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Abstract

Antibodies that gain specificity by a large insert encoding for an extra domain
were described for the first time in 2016. In malaria-exposed individu-
als, an exon deriving from the leukocyte-associated immunoglobulin-like
1 (LAIR1) gene integrated via a copy-and-paste insertion into the im-
munoglobulin heavy chain encoding region. A few years later, a second
example was identified, namely a dual exon integration from the leuko-
cyte immunoglobulin-like receptor B1 (LILRB1) gene that is located in
close proximity to LAIR1. A dedicated high-throughput characterization of
chimeric immunoglobulin heavy chain transcripts unraveled, that insertions
from distant genomic regions (including mitochondrial DNA) can con-
tribute to human antibody diversity. This review describes the modalities of
insert-containing antibodies.The role of knownDNAmobility aspects, such
as genomic translocation, gene conversion, and DNA fragility, is discussed
in the context of insert-antibody generation. Finally, the review covers why
insert antibodies were omitted from the past repertoire analyses and how
insert antibodies can contribute to protective immunity or an autoreactive
response.
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INTRODUCTION

The discovery of leukocyte-associated immunoglobulin-like 1 (LAIR1)-containing antibodies was
the kick start to unraveling a new layer of antibody diversification. Until recently, functional ex-
amples of antibodies with extra domains were exclusive to malaria, and they were shown to result
from the integration of exons that encode for domains with inherent specificity for the Plasmodium
parasite. A LAIR1 exon can integrate into the variable, diversity, and joining [V(D)J] junction via
copy and pasting, giving rise to antibodies with an additional domain on the antibody tip (Tan et al.
2016). Furthermore, one LAIR1 (Pieper et al. 2017) or two leukocyte immunoglobulin-like re-
ceptor B1 (LILRB1) exons (Chen et al. 2021) between the J-to-constant junction create bispecific
antibodies with additional binding sites between the variable and constant heavy 1 (CH1) im-
munoglobulin (Ig) domains. Beyond LAIR1 and LILRB1 exons, high-throughput Ig RNA analysis
identified multiple exons and introns from diverse genes as well as intergenic regions integrat-
ing into antibody transcripts independent of malaria (Lebedin et al. 2022).While the latter study
could shed some light on the contribution of inserts to antibody diversity, their general impact
on antibody specificity remains to be determined. From a molecular point of view, there are key
unanswered questions. What is the underlying molecular mechanism of insertion events, and do
these events emerge via a true mechanism or rather accidentally? In this review, we strive to elab-
orate on the potential molecular basis, give an overview of the current state of insertion antibody
research, and survey the directions of further inquiries.

INSERT ANTIBODIES: A MECHANISM OR AN ACCIDENT?

The question of if the insertion of extra elements into the antibody heavy chain represents a
defined mechanism involves a philosophical disputation (Nicholson 2012). Therefore, we start
with developing a definition of the term mechanism. A mechanism may satisfy at least one of the
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following criteria: (a) Its product—here the genetic event—occurs significantly more frequently
than coincidentally due to selective pressure imposed on its generation (selection-induced bias)
or (b) it involves a dedicated cellular machinery. Since biological mechanisms emerged as chance
events that endured through evolution by imparting increased reproductive fitness, these defini-
tions allow us to set a boundary between a valid mechanism and a by-product of various events.

