Infection, Genetics and Evolution 116 (2023) 105528

Contents lists available at ScienceDirect

Infection, Genetics

and Evolution

Infection, Genetics and Evolution

o %

ELSEVIER

journal homepage: www.elsevier.com/locate/meegid

Disentangling archaic introgression and genomic signatures of selection at
human immunity genes

Alina Urnikyte , Abigaile Masiulyte, Laura Pranckeniene,, Vaidutis Kucinskas

Faculty of Medicine, Department of Human and Medical Genetics, Institute of Biomedical Sciences, Vilnius University, Santariskiu Street 2, Vilnius LT-08661, Lithuania

ARTICLE INFO ABSTRACT

Keywords: Pathogens and infectious diseases have imposed exceptionally strong selective pressure on ancient and modern
WGS human genomes and contributed to the current variation in many genes. There is evidence that modern humans
Lithuanian population acquired immune variants through interbreeding with ancient hominins, but the impact of such variants on
f;;lt:l‘;eit;e;c:ezn human traits is not fully understood. The main objectives of this research were to infer the genetic signatures of
Neanderthal positive selection that may be involved in adaptation to infectious diseases and to investigate the function of
Introgression Neanderthal alleles identified within a set of 50 Lithuanian genomes. Introgressed regions were identified using
the machine learning tool ArchIE. Recent positive selection signatures were analysed using iHS. We detected
high-scoring signals of positive selection at innate immunity genes (EMB, PARP8, HLA—C, and CDSN) and
evaluated their interactions with the structural proteins of pathogens. Interactions with human immunodefi-
ciency virus (HIV) 1 and severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) were identified. Overall,
genomic regions introgressed from Neanderthals were shown to be enriched in genes related to immunity,

keratinocyte differentiation, and sensory perception.

1. Introduction

The evolutionary history of anatomically modern humans is com-
plex, involving migration events, archaic introgression, and genetic
adaptations (Dolgova and Lao, 2018). Despite progress in the healthcare
system, infectious diseases caused by pathogens impose powerful global
selective pressure that remains high today (e.g., the COVID-19
pandemic), with infectious diseases still representing one of the major
causes of mortality (Cagliani and Sironi, 2013; Quintana-Murci, 2019).
During the past 100,000 years, humans due to the out-of-Africa migra-
tion have been exposed to new environments, different climatic condi-
tions, novel zoonotic pathogens, and local diets, to which they have been
forced to adapt through the action of natural selection (Barreiro et al.,
2008). Pathogens and infectious diseases have imposed exceptionally
strong selective pressure on ancient and modern human genomes and
contributed to the current variation in many genes (Barreiro and
Quintana-Murci, 2010; Collen et al., 2022; Grossman et al., 2013;
Karlsson et al., 2014; Quintana-Murci, 2019). Episodes of natural se-
lection, as occur during epidemics of introduced infectious diseases, are
expected to leave signatures in the genome (Barreiro and Quintana-
Murci, 2010; Karlsson et al., 2014; Kerner et al., 2023; Quintana-
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Murci and Clark, 2013). The need to identify loci that have been targeted
by natural selection in local populations and characterize how they in-
fluence adaptation to infectious diseases is increasing (Corona et al.,
2018; Kerner et al., 2023; Owers et al., 2017). Loci under natural se-
lection are more likely to harbour functional variants and can be
prioritized in screening for associations with susceptibility or resistance
to diseases and infections (Corona et al., 2018; Karlsson et al., 2014;
Vasseur and Quintana-Murci, 2013). The identification of most pheno-
types associated with variants showing signatures of selection is diffi-
cult, particularly for genetic variants conferring resistance to infectious
diseases. In such cases, the best approach is to identify signatures of past
natural selection in the genome, as opposed to the traditional approach
of linking genetic variants with phenotypes. Furthermore, many
immunity-related genes show patterns of genetic variation that are
strongly associated with pathogen diversity (Fumagalli et al., 2011).
Signals of adaptive evolution in immune-related genes tend to be recent
and population specific, emphasizing the role of pathogens in local
adaptation (Deschamps et al., 2016). Functional introgressed variants
are another important source of adaptive variation (Yan et al., 2021).
Modern Eurasians inherited 1% to 6% of their genomes from Neander-
thal or Denisovan ancestors (Green et al., 2010; Meyer et al., 2012; Reich
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et al., 2010). Various genomic regions of adaptive introgression repre-
senting up to 64% of Neanderthal ancestry related to immunity, skin and
hair pigmentation, and metabolism have been identified (Dannemann
and Kelso, 2017; Sankararaman et al., 2014). For example, the BNC2
gene associated with skin pigmentation (Jacobs et al., 2013) is a strong
candidate for adaptive introgression (Vernot and Akey, 2014) whose
archaic haplotype is present at a 70% frequency in Europeans (Racimo
et al., 2015). There is evidence to suggest that modern humans have
acquired advantageous variation through admixture with ancient
hominins (Abi-Rached et al., 2011).

