value as the single
linkage. This behavior was particularly evident for CN4_B2A2,
CN5_B2A3, and CN6_B2A4 (Supplementary Fig. 4). While it is common
for a single CN type to be divided into multiple subclusters (as
observed in K-means, DBSCAN, and single linkage), K-means uniquely
tended to assign samples more evenly across subclusters. This feature
often led to subclusters being biased in their (x, y) positions relative to
the reference anchor, with some subclusters appearing to the left of the
anchor and others to the right. As a result, K-means was less effective
in utilizing the stability provided by averaging the positions of all sam-
ples within a subcluster when compared to the reference anchor.
DBSCAN, a density-based clustering method, was also tested. In
DBSCAN, the eps parameter defines the radius within which neighbor-
ing points are considered part of the same cluster, and a smaller eps
value generally leads to a greater number of clusters. In this study,
we fixed the minimum number of samples required to form a cluster
at 1 to ensure small clusters could still be detected. While DBSCAN
produced results comparable to single linkage when eps was set to a
small value (e.g., eps=0.1), increasing eps (e.g., to eps=0.5 or
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Fig. 5. The LILRB3-LILRA6 CN cluster plots. (a) The LILR cluster plot shows the calculated position (LILRB3 + LILRA6, LILRB3core/LILRA6core) of 2,504
samples. The x-axis represents the total normalized CN value of the LILRB3 + LILRA6 region, reflecting the combined copy number of both genes. The y-axis
indicates the ratio of the normalized CN values of the LILRB3core region to the LILRA6core region, providing insight into the relative contributions of LILRB3 and
LILRAG6. By integrating both the x-axis and y-axis metrics, the copy number structure of LILRB3 and LILRA6 for each sample can be determined. Each point in the
plot represents the calculated results for a single sample based on the procedures described in Step 1 and Step 2 of Fig. 3. Samples with the same CN structure form
clusters but do not land on identical points due to sequencing biases and sequence-based haplotype differences, which introduce slight deviations in normalized
CN values. These deviations explain the observed spread within clusters. Notably, the y-axis metric effectively separates earlier clusters (e.g., CN2_B1A1 vs.
CN2_B2A0) by capturing variations in the proportional relationship between LILRB3 and LILRA6. In contrast, the x-axis metric plays a primary role in
distinguishing clusters in later patterns (e.g., CN4_B2A2 onwards) by reflecting the total copy number differences. Although the y-axis metric has a smaller
influence in later clusters, it still provides additional resolution by capturing subtle proportional differences between LILRB3 and LILRA6. The clusters
corresponding to each CN type are further detailed in Supplementary Fig. 1, illustrating their composition and characteristics. (b) The LILR cluster plot of 3,202
samples includes the 2,504 samples in (a) and their 698 related individuals. This plot expands the dataset to include additional family members, which enables
further exploration of inheritance patterns and familial CN relationships. The clusters corresponding to each CN type are further detailed in Supplementary Fig. 7.
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eps=1.0) led to the merging of multiple CN clusters into a single group
(Supplementary Fig. 3 and Supplementary Fig. 5). This result demon-
strates the sensitivity of DBSCAN to eps values, which can significantly
affect the clustering outcome. Considering the need for parameter sim-
plicity and stability, single linkage was considered a more suitable
approach for this study.

Fig. 6 (a) shows the frequency of the identified CN types for LILRB3
and LILRAG6 in five continental groups: East Asian (EAS), South Asian
(SAS), European (EUR), American (AMR), and African (AFR) (Supple-
mentary Table 5 (a) and (b)). Our comprehensive analysis indicated
that CN4 was the most prevalent CN globally, accounting for 59.2 %
of cases, followed by CN5 at 26.7 %. Notably, the EAS population
exhibited a higher frequency of CN4 (82.5 %) than the other groups.
In contrast, the AFR population demonstrated a greater propensity
for higher CN states, with instances of more than five copies constitut-
ing 13.5 % of the population, compared to a global average of 6.9 %.