In this context and as outlined in more detail below, insert acquisition does not involve a ded-
icated cellular machinery. It rather relies on players of diverse molecular processes. The criterion
of selection-induced bias is more difficult to address.While the insert acquisition of a single B cell
clone is a rare event in an individual, it occurs with significant frequency in the population and
becomes relevant under a given selection pressure: More than 5% of malaria-exposed individuals
generate LAIR1-containing antibodies that can dominate the specific immune response (Pieper
et al. 2017). Thus, rare events that are not based on a dedicated cellular machinery might be
beneficial and potentially provide a selective advantage for an individual. It helps to compare the
phenomenon of insert antibodies to an established genetic mechanism, namely exon shuffling,
which is a well-described process of genetic diversification. Exon shuffling serves as an umbrella
term comprising exon integration via (a) homologous recombination (HR) (Patthy 1999), (b) the
transposition of mobile genetic elements (MGEs) (Moran et al. 1999), (c) illegitimate recombina-
tion (Kuhn et al. 2009), and, in some studies, (d) alternative splicing (Babushok et al. 2007). The
first occurs between sister chromatids or highly homologous genomic loci, creating new gene al-
leles through crossover during meiosis or repairing the DNA lesions in somatic cells. By contrast,
the transposition of MGEs and illegitimate recombination involve regions of zero to low homol-
ogy and generate novel and highly distinct sequences. As exons occupy around just 1% of the
eukaryotic genome by length, recombination frequently happens in the introns or intergenic se-
quences, which leads to the rearrangement of either whole intact exons or genes. Exon boundaries
were shown to coincide with the protein domain borders with an unexpectedly high frequency that
allows the eukaryotic organism to generate novel proteins in a modular fashion (Liu & Grigoriev
2004). In addition, the PR domain containing 9 (PRDM9) protein in mammals directs the meiotic
HR away from the promoters and H3K4 trimethylated regions to prevent transcription-HR con-
flicts and the potential mutagenic effect of the programmed double-strand breaks (DSBs) (Brick
et al. 2012). This manifests in the positional bias of germ line recombination.

In conclusion, exon shuffling involves a diverse cellular machinery. Furthermore, it was induced
by evolutionary selection pressure. It thus satisfies the above-mentioned criteria for a biological
mechanism. The generation of insert-containing antibodies via exon shuffling may be regarded as
a somatic counterpart of germ line exon shuffling. It remains open, however, if insert-containing
antibodies conferred an evolutionary advantage.

Chromosomal translocations involving the IGH locus and oncogenes like c-Myc, CEBP, and
CRLF2 serve as examples of detrimental side effects or accidents of dedicated mechanisms of di-
versification via recombination-activating gene (RAG) proteins and activation-induced cytidine
deaminase (AID) (Akasaka et al. 2007, Battey et al. 1983, Bemark & Neuberger 2000, Gostissa
et al. 2009, Yoda et al. 2010). Every mechanism may generate accidental by-products. In that re-
spect, insertions in the IGH that do not confer a function to the antibody may be regarded as
accidents.

Finally, LAIR1- or LILRB1-containing antibodies can emerge as random integrations facili-
tated by the increased fragility of LAIR1/LILRB1 loci and IGH locus rearrangement, which were
selected due to malaria exposure.These events reflect how somatic B cell genomemobility, similar
to exon shuffling, can result in a novel gene that contributes specific immunity. In the follow-
ing section, we aim to pinpoint molecular players that potentially contribute to insert-antibody
generation.
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ANTIBODY DIVERSIFICATION BY INSERT ACQUISITION

A vast repertoire of T cell receptors (TCRs) and B cell receptors (BCRs) is created by three pro-
cesses orchestrated by dedicatedmolecular players: (a) V(D)J rearrangement, the reshuffling of the
variable (V), diversity (D), and joining ( J) segments in Ig or TCR chain-encoding genes induced
by RAG; (b) somatic hypermutation (SHM), the introduction of single-nucleotide (nt) exchanges
in heavy and light chains of Ig genes mediated by AID; and (c) class switch recombination (CSR),
the AID-mediated deletion of constant exons of the Ig heavy chain, switching the isotype of an an-
tibody ( Jung et al. 2006).LAIR1,LILRB1, and a diverse set of genomic fragments integrate into Ig
heavy chains, further diversifying the repertoire. These insertions originate from various sources
of insert substrates and are incorporated in either of two acceptor break sites: in between the V,D,
and J segments (VDJ insertion) or between the J segment and the constant gene ( J-CH1 insertion)
(Lebedin et al. 2022, Pieper et al. 2017, Tan et al. 2016) (Figure 1). VDJ insertions are unlikely
to be removed by alternative splicing and are forced to be expressed on the apex of the antibody
variable domain, disrupting the original binding site. J-CH1 insertions are genomically located
in the J-to-constant intron and are included in the mature transcript only if they bear splicing