In this research, we sought to identify genetic signatures of positive
selection that may be involved in resistance to infectious diseases in the
Lithuanian population using whole-genome sequencing data. Genetic
variation in innate immunity acquired through admixture with Nean-
dertals was also evaluated. The idea of the study is not new, but it is
absolutely relevant because the identification of positively selected
genes and relationships with function is important to understand the
adaptive evolution of modern humans. To date, many similar population
genetics studies have been performed on large reference populations.
The analysis of geographically specific regions and the characterization
of loci targeted by selection can certainly contribute to progress in sci-
entific knowledge and help us to understand host-pathogen coadapta-
tion and impacts.

2. Materials and methods
2.1. Data

We made use of samples from 50 unrelated adult participants of
Lithuanian nationality that were previously obtained for another project
(Urnikyte et al., 2022). Written informed consent was obtained from all
participants. DNA was extracted from whole blood (10 mL) samples
using a QIAGEN GENTRA® Puregene® Blood Kit (Qiagen GmbH) ac-
cording to the manufacturer’s protocol. DNA concentration and quality
were assessed using a NanoDropR ND-1000 spectrophotometer (Nano-
Drop Technologies Inc., Wilmington, DE, USA)°. This work was
approved by the Vilnius Regional Research Ethics Committee (No.
2020/6-1243-724, 22-06-2022).

Whole-genome sequencing (WGS) was performed on 100 ng of
genomic DNA at the CeGaT company (Tubingen, Germany). Paired-end
libraries were constructed using the TruSeq® Nano DNA Library Prep
Kit (Illumina Inc., San Diego, CA, USA) and sequenced using 2 x 150 bp
paired-end reads on an Illumina NovaSeq™ 6000 Sequencing System at
coverage of 26.88-61.38x (an average of 36.27x). The sequenced
filtered reads were aligned to the reference human genome hgl9. The
analysis of sequencing data was performed using the Illumina DRAGEN
platform (v3.6.4).

2.2. Detection of positive selection

Whole-genome scans for footprints of selection were performed
using the integrated haplotype homozygosity score (iHS) with the R
package rehh (Gautier and Vitalis, 2012). The iHS statistic compares
integrated extended haplotype homozygosity (EHH) (Sabeti et al., 2002)
between derived and ancestral alleles within a population (Voight et al.,
2006). Phased biallelic genetic markers are needed as the input. The
phases of the haplotypes were estimated with the software shapeit4
(Delaneau et al., 2019). The ancestral and derived alleles were inferred
by downloading ancestral annotation information for Homo sapiens from
the 1000 Genomes Project based on EPO (Enredo, Pecan, Ortheus)
(ftp://ftp.1000genomes.ebi.ac.uk/voll/ftp/phasel /analysis_results/su
pporting/ancestral_alignments/human_ancestor GRCh37_e59.tar.bz2).
SNPs were excluded according to an MAF < 5%. The final dataset
included 1,461,557 SNPs. For candidate region identification, we used
overlapping sliding windows with a 100 kb width with an offset of 10 kb,
and overlapping candidate windows were merged. Only windows with
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>5 extreme SNPs were retained.
2.3. Detection of introgressed Archaic variants

The identification of Neanderthal DNA fragments in 50 modern
Lithuanian genomes was performed with ARCHaic Introgression Ex-
plorer (ArchIE), which is based on a logistic regression model and uses
coalescent simulations to train a model to distinguish archaic fragments
from nonarchaic fragments (Durvasula and Sankararaman, 2019). The
ArchlE statistical method can use reference genomes from distant rep-
resentatives (Prufer et al., 2014). Here, we used 108 Yoruban in-
dividuals from the 1000 Genomes Project Phase3 dataset (Auton et al.,
2015). ArchlE takes phased genotype data as inputs, along with a file
specifying the outgroup samples. Multiallelic SNPs were removed, and
the phases of the haplotypes were estimated with the software shapeit4
(Delaneau et al., 2019). We applied ArchlIE in 50 kb windows because
this was the average introgressed archaic haplotype length after 2000
generations based on recombination frequency in simulations. For every
DNA fragment, the probability of Neanderthal origin was calculated.
Only fragments with more than a 99% probability were used for further
analysis. Shared alleles between modern Lithuanians and the archaic
genome (matches) were calculated as the match ratio between matching
Neanderthal SNPs and the sum of matching and mismatching Nean-
derthal SNPs using step 4 of the Sprime protocol (Zhou and Browning,
2021). The Vindija Neanderthal genome was obtained from Prufer et al.
(2017). The analysis workflow is summarised in Fig. S1.