3.7. Performance assessment of JoGo-LILR CN calls using high-quality
diploid human pangenome reference

To evaluate the performance of the JoGo-LILR CN calls in Step 3,
we utilized 40 HapMap samples with high-quality diploid human pan-
genome reference from HPRC [29]. The human pangenome reference
used for our new validation was constructed using high-fidelity long-
read sequencing (PacBio HiFi), ultra-long-read sequencing (Oxford
Nanopore Technologies, ONT), Bionano Optical Maps, and Hi-C
sequencing. These technologies collectively provide comprehensive
genomic coverage and high resolution for structural variants, includ-
ing CNVs. These assemblies, with a QV of 52 (indicating less than
one error per 200,000 bases), are widely recognized as a gold standard
for genome analysis [29].

The pairs of LILRB3-LILRA6 CN haplotype structures for 40 samples
are detailed in Table 1 (The integrative Genome Viewer (IGV) [32]
snapshots are in Supplementary Fig. 6). For these 40 samples, we com-
pared the LILRB3-LILRA6 reference structure from HPRC and the
LILRB3-LILRA6 CN types deduced from the LILR cluster plot in Step
3. This analysis yielded a perfect match for all 40 samples, confirming
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the accuracy of estimating LILRB3-LILRA6 CN types from the 1kGP
srWGS data, as documented in Table 1.

The observed concordance rate between short-read and pangenome
reference data was 100 %. Using the observed concordance rate and
the expected concordance rate derived from the global population fre-
quency distribution, the probability of achieving the observed concor-
dance rate under the global distribution was calculated as
1.54 x 1072, the effect size was calculated as 3.142 (Cohen’s h). This
large effect size demonstrates a significant deviation from the expected
concordance rate, confirming the high accuracy of JoGo-LILR Caller.
Based on this effect size and the sample of 40 specimens, the statistical
power was 1.000.

3.8. LILRB3-LILRAG6 CN haplotype structures in diverse populations

Using the LILR cluster plot, the total number of possible patterns
of LILRB3-LILRA6 CNs per sample was nine (Supplementary Table 5
(a) and (b)). This observation was further corroborated through a
comparative analysis with the 1rWGS dataset, which validated the
accuracy of the LILRB3-LILRA6 CN determinations. By employing
the frequencies of the LILRB3-LILRA6 CN types, where the sum of
the two alleles was considered, we deduced the frequencies of the
LILRB3-LILRA6 CN haplotype structures. This estimate was achieved
by solving optimal equations for the frequencies of LILRB3-LILRA6
CNs globally or in five continental groups: EAS, SAS, EUR, AMR,
and AFR (Fig. 6(b); Supplementary Table 5(c)). According to the glo-
bal profile, the CN2_B1-Al variant emerged as the most prevalent,
accounting for 76.0 % of the observed variants, followed by
CN2_B1-A2 at 4.4 %. In the EAS population, CN1_B1-A0 was more
frequent (4.0 %) than in the other populations, except for AFR
(12.2 %). Interestingly, our analysis uniquely identified the
CNO_B0-AO type within the EAS cohort at a frequency of 0.19 %
(Supplementary Table 5(c)). The CNO_BO-AO detected by our JoGo-
LILR tool was subsequently experimentally validated, and its func-
tional implications were also delineated [34].

In JoGo-LILR, the haplotype option allows for the probability of a
pair of LILRB3-LILRA6 CN haplotype structures.