An

V V D D D J J J

V V D D J J

V V D J J

J

J

V V J J V D J J Insert
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Figure 1

Insert antibodies are generated through the DNA repair of acceptor breaks generated by VDJ
rearrangement, CSR, and other processes. Incorporated fragments originate from various fragility sources
and comprise exons, introns, and intergenic sequences of genomic and mtDNA. In-frame VDJ insertions are
expressed on the apex of the antibody variable domain, while J-CH1 insertions are either removed by
alternative splicing or present as a so-called elbow insertion. Abbreviations: AID, activation-induced cytidine
deaminase; Cγ, constant gamma; CH1, constant heavy 1; Cµ, constant mu; CSR, class switch
recombination; D, diversity; J, joining; mtDNA, mitochondrial DNA; V, variable.
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sites. That makes them subject to alternative splicing, making it possible for a B cell to express the
insert-free antibody. On the protein level, the J-CH1 insertion is located in the so-called elbow
region and does not necessarily destroy the original binding site (Figure 1).

Based on the concepts of insert substrates and acceptor break sites, we identified four in-
sert classes with distinct combinations of these features: (a) mitochondrial DNA (mtDNA) and
(b) nuclear DNA detected at VDJ junctions named mitochondrial VDJ (mtVDJ) and nuclear
VDJ (nucVDJ) insertions, correspondingly. Furthermore, inserts originating from (c) telomere
proximal genes and (d) early replicating fragile sites (ERFSs) incorporate between J-to-constant
junctions—telomere J-to-constant (telJC) and nuclear J-to-constant (nucJC) insertions.

To further characterize the insert antibodies, it is helpful to consider the formation of acceptor
break sites and insertion substrates separately.

RAG AND AID ENZYMES HAVE THE POTENTIAL TO GENERATE
BOTH ACCEPTOR BREAKS AND INSERT SUBSTRATES

On the one hand, RAG and AID can provide acceptor break sites for insert integration. On the
other hand, due to their potential to target genes outside the Ig locus, they may deliver insert
substrates. RAG1/2 enzymes specifically recognize recombination signal sequences (RSSs) flank-
ing the V, D, and J segments in Ig loci. This can lead to break generation that results in segment
rearrangement and takes place during B and T cell maturation. VDJ insertions are exclusively
and precisely located between VDJ joints, thereby preserving the segments. This suggests that
RAG-mediated DSBs are the sole acceptor break sites for this insertion type.Of note, VDJ inserts
are acquired early in B cell development (Lebedin et al. 2022). Off-target activity of RAG en-
zymes is often associated with such detrimental consequences as genomic translocation leading to
acute lymphoblastic leukemia (Papaemmanuil et al. 2014). Deficiency in the proteasomal degra-
dation of the RAG enzymes at the G1-S transition was also implicated in lymphoid malignancies
(Zhang et al. 2011). Various studies indicated that cryptic RSSs flank the most common RAG
translocation partners (Blumenberg & Skok 2015, Holmfeldt et al. 2013, Mijušković et al. 2015,
Mullighan et al. 2008, Waanders et al. 2012, Zhang & Swanson 2008). Nevertheless, VDJ inser-
tions did not overlap with the documented RAG off-targets. Furthermore, RSS analysis revealed
no cryptic RAG recognition sites adjacent to the VDJ insertion substrates. In conclusion, although
RAG can theoretically serve both purposes, its contribution is likely limited to the acceptor break
generation.

