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Abstract

Variability in immunogenetics is essential for immune system diversity, enhancing
disease resistance and adaptation to pathogens. A key evolutionary mechanism
that enhances immunoglobulin (IG) diversity involves the duplication of genes.
Here, we describe a genomic variant of the human Immunoglobulin heavy chain
(IGH) constant gene locus, characterized by a triplication affecting both the
chromosomal segment encoding the a (IGHA), € (IGHE), and v (IGHG) isotypes,

and the 3'Regulatory Region (3'RR), i.e. a cluster of enhancers that modulate class
switch recombination and gene expression in B-lineage cells. While most mammal
genomes contain a single copy of the 3'RR, the Hominoidea species harbour two
copies due to a lineage specific segmental duplication that also involves the IGHA,
IGHE, and IGHG genes. The presence of a triplication at this locus further increases
the number of IGH subclasses, suggesting expanded variability and modulation of
immunoglobulin class switching and production in B lymphocytes, with potential
consequences for plasma cell maturation. The triplication was detected in samples
from unrelated individuals across geographically distant populations (including
China, South America, Africa), suggesting that it represents a common haplotype of
the human IGH constant region. Moreover, the triplicated region includes the hs1.2
enhancer, whose *2 allele has been associated with both autoimmune diseases and
heightened immunological response to viral infection. These observations point out
the relevance of this haplotype variant for future studies on autoimmunity and host—
pathogen interactions.

Keywords Immunoglobulin heavy chain (IGH) constant gene locus, 3'Regulatory

region (3'RR), hs1.2 enhancer, Class switch recombination, Genomic variant

1 Introduction

The immunoglobulin genes are located on human chromosome 14, near the q telomere.
Segmental duplications (SD) in this genomic region increase the complexity of the locus
and contribute to the variability in immune response [30, 31]. The V, D, and ] genes
encode for the variable domain of antibodies, and their number results from multiple
rounds of SD [30]. In modern humans, there are roughly 57 V, 23 D, and 6 | functional
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genes together with almost the same number of pseudogenes [3], Ivana [25]. The locus
encompassing both the Immunoglobulin heavy chain (IGH) gene cluster and the 3’
Regulatory Region (3'RR) seems to have undergone fewer duplication events, there-
fore, in most mammals the IGH alpha gene and the 3'RR are present in a single copy.
The genome of the Hominoidea had, instead, a lineage specific segmental duplication,
i.e. two copies of a portion of the IGH constant-genes region [12, 33]. This duplication
produced in humans two subclasses of IGHA, the IGHE gene and its pseudogene and
expanded the IGHG subclasses to four, thereby slightly increasing the variability of the
IGH constant region [15].

The 3'RR contains a cluster of enhancers with a fundamental role in the adaptive
immune response, acting as modulators of the IGH class switch recombination in B-lin-
eage cells on chromosome 14 [7, 13, 28]. Moreover, the polymorphic enhancer hs1.2
within the human 3’'RR1 includes alleles with internal duplications that are significantly
linked to both autoimmune diseases and differential responses to viral infections [10]. A
study on longevity revealed a decreased homozygosity of hs1.2 for the *2 allele in older
individuals, suggesting that the allele may confer some disadvantage in later life, poten-
tially due to effects on the immune system and inflammation [26]. The hs1.2 *2 allele
has also been linked to stronger immune responses in children under five, correlating
with high serum levels of IGHG and IGHA, conferring improved immune protection
against environmental antigens in European populations [32]. Women carrying the *2
allele exhibited milder COVID-19 symptoms and better vaccination responses, likely
due to estrogen binding to the 3’'RR1 hs1.2 region, enhancing IG transcription [10, 20].
However, in adulthood, the same allele is associated with an increased susceptibility
to autoimmune diseases, such as rheumatoid arthritis, especially in women, reflecting
its influence on immune function [1, 6, 11, 16]. Therefore, the hs1.2 alleles confer both
immunological risks and benefits and appear to have reached a balance in their evolu-
tionary history.