2.4. Annotation

Functional gene and variant annotation in candidate selected and
introgressed regions was performed with ANNOVAR v.20210123 (Wang
etal., 2010) using GRCh37 (hg19), RefSeqGene, gnomAD, avsnp150 and
CADD version 1.3 (Kircher et al., 2014). Human-pathogen interaction
data were obtained from the BioGRID (Chatr-Aryamontri et al., 2013)
database and used to identify human genes whose products interact with
pathogens. The enrichment of biological processes in selected genes was
tested using DAVID (Database for Annotation, Visualization, and Inte-
grated Discovery) (Huang et al., 2009). We also performed two-sided
Gene Ontology (GO) enrichment analyses (enrichment/depletion) and
pathway annotation network tests with the Cytoscape (Shannon et al.,
2003) plug-in ClueGo (Bindea et al., 2009) in the genes in introgressed
regions. P values were corrected for multiple testing by the Benjami-
ni-Hochberg (BH) procedure.

3. Results
3.1. Archaic introgression in the Lithuanian population

To identify segments of archaic ancestry in 50 modern unrelated
Lithuanian genomes, we used a machine learning tool, ARCHaic Intro-
gression Explorer (ArchlE), which makes use of training datasets to
calculate a set of features that are potentially informative about intro-
gression (Durvasula and Sankararaman, 2019). Genome data analysis
with ArchlE identified a total of 1600 fragments among all autosomes
that had lengths of 50 kb and covered approximately 80 Mb (2.5%) of
the genome and showed a probability of being archaic greater than or
equal to 99% (Fig. 1).

Among these fragments, 301 fragments showed matches >0.85 with
Vindija Neanderthal genome, and 51 fragment showed matches >0.85
with the Altai Denisovan genome (Table S1). We plotted the two-way
densities of match rates with the Vindija Neanderthal and Altai Deni-
sovan genomes, as described in step 4 of the Sprime protocol (Zhou and
Browning, 2021) (Fig. 2). We observed high matching with the Vindija
Neanderthal genome (approximately 0.6) versus low matching with the
Altai Denisovan genome (approximately 0.2). (See Fig. 3.)

For further analysis, we considered only genomic fragments
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Fig. 1. Number of archaic fragments identified in Lithuanian WGS data. The columns in blue represent fragments that ArchlE inferred to be archaic with a prob-
ability greater than or equal to 99%, and orange segments matched the Vindija Neanderthal genome. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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Fig. 2. Plot of the calculated match proportions of introgressed segments in the
Vindija Neanderthal and Altai Denisovan genomes. Numbers inside the plots
indicate the density value corresponding to each contour line.

identified as showing a Vindija Neanderthal origin. Introgressed se-
quences with matches >0.85 with the Vindija Neanderthal genome were
annotated, and an enrichment pathway analysis was performed on the
genes identified in the region (Table S2, Figs. S2 and 3).

Most of the pathways are involved in immune functions, in accord
with previous studies showing that innate immunity genes are enriched
in Neanderthal ancestry (Deschamps et al., 2016). Other significant
pathways are related to the regulation of keratinocyte differentiation,
antioxidant activity, positive regulation of interleukin-23 production,
negative regulation of Rho protein signal transduction, and sensory
perception (Table S4, S5). Next, we identified a list of immunity genes
(IGs) by using the publicly available Reactome Pathway database
(Fabregat et al., 2018) and InnateDB (Breuer et al., 2013). In total, 21
genes (overlapping putatively introgressed segments) of the innate and/
or adaptive immune system were identified and annotated with DAVID
(Huang et al., 2009) (Tables 1 and S5).