The AID enzyme is expressed in B cells upon antigen encounter and mediates breaks in the
antibody switch regions located in the J-to-constant introns. Therefore, it potentially contributes
to the acceptor break generation for J-CH1 insert antibodies. However, some J-CH1 insertions
are detected in pre–, pro–, and naive B cells. Although AID was demonstrated to be expressed in
RAG2+ immature B cells, these cells are deleted through apoptosis (Cantaert et al. 2015), sug-
gesting that during early B cell development J-CH1 insertions (telJC) are acquired through an
AID-independent process, the exact nature of which remains elusive. J-CH1 insertions detected
in memory and especially in activated B cells (nucJC) are markedly distinct from J-CH1 insertions
in naive B cells, which points to a distinct mechanism of acquisition and a potential integration
into AID-mediated acceptor break sites. As is the case for RAG enzymes, AID was shown to bind
to non-Ig genomic loci, which suggests it might be able to supply insertion substrates (Yamane
et al. 2011). AID off-targets were shown to be enriched in actively transcribed genes associated
with replication stalling and convergent transcription (Pavri et al. 2010, Yamane et al. 2011), which
are the features they share with the fragments found in insert antibodies. However, as AID bind-
ing was demonstrated to be insufficient for DSB induction (Yamane et al. 2011), insertions were
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compared to AID-mediated translocations (Klein et al. 2011), which revealed a negligible overlap.
In summary, AID might provide the acceptor break in activated cells, yet there is no evidence of
AID-mediated insert substrate generation. AID-independent acceptor breaks in naive cells might
result from various mechanisms of fragility, which are discussed further in the next section.

THE GENERATION OF INSERT SUBSTRATES

Any region of human genomic DNA is subject to various exogenous or endogenous sources of
DNA damage. DSBs represent the most relevant type of DNA lesions in the context of insert an-
tibodies. Although oxidative damage induced by ultraviolet radiation and reactive oxygen species
was shown to elicit DSBs through attempted base excision repair (Greinert et al. 2012, Yang et al.
2004, 2006), the majority of the DSBs can be attributed to DNA replication and transcription or
their combination (Syeda et al. 2014). The replication fork was shown to encounter various im-
pediments, including DNA-binding proteins, secondary structures, and transcription complexes
that frequently lead to DNA breaks manifesting in genomic instability (Mehta & Haber 2014,
Mirkin & Mirkin 2007, Prado & Aguilera 2005). Transcription was previously shown to facilitate
insertions originating from aberrant DNA lesions frequently detected in tumor genomes (Min
et al. 2023). We observed that one prominent feature of loci donating Ig insertions was a high
level of transcription, pointing to the potential role of transcription-associated fragility in insert
generation.

One of the most characterized structures linking transcription and genomic fragility is the
R-loop (Castillo-Guzman & Chédin 2021). R-loops represent three-stranded RNA/DNA het-
eroduplexes formed via the reannealing of the nascent RNA into the transcribed DNA strand,
exposing the nontemplate DNA stretch in its single-stranded form (Masukata & Tomizawa 1990).
This phenomenon was demonstrated to be crucial in replication initiation in bacterial plas-
mids, viral genomes, and mtDNA (Belanger & Kreuzer 1998, Drolet & Brochu 2019, Lee &
Clayton 1998). R-loops were also observed in switch regions in murine B cells under physio-
logical conditions, associated with programmed DSBs necessary to trigger CSR (Yu et al. 2003).
Later it was shown that R-loops play an important role in transcription termination in human
genes (Skourti-Stathaki & Proudfoot 2014, Skourti-Stathaki et al. 2011). It has become clear
that R-loops occur naturally in numerous conserved genomic loci of various organisms, includ-
ing humans, and contribute to normal cellular processes (Aguilera & García-Muse 2012, Niehrs
& Luke 2020, Sanz et al. 2016). However, failure to timely remove the R-loops may exacer-
bate transcription-replication collisions and promote nuclease-mediatedDSBs, eventually causing
translocations (Castillo-Guzman & Chédin 2021, Hamperl et al. 2017, Niehrs & Luke 2020,
Sollier et al. 2014). R-loops were previously detected at common translocation partners of Ig loci,
such as c-MYC, an oncogenic rearrangement frequently associated with Burkitt lymphoma (Yang
et al. 2014). AID-mediated DSBs were also shown to depend on R-loop formation (Ruiz et al.
2011). Relative proximity to R-loop–forming loci was demonstrated for insertion substrates, espe-
cially for the J-CH1 insertions (Lebedin et al. 2022). Furthermore, J-CH1 insertions were found
to be prominently GC enriched—a feature they share with R-loop-forming sequences (Ginno
et al. 2012). In conclusion, insertions may originate from R-loop-forming loci.