Detecting variability in the human genome is a major goal of public international
consortia, which collect, curate and maintain large databases of sequenced human
genomes. These repositories highlight common genetic variations and are widely used
by the biomedical research community. Moreover, advances in sequencing technologies
now enable fully reconstructed haplotypes, thus increasing sensitivity for characterizing
structural variants even in regions with extensive SD [14, 29]. These technical advance-
ments have given rise to the concept of a ‘human pangenome, i.e. the collection of all
normal genomic alternatives in the human species. Accordingly, the Human Pangenome
Reference Consortium (HPRC) produced phased diploid assemblies from lymphoblas-
toid cells belonging to individuals from all over the world [23].

Carefully annotating the 464 available sequences from the HPRC, we detected a struc-
tural variant, i.e. a triplication of the genomic region containing IGH genes and 3'RR
loci (Fig. 1). This region has largely been described till now as a duplication in the refer-
ence human genome (Fig. 2) and a triplication was mentioned only in a few anecdoti-
cal reports [2, 4, 17, 19]. This triplication is potentially relevant to both physiological
immune responses and autoimmune disease in humans. Indeed, the triplicated region
yields three IGHA subclasses, six IGHG subclasses and two functioning IGHE, with the
pseudogene acting as the third element of the triplication (Fig. 1). Thus, an additional
expansion of the variability of the IGH constant region with enhanced modulation of
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Fig. 1 Annotation of the H and 3'RR locus in 7 contigs belonging to different human haplotypes. The dark grey
highlight the genomic segment harboring the third copy of the H locus, while the pale red highlights the third
copy of the 3'RR. Color code is: brown — IGHA; yellow — IGHE; green — IGHG; red — hs4 and hs3; purple -hs1,2; pale
colors indicate pseudogenes

immunoglobulin class switching and IG expression in plasma cell is possible in individu-

als carrying the triplication in their genome (Fig. 3).

2 Materials and methods

Sequence searches were performed using blast against the 464 HPRC haplotypes avail-
able in the UCSC genome browser (https://hgdownload.soe.ucsc.edu/hubs/HPRC/in
dex.html) [8, 27], as well as using blast2seq to compare the identified contig with the
T2T and hg38 releases of the human genome. We used a set of records from GenBank
or Ensembl as a reference for each gene and enhancer mapping to the IGH constant
locus: hs1.2 (allele *4 AY530201.1, allele *3 AJ544220.1, allele *2 AJ544219.1, and allele *1
AJ544218.1), hs4 (AF013725.1), hs3 (AF013718.1), IGHA2 (ENST00000497872.4), IGHE
(ENST00000641420.1), IGHG4 (ENST00000641978.1), IGHG2 (ENST00000641095.1),
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Fig. 2 Gepard dot plot comparison between two locus version: the duplication in the T2T assembly (hs1_dna,
vertical) and the triplication in the JAGYVN010000012 contig (horizontal)
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Fig. 3 Hypotheses of class switch recombination by somatic rearrangements in a haplotype with the triplication.
The blue and green dashed lines are switches peculiar of this haplotype; the red ones are yet possible in haplo-
types that host the duplication

IGHA1 (ENST00000641837.1), IGHG1 (ENST00000390548.6), IGHG3
(ENST00000641136.1), and IGHGP (ENST00000390555.3).

To detect the telomeric limits of the IGHC locus, the contigs were analysed to detect
V, D, and ] genes using IgBLAST, a tool that was developed at NCBI specifically for the
identification of immunoglobulin genes [34]. Mapping of TMEM121 (NM_025268.4)
was also used to define the centromeric boundaries of the IGHC locus. Gene and
enhancer annotation were manually curated, and graphical representations of the region
were generated with SnapGene software (https://www.snapgene.com/).

The IMGT database (https://www.imgt.org/) was queried to verify the annotation stat
us of the haplotypes [21].

Dot plot diagrams were generated using Gepard (https://cube.univie.ac.at/research/so
ftware-databases/genome-pair-rapid-dotter-gepard/).