(b)
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Fig. 6. Distribution of LILRB3-LILRA6 CNs in Global Populations. (a) The called frequencies of the LILRB3-LILRA6 CN types across the global population
(2,504 individuals) and five continental groups: East Asia (EAS; 504 individuals), South Asia (SAS; 489 individuals), Europe (EUR; 503 individuals), America
(AMR; 347 individuals), and Africa (AFR; 661 individuals). The x-axis represents the continental groups, and the y-axis shows the normalized frequencies of each
CN type (e.g., CN2 B1A1, CN3_B1A2).(b) The estimated frequencies of the LILRB3-LILRA6 CN haploid structures across the global population and five continental
groups. Each bar represents the haploid structure frequencies for the corresponding group.
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Comparison of LILRB3-LILRA6 copy number (CN) types determined using the JoGo-LILR Caller based on short-read whole-genome sequencing (srfWGS) and the
diploid reference assembly from HPRC for the shared same samples. This table summarizes results from 40 samples, including the population and continental group
classification, the total copy number of LILRB3 and LILRA6 genes (X), the ratio of core regions (Y), and concordance status between the srWGS and pangenome
reference assembly results. The CN haplotype structures for both alleles from diploid reference.

Sample Population Continental X Y By JoGo- Concordance HPRC LILRB3- By Diploid Reference Assembly
D Group (LILRB3 + LILRA6  (LILRB3core/ LILR (JoGo-LILR vs. validation =~ LILRA6 CN  in HPRC
Copy Number) LILRA6core Caller Diploid Reference version type by
Ratio) CN type Assembly) HPRC 1st LILRB3- 2nd LILRB3-
LILRA6 CN LILRA6 CN
haplotype haplotype
structure structure
HG00438 CHS EAS 3.0346 2.0472 CN3_B2A1 YES vl CN3_B2A1  CN1_B1-A0 CN2_B1-Al
HG00621 CHS EAS 3.2692 1.7841 CN3_B2A1 YES vl CN3_B2A1  CN1_B1-A0 CN2_B1-Al
HG00673 CHS EAS 4.1803 0.8772 CN4_B2A2 YES vl CN4_B2A2 CN2_B1-Al CN2_B1-Al
HGO00733 PUR AMR 4.1995 0.9578 CN4_B2A2 YES vl CN4_B2A2 CN2_B1-Al CN2_B1-Al
HG00735 PUR AMR 4.2288 1.0067 CN4_B2A2 YES vl CN4_B2A2  CN2B1-Al CN2_B1-Al
HG00741 PUR AMR 5.0314 0.6312 CN5_B2A3 YES vl CN5_B2A3 CN2_B1-Al CN3_B1-A2
HG01071 PUR AMR 5.8592 0.4906 CN6_B2A4 YES vl CN6_B2A4  CN3_B1l-A2 CN3_B1-A2
HG01106 PUR AMR 4.2343 1.0796 CN4_B2A2 YES vl CN4_B2A2  CN2B1-Al CN2_B1-Al
HG01109 PUR AMR 3.9571 0.9288 CN4_B2A2 YES vl CN4_B2A2 CN2_B1-Al CN2_B1-Al
HGO01175 PUR AMR 4.0591 0.9904 CN4_B2A2 YES vl CN4_B2A2 CN2_B1-Al CN2_B1-Al
HG01243 PUR AMR 2.923 2.0696 CN3_B2A1 YES vl CN3_B2A1  CN2B1-Al CN1_B1-A0
HG01258 CLM AMR 8.0174 0.3264 CN8_B2A6 YES vl CN8_B2A6  CN5_B1-A4 CN3_B1-A2
HGO01358 CLM AMR 4.186 0.8926 CN4_B2A2 YES vl CN4_B2A2 CN2_B1-Al CN2_B1-Al