The largest number of Neanderthal introgressed fragments identified

with the ArchIE program in Lithuanian WGS data were identified on
chromosome 6, which contained HLA genes important in acquired im-
munity (HLA-A, HLA—B, HLA—C, HLA-DRB1, HLA-DQA1). The identi-
fied innate immunity-related genes were REG3G, MAPK10, PHACTRZ2,
HLA-A, HLA—B, HLA—C, HLA-DQBI, IL17A, IL17F, DLC1, MMP20,
CLEC7A, CDH1, and TOM1. Nonsynonymous variants were found in the
immunity genes HLA-A (intronic variants: rs78306866, rs1136695,
rs3173420), HLA-B (rs9266206), and HLA-C (rs1050147, rs1130838).
According to Reactome Pathway Browser v.3.7, HLA-A participates in
HIV infection pathway, host interaction of HIV factors (FDR: 8.52E-1);
CDH1 is related to Listeria monocytogene entry into the host cell
(FDR: 4.22E-1); DLC1 is related to HCMYV infection (FDR: 8.63E-1); and
HLA—B, HLA—C, HLA-A, IL17A, IL17F, HLA—F, HLA-G, and HLA-H
participate in SARS-CoV-2 infection host interactions. Based on the
pathogen-host interaction database PHILM2Web (Le et al., 2022), we
identified a few human immune-related gene and pathogen associations.
HLA-G and HLA-DQBI genes are related to human papillomavirus, HLA-
B to human immunodeficiency virus, and HLA-DRBI to unidentified
influenza virus.

3.2. Signals of positive selection mapped by iHS

We sought to identify regions that have evolved under recent positive
selection in Lithuanians based on iHS (Voight et al., 2006) statistics
using the R package rehh (Gautier and Vitalis, 2012). Fig. 4 shows
positive selection signals identified in a Manhattan plot.

The positive and negative iHS values were considered to capture
ancient and recent signals of selection, respectively. In total, 17 candi-
date genomic regions under selection that produced clusters of markers
with outlier values were identified (Tables 2 and S5). Clusters of sig-
nificant SNPs were observed on chromosomes 1-6, 9-12, 15, and 21.
(Fig. 4). Thirteen of these regions have been identified in the selection
catalogue of human adaptation (Murga-Moreno et al., 2019), and the
remaining regions were novel and were involved in functions that could
not be linked to specific phenotypes (Table 2). The region with the
strongest signal on chromosome 21 contained the genes TPTE, BAGE and
BAGEZ2. The BAGE (B melanoma antigen) gene family has been shown to
be under purifying selection to eliminate deleterious amino acid
changes. BAGE genes were generated via complex chromosome
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Fig. 3. Pathway enrichment analysis based on introgressed genes. Bar length is proportional to the percentage of genes identified as associated with the term, and the
number of genes identified as associated with each term is shown. Pathways are coloured depending on their main biological functions. All terms are statistically

significant (p value < 0.05, BH—FDR).

rearrangements that occurred in juxtacentromeric regions during hom-
inoid evolution, which have functioned as birthplaces of novel genes
(Ruault et al., 2003). TPTE and BAGE2 are associated with Robertsonian
Down syndrome (Shaw et al., 2008). It has been hypothesized, that
genes involved in common diseases could often be targets of selection
(Hancock et al., 2008). Another region with a strong signal on chro-
mosome 1 (141600000-150,200,000) comprised the NBPF gene family.
NBPF genes contain Olduvai domains, which have undergone the most
dramatic copy-number increase of any protein-coding region in the
human lineage. Their repeat numbers are strongly associated with the
evolutionary expansion of brain volume, neuron counts and cognitive
ability as well as with disorders of the autistic spectrum (Mangan et al.,
2022).

Nonsynonymous variants were found within the region
(129200000-131,100,000) on chromosome 3, which comprises the
COL6A4P2, COL6A5 and COL6A6 genes encoding collagen VI chains.
Two nonsynonymous variants in COL6A5 (rs12488457: ¢.3838 A > C,
Tr1280Pro, with a CADD (deleteriousness prediction score of single
nucleotide variant, score of 10 or greater indicates that the SNP is pre-
dicted to be among the top 10% most deleterious variants of the human
genome, while a score 20 or greater implies top 1% most deleterious)
value of 23.2, and rs16827497: c.4765 T > C, Ser1589Pro, with a CADD
value of 0.278) were identified. The SNP rs12488457 has been reported
as an eQTL for COL6AS5 in testis (P =7.3 x 10~2Y) and for COL6AG6 in the
heart (P = 2.5 x 1071%), with the derived C allele implying lower
expression in both cases. Lithuanians present a high frequency (0.82) for
the derived C allele, which is found at 0.71 in Europeans and 0.15 in
Africans according to 1000 Genomes Project (Auton et al., 2015). The
SNP rs16827497 has been reported as an eQTL for COL6AS in testis (P =
1.3 x 1073, for COL6A6 in heart (P = 3.9 x 10~'%), and for COL6A4P2
in thyroid (P = 0.000015), artery-tibial (P = 0.00013), and oesophagus-
mucosa (P = 0.00018), with the derived C allele implying lower
expression according to the Genotype-Tissue Expression (GTEx) portal
(https://gtexportal.org/home/; accessed on 14/03/23). Again, the
highest frequency of the derived C allele was determined for Lithuanians
(0.87), Europeans - 0.76, and Africans - 0.40 (Auton et al., 2015). The
derived allele C of both variants rs12488457 and rs16827497 is present
in Neanderthal genomes at frequencies 0.77 and 0.87, respectively
(Sherry et al., 1999). A large region comprising olfactory receptor family
genes was detected on chromosome 11. The nonsynonymous variant
1628524, causing a Ser171Asn substitution, with a CADD value of 5.6 in
the OR5M11 gene associated with proinsulin (Huyghe et al., 2013), was
identified. A nonsynonymous variant detected in HLA-C (rs1130838:

¢.1087 A > C) has been associated with psoriasis and Behcet’s disease
(Lee et al., 2012). The C allele frequencies were 0.80, 0.68, and 0.75 in
Lithuanian, European and African populations, respectively.

We found a region on chromosome 9 including the BNC2 gene
matching the Neanderthal genome, which is involved in skin pigmen-
tation (Jacobs et al., 2013). This region has been shown to harbour
introgressed Neanderthal haplotypes at an elevated frequency (Durva-
sula and Sankararaman, 2019; Sankararaman et al., 2014).

We detected signals of positive selection at three genes participating
in immunity pathways, HLA—C, CAPZA3, and TCFI19. A non-
synonymous variant was found in the TCF19 gene (rs2073721:c.A631G:
p- Met211Val), which encodes a protein with a PHD-type zinc finger
domain involved in transcriptional regulation. The derived allele G is
present at a high frequency of 0.81 in Lithuanians, 0.76 in Europeans,
and 0.84 in Africans. Few mechanisms related to the role of TCF19 in
immune regulation have been reported (Yang et al., 2021). The TCF19
gene is related to the immune response and encodes a protein involved
in the proliferation and apoptosis of pancreatic beta cells (Hystad et al.,
2007). There is evidence that the destruction of islet f-cells in type 1
diabetes (T1D) is a result of an immunoregulation disorder. TCF19 may
be one of the key players in maintaining such immunological balance
(Cheung et al., 2011). The TCF19 rs2073721 variant is associated with
type 1 and type 2 diabetes (Brenner et al., 2020; Cheung et al., 2011;
Spracklen et al., 2018). rs2073721 is located in the MHC region and has
been reported to be a genuine variant associated with common variable
immunodeficiency (CVID), which manifests as an insufficient quantity
and quality of immunoglobulin, leading to susceptibility to bacterial
infections (Maggadottir et al., 2015; Orange et al., 2011). The most
significant eQTLs of rs2073721 are related to the oesophagus mucosa (P
= 7.0E-14) and the tibial nerve (P = 1.1E-80) and with higher expression
of the derived G allele.

To assess human-pathogen protein—protein interactions, we used the
BioGRID (Chatr-Aryamontri et al., 2013) and PHILM2Web (Le et al.,
2022) databases. We found an interaction of the human HLA-C gene
with immunodeficiency virus (HIV) 1 and interactions of the PARP8 and
EMB genes with severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2).

4. Discussion
Although most alleles that introgressed from Neanderthals to mod-

ern humans have been eliminated by purifying selection (Juric et al.,
2016), the genome still maintains adaptive archaic introgression signals
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Table 1
Immune system-related introgressed genes.

POSITION GENE UP_KW_BIOLOGICAL_PROCESS

GO0:0044419 ~ interspecies
interaction between organisms,
GO0:0051607 ~ defence response