3 Results

We analysed 464 human phased haploid assemblies derived from lymphoblastoid
cells [8, 23, 29] and identified contigs containing the genome segment spanning from
TMEMI21 to the V, D, or | genes. We then annotated immunoglobulin genes and
3'RR enhancers in these selected contigs. Since currently available tools are primarily
designed to analyse the VD] region and often overlook the constant gene region and
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downstream regulatory elements, manual curation of the annotations was necessary to
ensure completeness and accuracy.

We expected to find 2 copies of the 3'RR in all human haploid assemblies, consistent
with the human hg38 and T2T human genome references. A single copy of the region
was also expected in samples derived from lymphoblastoid cells, which undergo to
somatic rearrangements of the gene region, leading to V-domain diversity, loss of chro-
mosomal segments, and IGH class switch [5]. Also, presence of copy number variation
could explain the finding of a single copy IGHC region [22]. Unfortunately, fragmenta-
tion of assemblies frequently splits the IGHC region across multiple contigs, making it
impossible to exclude the presence of undetected triplications in genomes lacking a con-
tiguous triplicated assembly.

We identified 19 Homo sapiens isolates (HG00438, HG00621, HG00673, HG00733,
HGO00735, HG00741, HG01071, HG01109, HGO01123, HG01243, HG01258, HG01361,
HGO01891, HG01928, HG02080, HG02145, HG02818, HG03492, HG03516), each con-
taining at least one contig with more than one match to the hs1,2 sequence. We then
selected all contigs harbouring the IGHC locus from these isolates. In total, 36 contigs
were retained, including 23 contigs with two copies of the 3'RR, 6 contigs with a single
copy, and 7 contigs with three copies of the region, hereafter named 3'RR1, 3’'RR3 and
3'RR2 (Supplementary Table 1; Fig. 1; Table 1).

The 7 contigs with three copies of the 3’RR come from 5 unrelated individuals, each
belonging to different populations (Table 1).

In each sample, all three 3'RR contained an hs1.2 enhancer (Supplementary Table 2).
We found the *4 allele in all samples in the 3’'RR1, while the *1 and *2 alleles are 6 and 1
times in the 3’'RR2, and 5 and 2 times in the 3'RR3, respectively (Fig. 1; Table 1; Supple-
mentary Table 2). It is noteworthy that the contig JAGYYX010000018.1 harboured three
different alleles of the hs1.2 enhancer within the same DNA molecule (Fig. 1; Table 1;
Supplementary Table 2).

Moreover, we found that in samples where somatic rearrangements did not involve
the H constant locus, each of the 3'RRs was flanked by an IGHA gene, an IGHE gene or
pseudogene, and a pair of IGHG genes, thus extending the limits of the triplicated region
to include these genes (Fig. 1).

The International Immunogenetics Information System (IMGT) repository already
recorded the NA19240.pri.mat.f1_v2 haplotype, to which the JAHEOL010000061.1 con-
tig belongs, but the identification of the second copy of the IGHG4 gene, which is pres-
ent in this region, is missing from this annotation. The IMGT database reports that a
185 kb region between IGHEP1 and IGHG4 contains genes that do not conform to the
expected gene order and do not match the already annotated alleles (https://www.img
t.org/textes/IMGTrepertoire/index.php?section=LocusGenes&repertoire=locus&spec
ies=shuman&group=I1GH&assembly=NA19240.pri.mat.f1_v2) [24]. Therefore, the data-
base appears to treat this haplotype as an anomaly peculiar to the NA19240 individual
genome, and not as a common variant of the human genome as we suggest, even though
this statement is certainly waiting for additional confirmation before the validation as a
novel variant.