HGO01361 CLM AMR 3.9737 1.0852 CN4_B2A2 YES vl CN4_B2A2 CN2_B1-Al CN2_B1-Al
HG01891 ACB AFR 6.1392 0.4765 CN6_B2A4 YES vl CN6_B2A4  CN3_B1-A2 CN3_B1-A2
HG01928 PEL AMR 4.1236 0.8732 CN4_B2A2 YES vl CN4_B2A2 CN2_B1-Al CN2_B1-Al
HG01952 PEL AMR 4.8906 0.7058 CN5_B2A3 YES v1.0.1(r2) CN5_B2A3 CN3_B1-A2 CN2_B1-Al
HG01978 PEL AMR 5.2689 0.6476 CN5_B2A3  YES vl CN5_B2A3  CN3_B1-A2 CN2_B1-Al
HGO02055 ACB AFR 4.9656 0.6475 CN5_B2A3 YES vl CN5_B2A3 CN2_B1-Al CN3_B1-A2
HG02080 KHV EAS 4.1604 0.9357 CN4_B2A2 YES vl CN4_B2A2 CN2 B1-Al CN2_B1-Al
HG02145 ACB AFR 5.0924 0.7207 CN5_B2A3  YES v1.0.1(r2) CN5B2A3 CN1_B1-A0 CN4_B1-A3
HG02148 PEL AMR 2.9282 1.8576 CN3_B2A1 YES vl CN3_B2A1  CN1_B1-A0 CN2_B1-Al
HGO02257 ACB AFR 3.1123 1.7829 CN3_B2A1 YES vl CN3_B2Al CN1_B1-A0 CN2_B1-Al
HG02572 GWD AFR 4.1399 0.9647 CN4_B2A2 YES vl CN4_B2A2 CN2_B1-Al CN2_B1-Al
HG02622 GWD AFR 4.9871 0.5998 CN5_B2A3  YES vl CN5_B2A3  CN2B1-Al CN3_B1-A2
HG02630 GWD AFR 4.1385 0.8934 CN4_B2A2 YES vl CN4_B2A2 CN1_B1-A0 CN3_B1-A2
HG02717 GWD AFR 2.9996 2.2262 CN3_B2A1 YES vl CN3_B2A1 CN2 B1-Al CN1_B1-A0
HG02723 GWD AFR 3.737 0.8766 CN4_B2A2 YES vl CN4_B2A2  CN2B1-Al CN2_B1-Al
HG02818 GWD AFR 6.1893 0.5448 CN6_B2A4 YES v1.0.1(r2) CN6_B2A4 CN1_B1-A0 CN5_B1-A4
HG02886 GWD AFR 5.0884 0.6826 CN5_B2A3 YES v1.0.1(r2) CN5_B2A3 CN2_B1-Al CN3_B1-A2
HGO03098 MSL AFR 4.1686 1.0414 CN4_B2A2 YES vl CN4_B2A2 CN2_B1-Al CN2_B1-Al
HG03453 MSL AFR 4.1121 0.9352 CN4_B2A2 YES vl CN4_B2A2  CN2B1-Al CN2_B1-Al
HG03486 MSL AFR 8.1359 0.3022 CN8_B2A6 YES vl CN8_B2A6  CN4_B1-A3 CN4_B1-A3
HGO03492 PJL SAS 4.8823 0.6745 CN5_B2A3 YES vl CN5_B2A3 CN2_B1-Al CN3_B1-A2
HG03516 ESN AFR 4.0381 0.9679 CN4_B2A2 YES vl CN4_B2A2  CN2B1-Al CN2_B1-Al
HG03540 GWD AFR 5.0642 0.6576 CN5_B2A3 YES vl CN5_B2A3 CN2_B1-Al CN3_B1-A2
HGO03579 MSL AFR 4.1252 0.9578 CN4_B2A2 YES vl CN4_B2A2 CN2 B1-Al CN2_B1-Al
NA18906 YRI AFR 4.1369 0.9625 CN4_B2A2 YES vl CN4_B2A2 CN2_B1-Al CN2_B1-Al
NA19240 YRI AFR 3.9916 0.9999 CN4_B2A2 YES vl CN4_B2A2  CN2B1-Al CN2_B1-Al
NA20129 ASW AFR 4.3382 1.0711 CN4_B2A2 YES vl CN4_B2A2 CN2_B1-Al CN2_B1-Al

3.9. JoGo-LILR-trio and the performance evaluation using pedigree srWGS
dataset

In assessing LILRB3-LILRA6 CN types for parental genotypes, the
JoGo-LILR-trio algorithm probabilistically determines the most likely
pairs of LILRB3-LILRA6 haploid CN structures for parents and their
child. The algorithm first identifies all possible haploid CN pairings
for the parents that comply with Mendelian inheritance patterns
observed in the offspring. It then integrates population-specific haplo-
type frequency data to prioritize the most probable combination as the
primary candidate for the child’s pair of haploid CN structures.