Chr2:71032316-71,079,245 CD207 to virus. Adaptive immune system.
KW-0011 ~ Acute phase, KW-
Chr2:79234333-79,280,710 REG3G 0395 ~ Inflammatory response,
Innate immune system pathway.
KW-0090 ~ Biological rhythms;
Chr4:87217607-87,266,456 MAPK10 Innate immune system pathway.
Chr6: 29798610-29,897,944 Zﬁg’ KW-0391 ~ Immunity.
Chr6:143867336-143,897,977 PHACTR2 Innate immune system pathway.
Chr6:29698426-29,746,527 HLA-F KW-0391 ~ Immunity.
KW-0391 ~ Immunity, KW-0399
. ~ Innate immunity, KW-0945 ~
Chr6:29898105-29,947,740 HLA-A Host-virus interaction, KW-1064
~ Adaptive immunity.
KW-0391 ~ Immunity, KW-0399
. HLA-B; ~ Innate immunity, KW-0945 ~
Chr6:31198205-31,348,022 HLA-C Host—virus interaction, KW-1064
~ Adaptive immunity.
gé‘:’l_ KW-0391 ~ Immunity, KW-1064
Chr6:32598042-32,644,388 HIA. ’ ~ Adaptive immunity. Innate
DQBI immune system pathway.
HLA-
Chr6:32698044-32,748,039 baaz; KW-0391 ~ Immunity, KW-1064
HLA- ~ Adaptive immunity.
DQB2
KW-0391 ~ Immunity, KW-1064
Chr6:32748045-32,797,488 HLA-DOB ~ Adaptive immunity.
KW-0391 ~ Immunity, KW-0571
~ Peptide transport, KW-0653 ~
Protein transport, KW-0813 ~
Transport, KW-0945 ~ Host-virus
interaction, KW-1064 ~ Adaptive
Chr6:32748045-32,797,488 TAP2 immunity.
KW-0391 ~ Immunity, KW-0395
IL17A; ~ Inflammatory response, KW-

Chr6:52050353-52,098,036 IL17F 0399 ~ Innate immunity, KW-

1064 ~ Adaptive immunity.
Involved in innate immune
responses against DNA virus
infection. Adaptive and innate
immune system.

Chr8:13155109-13,201,971 DLC1

Chr11:102454640-102,503,213 ~ MMP20 Innate immune system pathway.
KW-0391 ~ Immunity, KW-0395
Chr12:10229931-10,275,336 CLEC7A ~ Inflammatory response, KW-
0399 ~ Innate immunity.
Chr16:68760463-68,805,641  CDHI KW-0130 ~ Cell adhesion;
regulation of immune response.
KW-0653 ~ Protein transport,
Chr22:35654133-35,703,551 TOM1 KW-0813 ~ Transport. Innate

immune system pathway.

through positive selection. There is evidence that adaptive segments of
Neanderthal ancestry in modern humans are enriched for proteins that
interact with viruses (Enard and Petrov, 2018). It is hypothesized that
due to positive selection against the exchanged viruses between Nean-
derthals and modern humans, these introgressed archaic alleles can be
employed to assess the level of proportional protective evolution against
the pathogen. (Enard and Petrov, 2018). Therefore, adaptive intro-
gressed alleles should include immune genes that clearly function
against pathogens, including viruses (Abi-Rached et al., 2011;
Deschamps et al., 2016; Nedelec et al., 2016). Here, using whole-
genome sequence data, we detected introgressed Neanderthal seg-
ments in Lithuanians and positive selection candidate genetic regions, in
addition to immune-related genes and their interactions with viruses.
Genomic regions introgressed from Neanderthals are enriched in
genes related to immunity, keratinocyte differentiation, and sensory
perception, consistent with previously published findings (Deschamps
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et al., 2016; Gittelman et al., 2016; Racimo et al., 2015; Vernot and
Akey, 2014). These genes include previously identified candidates in
Europeans as HLA regions at the same locus 6p21.33 (Abi-Rached et al.,
2011), and IL17F (Sankararaman et al., 2014; Deschamps et al., 2016).
The largest number of introgressed Neanderthal fragments identified in
Lithuanian WGS data were located on chromosome 6, where HLA genes
(HLA-A, HLA—B, HLA—C, HLA-DRBI1, and HLA-DQAI) involved in
innate and adaptive immunity are located (Abi-Rached et al., 2011).
HLA genes are associated with susceptibility and resistance to infectious
diseases (Cagliani and Sironi, 2013). HLA class I archaic alleles comprise
at least 50-85% of the HLA variants in Eurasian populations because of
pathogen-driven selection and past interbreeding with archaic hominins
(Abi-Rached et al., 2011). Archaic HLA variants probably provided
modern humans with preadapted HLA variants that helped them survive
in a new environment. Population-specific HLA-associated selective
pressure might also shape the evolution not only of HIV-1 associated
with HLA genes but also other pathogens that emerged recently, such as
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (Kist
et al., 2020). Using iHS statistics, we identified a candidate positively
selected region encompassing the HLA-C gene. Nonsynonymous HLA-C
variation detected in rs1130838 has been associated with psoriasis and
Behcet’s disease (Lee et al., 2012). Psoriasis is a common multifactorial
chronic skin disease with a genetic background that was prompted in-
vestigations in the early 1970s into associations with the HLA complex
on chromosome 6p (Russell et al., 1972). The global psoriasis prevalence
rate is approximately 2-3% among the world’s population (Sewerin
et al., 2019), reaching 8-11% in some Northern European countries
(Egeberg et al., 2019) and ~ 4% in Lithuania. Strong associations with
HLA-Cw6 and HLA-DR7 were identified in the Finnish population and in
Germany. However, only ~10% of HLA-Cw6-positive individuals have
developed psoriasis, suggesting a major role for additional genes and/or
environmental triggers or certain protective mechanism (Bhalerao and
Bowcock, 1998). According to the TreeWAS database, the identified
HLA-C variant rs1130838 has a protective effect on the psoriasis
phenotype (Cortes et al., 2020). Further research is needed to investigate
the protective effect of this variant on Lithuanians. Psoriasis is a
damaging autoimmune disorder, but in a pathogen-rich past, a highly
active immune system could potentially have served a protective func-
tion, even if it increased the chance of an autoimmune response. Genes
evolving through positive or balancing selection, such as DARC, HLA
locus genes, and ABO blood group genes, are usually more permissive of
functional variation, which may exert a protective effect against in-
fections (Key et al., 2014).