To gather additional evidence for this genomic variant, we analysed the findings of a
recent study by Gong et al. [18], which analysed a cohort of 945 Han Chinese genomes.
This study reported a list of the genomic variants identified in that cohort, and the
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variant DUP_59060 appears to correspond to the IGHC triplication described in the
present work. The DUP_59060 is a 73 Kb variant contains a third copy of the H constant
region and was detected in 4.92% of the samples. This observation may represent the
minimum frequency for the triplication in the Han population, as its true prevalence
may be underestimated due to both somatic recombination events that delete the super-
numerary copy and limits of the assembling software while discriminating among differ-
ent copies in SD regions.

4 Discussion

The Combination of long-read PacBio whole-genome sequencing and Strand-seq data
has enabled the generation of fully phased diploid genome assemblies without rely-
ing on parent—child trio data, thus providing a more accurate representation of human
genomic variation [14, 29]. By closely examining human haplotype sequences of the
constant gene locus, we identified a tandem triplication of a region previously believed
to exist predominantly as a duplication in the human genome. An insertion haplotype
has already been reported in studies from 1993 and 1994 works by Bottaro et al., who
described a 150 kb large sequence in an Italian family using in vitro methods, that dif-
fer substantially from current large-scale sequencing approaches. Recently, Gornitzka
et al. detected the presence of a large (~ 120 kb) duplication in the IGHC region using
Oxford Nanopore Technology (ONT) whole-genome sequencing [17]. Similarly, Jana
et al. reported the same finding in two African-ancestry subjects (i.e. HG01891 and
HGO03516) carrying an additional copy of the IGHE—IGHA1 region, resulting in a tan-
dem triplication of the constant genes [19]. These reports remain anectodical and have
not been further investigated. Nevertheless, this finding is particularly relevant, as it sug-
gests that structural variability in the constant region may have been underestimated,
with potential implications for class switch recombination and, consequently, for the
diversity and regulation of antibody responses. Both cited studies identified the triplica-
tion in African-ancestry haplotypes; our data indicate that the triplication variant is also
shared by other populations.

Class switch recombination follows a sequential process through progressive deletion
of constant genes [13]. It may be hypothesised that, in haplotypes with a duplication,
IGHE can only switch to IGHA, because the alpha gene is the only one retained on chro-
mosome 14 after the somatic rearrangement and class switching involving HE. By con-
trast, in haplotypes with a triplication, an IGHE produced from the central epsilon copy
may also switch to an IGHG, or to a different IGHE allele (Fig. 3, green dashed lines).
These alternative switching pathways should be considered when evaluating immune
pathologies and therapies [9, 10], since they challenge current assumptions about the
fixed order and availability of constant genes during class switch recombination, poten-
tially broadening antibody functional diversity and reshaping our understanding of
immune-related diseases and treatments.

Notably, we are pointing out that the triplication also introduces an additional 3'RR,
which includes a copy of the hs1.2 enhancer. This structural context raises the possibility
that not only the allele type, but also its position within the triplication, could modulate
immune responses.

Indeed, it is also known that the *2 allele of the hsl.2 enhancer is associated with
autoimmune diseases and heightened immune responses [11, 20]. However, to our



D'Addabbo et al. Discover Immunity (2026) 3:2 Page 8 of 10

knowledge, existing protocols studying its function have not been specifically designed
to distinguish the effects of hs1.2 polymorphisms at different positions within the tripli-
cation. Adopting long-read technology could help address this question in future studies.

The IMGT public repository has already recorded a single haplotype containing an
additional 185 kb region between the IGHEP1 and IGHG4 with an unexpected gene
order, corresponding to the triplication, despite the lack of the annotation of one IGHG4
copy. Our findings clarify the origin of this apparently unusual order, suggesting that the
haplotype with the triplication should be reconsidered for a complete annotation of the
identified genes, and included among the common variants of the human genome. Data
from recent work on the Han Chinese population, which detected the same triplication
in that cohort, further support its frequency in the human population.

Finally, our identification of a triplication variant in the H and 3'RR locus highlights
that valuable information can indeed be uncovered among the pangenome data. Fully
mining this genomic resource requires a critical re-examination of automated analy-
ses, as available databases remain underexploited. Both bioinformatic characterization
and the human inspection of the full spectrum of genetic variations are essential for the
understanding human health and diseases.