When multiple parental CN-type pairings are feasible, JoGo-LILR-
trio evaluates the likelihood of each pairing and outputs the combina-
tion with the highest probability along with its confidence score. This
approach ensures robust predictions of haploid CN structures for the
trio, aligning with both Mendelian principles and population fre-
quency data.

To evaluate the performance of the called results of LILRB3-LILRA6
CN types and the estimated CN haplotype structures for the children,
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we used 602 completed trio data by integrating the 698 HapMap pedi-
gree datasets [26] with the former 2,504 non-pedigree datasets. JoGo-
LILR identified LILRB3-LILRA6 CN types through joint-calling on
3,202 samples (the LILR cluster plot is shown in Fig. 6(b); the
LILRB3-LILRA6 CN types are summarized in Supplementary Table 6).

The JoGo-LILR-trio further incorporates trio structures and evalu-
ates the probability of pairs of LILRB3-LILRA6 haplotype structures.
For example, the LILRB3-LILRA6 CN type CN4_B2A2 of EUR can cor-
respond to two possible pairs of LILRB3-LILRA6 CN haplotype struc-
tures: (CN2_B1-Al, CN2 B1-Al) or (CN1_B1-A0, CN1_B1-A2), with
probabilities of 0.995 and 0.005, respectively. The JoGo-LILR-trio tool
was applied to the LILRB3-LILRA6 results generated by JoGo-LILR
(Supplementary Table 7).

Remarkably, all 602 trios adhered to Mendelian inheritance rules.
Among these, 549 child samples (91.2 %) were accurately estimated
to have the most probable pair of LILRB3-LILRA6 haploid CN structure
with probabilities exceeding 99 %, and 583 child samples (96.8 %)
with probabilities exceeding 90 % (Supplementary Table 8). These
probabilities reflect the likelihood of the most probable haplotype pair
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being the correct one among all possible pairings, rather than predic-
tive accuracy. For instance, sample HG01258 was determined to have
the most probable CN haplotype pair CN3_B1-A2 and CN5_B1-A4 with
a probability of 99.99 %. In comparison, sample HG02055 was identi-
fied with the most probable CN haplotype pair CN2_ B1-Al and
CN3_B1-A2, with a probability of 96.4 %.

The average likelihood of the most probable haplotype pair across
all 602 samples was 0.9901, with a median likelihood of 1.0000.
Taken together, these results strongly support the validity and reliabil-
ity of identifying the top candidate haplotype pair with high confi-
dence (Supplementary Table 8).

To assess the accuracy of our method for estimating the most prob-
able pair of LILRB3-LILRA6 CN haplotype structures in a child, we ana-
lyzed 40 child samples sourced from the HapMap trio dataset,
validated against diploid reference assemblies provided by the HPRC
[29]. Table 2 summarizes the comparison between the JoGo-LILR-
trio estimated haplotype pairs and the HPRC-derived true haplotype
pairs, as well as the concordance result (Supplementary Fig. 7; Supple-
mentary Table 8). The analysis demonstrated 100 % concordance

Table 2
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between JoGo-LILR-trio predictions and HPRC-derived diploid haplo-
type pairs for all 40 child samples, affirming the tool’s ability to iden-
tify true CN haplotype pairs accurately.

Due to the limited number of diploid reference assemblies, we
could not fully evaluate the estimated performance. However, these
results provide robust evidence of the reliability and accuracy of
JoGo-LILR-trio in estimating LILRB3-LILRA6 CN haplotype structures
when applied to trio datasets.