Several regions, called common fragile sites (CFSs), were found to be particularly prone to
replication-associated damage in various cell types (Fungtammasan et al. 2012). CFSs were first
described as genomic loci that frequently generate breaks in human lymphocyte metaphase chro-
mosomes upon aphidicolin-induced replication inhibition (Glover et al. 1984). Characteristic
features of CFSs include secondary structure formation in AT-rich stretches (Irony-Tur Sinai
et al. 2019, Kaushal et al. 2019), late replication (Beau et al. 1998), replication origin paucity
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(Letessier et al. 2011, Sugimoto et al. 2018), and association with large genes (Helmrich et al.
2011). Insertions detected in the chimeric antibodies originate from large genes (Lebedin et al.
2022), especially the fragments incorporated in VDJ modality. Although proximity analysis did
not reveal a substantial overlap between insert origins and CFSs, it is important to highlight that
CFSs, in discordance to their name, are not only cell type–specific but also distinct for every fragile
site inducer (Murano et al. 1989).

In contrast to CFSs, fragments incorporated in J-CH1 insert antibodies in in vitro–activated
B cells overlap significantly with ERFSs (Lebedin et al. 2022). ERFSs were revealed by chromatin
immunoprecipitation with an anti-single-stranded DNA antibody upon hydroxyurea treatment,
oncogene induction, and spontaneous replication stress.They weremapped to actively transcribed
gene clusters, enriched in GC, and featured early replication timing (Barlow et al. 2013). Similar
to CFSs, ERFSs result from replication fork misregulation and are controlled by ataxia telang-
iectasia and Rad3-related kinase. However, while increased origin firing at CFSs might hamper
replication completion ( Jones et al. 2013), the major source of DNA damage in ERFSs is intensi-
fied replication-transcription conflict (Barlow et al. 2013). ERFSs can contribute to oncogenesis as
more than 50%of common amplifications/deletions in human diffuse large B cell lymphoma over-
lapped with these fragile sites. The observation of ERFSs donating insertions to J-CH1 chimeric
antibodies in in vitro–activated B cells suggests that intensive proliferation might create replica-
tive stress in lymphocytes, causing transcribed B cell–specific genes to accumulate DSBs and insert
into Ig loci.

One of the most striking features of the insertions detected in J-CH1 modality is the telomeric
proximity of their origins (Lebedin et al. 2022). Human telomeres consist of numerous repeats
of the TTAGGG sequence, which were shown to form R-loops. As previously discussed, R-loops
might serve as a source of telomere fragility, contributing to insert substrates (Palm & Lange
2008). Although telomeric repeats were revealed in the switch region upon genomic DNA se-
quencing (C. Vázquez-García & K. de la Rosa, unpublished data), most of the telomere-proximal
J-CH1 insertions map to subtelomeric regions rather than to chromosome ends. Human sub-
telomeres contain a high density of genes and MGEs and serve as hot spots for recombination
(Calderón et al. 2014, Linardopoulou et al. 2005). The IGH locus itself is located in the subtelom-
eric region of chromosome 14, featuring numerous insertion/deletion polymorphisms generated
through nonhomologous recombination (Cook et al. 1994, Walter & Cox 1991). J-CH1 insert
antibody bias toward subtelomeric regions suggests an ongoing recombination between the IGH
locus and other subtelomeres.