5 Conclusions

In conclusion, we have identified an alternative haplotype of the human H constant gene
locus that includes an additional copy of both the gene cluster and 3’ regulatory region.
This triplication expands the number of H subclasses, enhancing isotypic variability.
Furthermore, the triplication of the hs1.2 enhancer, whose alleles are associated with
both autoimmune diseases and heightened immune responses to viral infections, under-
scores the relevance of this finding for future immunological research. New in vitro
studies targeting production in individuals carrying the triplicated H constant genes will
help clarify its functional impact.
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IGH Immunoglobulin heavy chain
3'RR  3'Regulatory Region

SD Segmental duplication
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ncbi.nim.nih.gov/nuccore/AF013725.1) - AF013718.1 at [https://www.ncbinlm.nih.gov/nuccore/AF013718.1]
(https:/www.ncbinlm.nih.gov/nuccore/AF013718.1) - NM\_0252684 at [https://www.ncbi.nlm.nih.gov/nuccore/NM_0
25268.4] (https/www.ncbi.nlm.nih.gov/nuccore/NM_025268.4) - ENST00000497872.4 at [https://grch37.ensembl.org/
Homo_sapiens/Transcript/Summary?t=ENST00000497872.4] (https:/grch37.ensembl.org/Homo_sapiens/Transcript/Su
mmary?t=ENST00000497872.4) - ENST00000641420.1 at [https://grch37.ensembl.org/Homo_sapiens/Transcript/Summ
ary?t=ENST00000641420.1] (https:/grch37.ensembl.org/Homo_sapiens/Transcript/Summary?t=ENST00000641420.1) -
ENST00000641978.1 at [https://grch37.ensembl.org/Homo_sapiens/Transcript/Summary?t=ENST00000641978.1] (https:
/grch37.ensembl.org/Homo_sapiens/Transcript/Summary?t=ENST00000641978.1) - ENST00000641095.1 at [https://grch
37.ensembl.org/Homo_sapiens/Transcript/Summary?t=ENST00000641095.1] (https:/grch37.ensembl.org/Homo_sapiens
/Transcript/Summary?t=ENST00000641095.1) - ENSTO0000641837.1 at [https://grch37.ensembl.org/Homo_sapiens/Tran
script/Summary?t=ENST00000641837.1] (https:/grch37.ensembl.org/Homo_sapiens/Transcript/Summary?t=ENST00000
641837.1) - ENST00000390548.6 at [https://grch37.ensembl.org/Homo_sapiens/Transcript/Summary?t=ENST000003905
48.6] (https:/grch37.ensembl.org/Homo_sapiens/Transcript/Summary?t=ENST00000390548.6) - ENST00000641136.1 at [
https://grch37.ensembl.org/Homo_sapiens/Transcript/Summary?t=ENST00000641136.1] (https:/grch37.ensembl.org/H
omo_sapiens/Transcript/Summary?t=ENST00000641136.1) - ENST00000390555.3 at [https://grch37.ensembl.org/Homo
_sapiens/Transcript/Summary?t=ENST00000390555.3] (https:/grch37.ensembl.org/Homo_sapiens/Transcript/Summary
?t=ENST00000390555.3) IMGT data about the NA19240 isolates were available at [https://www.imgt.org/textes/IMGTrep
ertoire/index.php?section=LocusGenes&repertoire=locus&species=human&group=IGH&assembly=NA19240.pri.mat.f1
_v2] (https/www.imgt.org/textes/IMGTrepertoire/index.php?section=LocusGenes&repertoire=locus&species=human&
group=IGH&assembly=NA19240.pri.mat.f1_v2) The VCF file containing all SV calls from the Gong et al. (2025) study was
publicly available for download at [https://www.biosino.org/node/analysis/detail/OEZ007028] (https:/www.biosino.org/
node/analysis/detail/OEZ007028)
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