3.10. Software

The software inputs the fastq or aligned files, BAM or CRAM for-
mat, and calls the LILRB3-LILRA6 CN types and LILRB3-LILRA6 CN
haplotype structures. The prior option allows for joint CN calling with
1kGP samples. If the population type of each sample is specified, the
population-specific CN frequency is used a priori (EAS, SAS, EUR,
AMR, and AFR; the default is global). The JoGo-LILR-trio takes the
JoGo-LILR and Plink ped format [35] (family structure format) and
outputs the most probable pair of LILRB3-LILRA6 CN haplotype struc-

Comparison of LILRB3-LILRA6 haploid CN structures inferred by JoGo-LILR-trio and those determined from diploid reference assemblies in HPRC. This
table summarizes the comparison of LILRB3-LILRA6 haploid CN structures inferred for 40 trio families using the JoGo-LILR-trio Caller based on srWGS and those
assigned as paternal or maternal in the HPRC diploid reference assemblies. The most probable pair of haploid CN structures for each child was inferred by JoGo-LILR-
trio and compared to the haploid CN structures annotated in the HPRC reference. The table includes the population and continental group classification, sample ID,
inferred haploid CN structures for both parents, and the probability of the estimated pair. Concordance between the JoGo-LILR-trio inference and the HPRC diploid

reference data is also indicated.

Sample Population Continental Trio  Concordance (JoGo-LILR vs. By JoGo-LILR-trio By Diploid Reference Assembly in
ID Group Diploid Reference Assembly) HPRC
Pair of LILRB3-LILRA6 haploid CN Probability  Pair of LILRB3-LILRA6 haploid CN
structure inherit from (mother/father) structure inherit from (mother/father)