Consequently, our subsequent inquiry delved into the potential in-
teractions between these immune-related genes that have undergone
positive selection and various viruses. Two interactions were detected,
between the HLA-C gene and HIV1 and PARP8 and the EMB and SARS-
CoV-2. In the Chinese population, HLA-C rs1130838-T allele was found
to be associated with a significantly elevated risk of hepatitis C virus
infection, and was suggested as potential biomarker (Shen et al., 2021).
The frequency in Lithuanians of rs1130838-T is 0.20, and in Chinese
rs1130838-T 0.19. The HLA-C can also influence the risk of Human
immunodeficiency virus disease (Cortes et al., 2020). Genome-wide
association studies have also revealed the special importance of the
HLA-C gene in early or establishing stages of HIV-1 infection. It was
shown that a SNP located 35 kb upstream of the coding region of the
HLA-C gene (-35C/T, rs9264942) is a major determinant accounting for
the viral load set point in Europeans. The protective allele —35C may be
important for the viral control in natural history of infection, involving
both lower viremias and lower cellular HIV-1 reservoirs (Herraiz-
Nicuesa et al., 2017). The C allele frequency of the SNP rs9264942 in
Lithuanians is 0.65, in Europeans 0.37, and in Africans 0.30. According
to UNAIDS estimations, the HIV incidence rate in Lithuania decreased
from 5.4 to 4.3 cases per 100,000 individuals from 2019 to 2021 (WHO
Regional Office for Europe, 2022). In Europe, it was 12 cases per
100,000 individuals.
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The next identified positively selected immune-related genes and
virus combination was PARP8 and the EMB with SARS-CoV-2. Poly-
adenosine diphosphate-ribose polymerases (PARPs) promote ADP-
ribosylation, a highly conserved, fundamental posttranslational modi-
fication (PTM) (Gupte et al., 2017). The EMB (embigin) gene encodes a
transmembrane glycoprotein that is a member of the immunoglobulin
superfamily. Embigin, like besigin, may be a second high-affinity re-
ceptor for the spike protein of SARS-CoV-2 (Fuentes-Prior, 2021). It is
known that the major PARylating enzyme’s role is to target viral mac-
rodomains and have got the capacity to restrict viral replication
following ADP-mediated ribosylation modification of the viral macro
domains (Grunewald et al., 2019). A high-fat diet was able to activate
PARP and PAR formation in mice as the major fatty acid components
was able to elevate the expression of PARP in hypothalamic neurons
(Scheibye-Knudsen et al., 2014). Based on Urnikyte et al., 2019 data, we
know that the genome of Lithuanians is characterized by genes PPARD
and PNLIP under positive selection that improve fat metabolism. Hence,
this research enhances our current comprehension of immune-related
signals within the PARP8 and EMB genes, emphasizing their positive
selection and proposing a specific protective mechanism against SARS-
CoV-2 infection among Lithuanians.

New genome studies point to the importance of balancing selection
in human evolution (Aqil et al., 2023; Bitarello et al., 2023). Balancing
selection is a mode of adaptation that maintains advantageous genetic
diversity in populations. Genes of immune function are prime candi-
dates for long term balancing selection (Meyer and Thomson, 2001;
Spurgin and Richardson, 2010; Bitarello et al., 2018). Aqil et al. (2023),
have shown that a certain proportion of human ancient polymorphisms
that are older than the anatomically modern human - archaic split
(~700,000 years), have been maintained by balancing selection. Many
of these ancient genes regulate the immune response and may protect
against infectious diseases outbreaks and starvation, which have
occurred periodically throughout human history (Aqil et al., 2023). We
considered identified genes under balancing selection reported in
Andrés et al. (2009), Leffler et al. (2013), DeGiorgio et al. (2014), B.
Bitarello et al. (2018), and Aqil et al. (2023). We identify positively
selected genes, C6orfl5, CDSN, PSORSIC1, CCHCRI1, PSORSICS,