HG00438 CHS EAS Child YES CN1_B1-A0/CN2_B1-Al 99.8 % CN1_B1-A0/CN2_B1-Al
HG00621 CHS EAS Child YES CN1_B1-A0/CN2 B1-Al 99.8 % CN1_B1-A0/CN2 B1-Al
HG00673 CHS EAS Child YES CN2_B1-A1/CN2_B1-Al 100.0 % CN2_B1-A1/CN2_B1-Al
HG00733 PUR AMR Child YES CN2_B1-A1/CN2 B1-Al 100.0 % CN2_B1-A1/CN2 B1-Al
HGO00735 PUR AMR Child YES CN2_B1-A1/CN2_B1-Al 100.0 % CN2_B1-A1/CN2_B1-Al
HGO00741 PUR AMR Child YES CN2_B1-A1/CN3_B1-A2 100.0 % CN2_B1-A1/CN3_B1-A2
HG01071 PUR AMR Child YES CN3_B1-A2/CN3_B1-A2 96.9 % CN3_B1-A2/CN3_B1-A2
HG01106 PUR AMR Child YES CN2_B1-A1/CN2 B1-Al 100.0 % CN2_B1-A1/CN2 B1-Al
HGO01109 PUR AMR Child YES CN2_B1-A1/CN2_B1-Al 100.0 % CN2_B1-A1/CN2_B1-Al
HGO01175 PUR AMR Child YES CN2_B1-A1/CN2_B1-Al 100.0 % CN2_B1-A1/CN2_B1-Al
HG01243 PUR AMR Child YES CN2_B1-A1/CN1_B1-A0 99.9 % CN2_B1-A1/CN1_B1-A0
HGO01258 CLM AMR Child YES CN5_B1-A4/CN3_B1-A2 100.0 % CN5_B1-A4/CN3_B1-A2
HGO01358 CLM AMR Child YES CN2_B1-A1/CN2_B1-Al 100.0 % CN2_B1-A1/CN2_B1-Al
HG01361 CLM AMR Child YES CN2_B1-A1/CN2 B1-Al 100.0 % CN2_B1-A1/CN2 B1-Al
HGO01891 ACB AFR Child YES CN3_B1-A2/CN3_B1-A2 96.7 % CN3_B1-A2/CN3_B1-A2
HGO01928 PEL AMR Child YES CN2_B1-A1/CN2_B1-Al 100.0 % CN2_B1-A1/CN2_B1-Al
HGO01952 PEL AMR Child YES CN3_B1-A2/CN2 _B1-Al 99.2 % CN3_B1-A2/CN2_B1-Al
HG01978 PEL AMR Child YES CN3_B1-A2/CN2 B1-Al 99.9 % CN3_B1-A2/CN2 B1-Al
HGO02055 ACB AFR Child YES CN2_B1-A1/CN3_B1-A2 96.4 % CN2_B1-A1/CN3_B1-A2
HG02080 KHV EAS Child YES CN2_B1-A1/CN2_B1-Al 100.0 % CN2_B1-A1/CN2_B1-Al
HG02145 ACB AFR Child YES CN1_B1-A0/CN4_B1-A3 100.0 % CN1_B1-A0/CN4_B1-A3
HGO02148 PEL AMR Child YES CN1_B1-A0/CN2_B1-Al 99.2 % CN1_B1-A0/CN2_B1-Al
HG02257 ACB AFR Child YES CN1_B1-A0/CN2_B1-Al 96.5 % CN1_B1-A0/CN2 B1-Al
HG02572 GWD AFR Child YES CN2_B1-A1/CN2 B1-Al 99.4 % CN2_B1-A1/CN2 B1-Al
HG02622 GWD AFR Child YES CN2_B1-A1/CN3_B1-A2 92.9 % CN2_B1-A1/CN3_B1-A2
HG02630 GWD AFR Child YES CN1_B1-A0/CN3_B1-A2 92.9 % CN1_B1-A0/CN3_B1-A2
HGO02717 GWD AFR Child YES CN2_B1-A1/CN1_B1-A0 100.0 % CN2_B1-A1/CN1_B1-A0
HG02723 GWD AFR Child YES CN2_B1-A1/CN2 B1-Al 98.5 % CN2_B1-A1/CN2 B1-Al
HG02818 GWD AFR Child YES CN1_B1-A0/CN5_B1-A4 98.9 % CN1_B1-A0/CN5_B1-A4
HG02886 GWD AFR Child YES CN2_B1-A1/CN3_B1-A2 92.9 % CN2_B1-A1/CN3_B1-A2
HG03098 MSL AFR Child YES CN2_B1-A1/CN2 B1-Al 100.0 % CN2_B1-A1/CN2 B1-Al
HGO03453 MSL AFR Child YES CN2_B1-A1/CN2_B1-Al 100.0 % CN2_B1-A1/CN2_B1-Al
HG03486 MSL AFR Child YES CN4_B1-A3/CN4_B1-A3 91.3 % CN4_B1-A3/CN4_B1-A3
HGO03492 PJL SAS Child YES CN2_B1-A1/CN3_B1-A2 99.9 % CN2_B1-A1/CN3_B1-A2
HG03516 ESN AFR Child YES CN2_B1-A1/CN2_B1-Al 99.4 % CN2_B1-A1/CN2_B1-Al
HG03540 GWD AFR Child YES CN2_B1-A1/CN3_B1-A2 92.9 % CN2_B1-A1/CN3_B1-A2
HGO03579 MSL AFR Child YES CN2_B1-A1/CN2_B1-Al 99.4 % CN2_B1-A1/CN2_B1-Al
NA18906 YRI AFR Child YES CN2_B1-A1/CN2 B1-Al 99.4 % CN2_B1-A1/CN2 B1-Al
NA19240 YRI AFR Child YES CN2_B1-A1/CN2_B1-Al 92.9 % CN2_B1-A1/CN2_B1-Al
NA20129 ASW AFR Child YES CN2_B1-A1/CN2_B1-Al 99.4 % CN2_B1-A1/CN2_B1-Al
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tures for parents and the child. The JoGo-LILR is available on the Joint
Open Genome and Omics Portal (https://jogo.csml.org/JoGo-LILR/).

4. Discussion

JoGo-LILR can estimate the LILRB3-LILRA6 CN type and identify
probable pairs of LILRB3-LILRA6 CN haplotype structures from the
srfWGS dataset from individual cases to large-scale cohort samples.
The calling results of the general and diseased populations can be used
for downstream association studies of phenotypes and diseases, such
as immune diseases. Furthermore, the JoGo-LILR Caller has the poten-
tial to be applied to populations with genetic abnormalities, enabling
targeted studies to explore the relationship between LILRB3-LILRA6
CN types and specific genetic conditions or disease susceptibility.
The estimated LILRB3-LILRAG6 CN types perfectly matched the 40 sam-
ples from diploid reference assemblies in HPRC. JoGo-LILR-trio suc-
cessfully estimated the haploid CN pairs using Mendelian principles
and CN haplotype frequencies, with the results perfectly aligned with
diploid reference assemblies with the source of paternal and maternal.

Although the copy number structure information provided by the
JoGo-LILR Caller can already facilitate association studies, integrating
base-resolution level haplotype structure information alongside CN
data will enable more detailed analyses in the future. The estimated
pairs of LILRB3-LILRA6 CN haplotype structures allow researchers to
develop a method to impute the LILRB3-LILRA6 CN haplotype struc-
ture not only from srWGS but also from genotyping SNP array
technology.

Application of JoGo-LILR to worldwide populations clearly indi-
cates that LILRB3-LILRA6 CN types exhibit less variability in East
Asians, consistent with the previous finding of a diminished repertoire
of activating receptors within the leukocyte receptor complex in these
populations [36]. The underlying mechanism for this observation
remains unclear, while ligands for activating LILRA6 and inhibitory
LILRB3, such as apolipoprotein (APOE) 4, angiopoietin-like proteins
(ANGPTL), galectins, and cytokeratin-associated ligands [6-9]), pro-
vide a possible explanation. Variations in the ratio of LILRA6 and
LILRB3 for specific ligands represent an adaptive evolution, allowing
distinct populations to fine-tune immune responses to particular
pathogens in their local environments. While this hypothesis high-
lights the potential role of environmental pressures, the bottleneck
effect observed in East Asians cannot be excluded as a contributing
factor.

We have previously shown that the 1kGP genotyping call set con-
tains a significant number of genotyping errors that can be attributed
to several factors including short-read sequencing, mapping and align-
ment issues inherent srTWGS technology [36]. Addressing these chal-
lenges at the basepair resolution level remains a critical next step.
Recent advancements in telomere-to-telomere (T2T) sequencing have
demonstrated the ability to accurately determine basepair level phased
haplotypes. Our study confirmed part of the LILRB3-LILRA6 CN and
CN haplotype structures using diploid reference assemblies in HPRC.
By increasingly cataloging these regions, JoGo-LILR can infer probable
pairs of LILRB3-LILRA6 CN types and haplotypes even from srWGS
data. For example, our tools, HLA-VBSeq v1 [22] and v2 [23] can esti-
mate the most probable pair of haplotypes of HLA class I and II regions
from a cataloged haplotype panel using variational Bayesian statistics,
which could be adopted for similar purposes in LILRB3-LILRA6
analysis.

The JoGo-LILR caller was developed based on the srWGS data from
the PCR-Free protocol. Theoretically, the PCR-Free protocol is less GC-
biased than the PCR protocol. This is because the PCR process can
introduce bias by preferentially amplifying certain regions of the gen-
ome based on their GC content, which can lead to underrepresentation
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or overrepresentation of certain regions, particularly those with high
GC content. On the other hand, the PCR-Free approach avoids ampli-
fication altogether and directly sequences the DNA, thereby reducing
such biases and providing more uniform coverage across the genome.
For this reason, we recommend using the JoGo-LILR caller with PCR-
Free protocol datasets. If the user has already obtained the srWGS data
using the PCR protocol, we recommend using the cnv2ratio metric.
This metric represents the estimated proportion of genes carrying
two copies on autosomal chromosomes. A cnv2ratio of 0.85, for
instance, means 15 % of genes are detected with zero, one, or more
than two copies. Typically, the cnv2ratio exceeds 0.9 with PCR-Free
data. For PCR-amplified srWGS data, it is preferable to use JoGo-
LILR with samples having a cnv2ratio above 0.85.
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