HCG27;HLA-C, TCF19, POU5F1, detected by DeGiorgio et al. (2014),
and CDSN detected by Andrés et al. (2009). Also a HLA-C gene identified
by Bitarello et al. (2018). Between introgressed genes HLA-B was
detected by Andreés et al. (2009), and HLA-A, HLA—B; HLA—C, HLA—F,
HLA-G; HLA—H, HLA-DQA1; HLA-DQBI, HLA-DQA2; HLA-DQB2, HLA-
DOB, and TAP2 by DeGiorgio et al. (2014), and Bitarello et al. (2018),
and HLA-DQ genes by Aqil et al. (2023). We identified genes with pre-
vious evidence of balancing selection, however, further investigations
are needed to explain how much genetic variation is maintained by
balancing selection and how it shapes the evolution.

The identified positively selected nonsynonymous variant
1512488457 in COL6AS5, previously described by Urnikyte et al. (2019),
has an important impact on protein structure that can increase or
decrease protein stability and may represent a risk factor or molecular
markers for human disorders such as lung, colorectal, prostate, thyroid
or breast cancer (Kalmari et al., 2022). Another study showed that
rs12488457 (A/C, COL6AS5) was significantly associated with psoriasis
and psoriatic arthritis in Italian patients (Caputo et al., 2020). This
variant has also been associated with eczema (Naumann et al., 2011).
Both nonsynonymous variants (rs12488457 and rs16827497) linked to
selection signals identified in COL6A5 were found to be associated with
bone mineral density (Wang et al., 2016). These results once again
demonstrate the importance of the COL6AS5 gene in disease etiopatho-
genesis in the Lithuanian population.

Neverless, the functional roles of the introgressed regulatory variants
require further investigation, but our results clearly establish that
archaic admixture, whether adaptive or not, has increased the immune
diversity of modern Europeans.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.meegid.2023.105528.
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Table 2
Detected candidate genetic regions under selection with iHS statistics.

POSITION N_MRK* N_EXTR_MRK* GENES IN THE

REGION

NBPF8;NBPF9;
FAM72C;
NBPF20;
PDE4DIPP2;
NBPF19;NBPF20;
NBPF9
HEATRI;ACTN2
EMLG6;RTN4;
MTIF2;
PRORSDIP;
CCDC85A;VRKZ;
CFAP36

chr1:141600000-150,200,000 1698 75
¢chr1:236000000-237,900,000 1538 27

¢hr2:54100000-58,000,000 2192 19
chr2:89500000-91,400,000 107 45
COLG6A4P2;
COL6A5;
COL6A6
LOC105379514;
FRGI-DT
EMB;PARPS;
LINC02106;
LOC642366
HCG22;C6orf15;
CDSN;
PSORSICI;
CCHCRI;TCF19;
POUSFI;
PSORSIC3;
HCG27;

HLA-C
KHDRBSZ,LGSN
BNC2; CNTLN
LOC100499489;
PIP4K2A
LINC02644;
ZNF438;ZEBI;
ARHGAP12
OR5W2;0R5I1;
ORI10AGI;
OR7E5P;OR8HI;
OR8K3;0R8J1;
ORBUI;OR5ALI;
OR5MS;
OR5M11;
OR5M10;
OR5M1;0R5ARI;
ORYGI;
OR5AK4P;
LRRC55;LRRC55;
APLNR

CAPZA3;
PLEKHAS5
CHEK2P2;
HERC2P3
MIR10396A;
TEKT4P2;TPTE;
BAGE,BAGE2
ANKRD30BP2;
MIR3156-3;
LINC01674; LIPI

¢chr3:129200000-131,100,000 792 9

chr4:189700000-191,600,000 1091 28

chr5:48900000-51,300,000 922 51

¢chr6:30200000-32,100,000 776 16
chr6:62900000-64,800,000 1075 24
chr9:16600000-16,900,000 91 8

chr10:21900000-23,800,000 407 11

¢chr10:31000000-32,900,000 911 7

chr11:55200000-57,300,000 652 24
chr12:18200000-20,100,000 1052 23

chr15:20400000-22,300,000 637 7

¢chr21:9000000-12,100,000 703 111

chr21:13800000-15,700,000 354 29

* N_MRK: Number of markers; N_.EXTR_MRK: Number of extreme markers.
Novel regions are in bold.
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