Drivers of mutagenesis and obvious candidates for insert-antibody generation include MGEs,
such as transposable elements (TEs). TEs are characterized as mobile DNA sequences present
in the germ line genome that are capable of mobilization and insertion independent of the host
DNA replication (Wells & Feschotte 2020).TEs are ubiquitous in eukaryotic genomes, sometimes
constituting up to 85% of the genome (Wegrzyn et al. 2013), and serve as indispensable drivers
of genetic diversity, regulation, and evolution (Ågren & Wright 2011, Batzer & Deininger 2002,
Chuong et al. 2017). TEs are classified into two major classes: retrotransposons, which replicate
through an RNA intermediate and reverse transcription (RT) (class I), and DNA transposons,
which excise themselves and insert into a different position in the genome (Finnegan 1989).
Among both classes, two types are delineated based on mobilization capability: autonomous ele-
ments, which encode for necessary transposition enzymes, and nonautonomous elements, which
exploit other elements’ machinery to mobilize (Wells & Feschotte 2020). Although some TEs
were found to have an insertion site preference for sites in which modification would not influ-
ence the normal cell function (Eickbush&Eickbush 2015), they were also implicated in large-scale
genome translocations and oncogenesis (Anwar et al. 2017, Hoang et al. 2010, Mazoyer 2005).
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Elements of one of the autonomous retrotransposon classes, long interspersed nuclear element-1
(LINE-1), were shown to contribute to VDJ inserts, while less prominent overlap was detected
for nonautonomous short interspersed Alu nuclear elements (SINEs/Alu) (Lebedin et al. 2022).
In conclusion, the active mobilization of the genome, along with the sporadic DNA damage
stemming from fragile sites, R-loops, and telomeres, can contribute to the generation of insert
antibodies.

Around 14% of the fragments found in insert antibodies originate from mtDNA. It is impor-
tant to mention that the mtDNA-derived inserts share higher homology with the mitochondrial
genome than the nuclear mitochondrial pseudogenes. This suggests that mtDNA inserts might
emerge through de novo nuclear mtDNA numtogenesis (Singh et al. 2017) as was also demon-
strated for genomic polymorphisms (Onozawa et al. 2014) and mtDNA patches repairing DSBs
in yeast (Ricchetti et al. 1999) and human cancer cells (Singh et al. 2017). mtVDJ inserts originate
predominantly from the D-loop region, which bears the transcription start site and the leading-
strand origin of replication (Lee & Clayton 1998). Furthermore, mtDNA replication is coupled
to transcription through R-loop formation (Holt 2022), which can contribute to its fragility
(Sollier et al. 2014). Recently, mtDNA-nucleus transfer was shown to be exacerbated by mtDNA
fragmentation following oxidative stress. This transfer can be mitigated by cytoplasmic exonucle-
ases, suggesting that mtDNA fragments leak through the mitochondrial membrane and enter the
nucleus, potentially serving as insert substrates (Wu et al. 2023).

SIMILAR OBSERVATIONS

Several processes of copying and pasting were described as contributing to large insert polymor-
phisms, including templated sequence insertions (TSIs) (Onozawa & Aplan 2016). TSIs emerge
predominantly as germ line events and are classified into two types: (a) RT-mediated insertions
and (b) DNA patches copied from a distant genomic region (Onozawa & Aplan 2016). The first
class was observed in vitro, as an RT-mediated insertion of LINE-1 retrotransposon sequences to
repair DSBs in yeast (Teng et al. 1996). These kinds of events were later shown to be independent
of LINE-1 endonuclease activity, further supporting a copy-and-paste mechanism (Morrish et al.
2002). RT-mediated repair could potentially explain the overrepresentation of highly transcribed
sequences incorporated in insert antibodies.

In somatic cells, DNA patches up to several kilobases long were detected in repaired DSBs
(Yu &Gabriel 1999). These patches included mtDNA. Later, large insertions from Ty retrotrans-
posons, ribosomal DNA, and other fragile regions, but not mtDNA, were found to be copied in
the endonuclease-induced DSBs generated in Dna2-deficient yeast (Yu et al. 2018). J-CH1 inser-
tions are frequently represented by several exons and are thus likely to span multiple kilobases in
the genome, potentially resembling large TSIs.

A recently discovered theta-mediated end joining (TMEJ) pathway uses distant DNA stretches
bearing microhomology to the damaged locus to repair the DSB (Schimmel et al. 2019). Fur-
thermore, RNA can directly contribute to the repair serving as a template for DNA polymerases
(Storici et al. 2007). However, both TMEJ and RNA-templated repair were shown to be depen-
dent on the sequence microhomology, which was not observed between the majority of insert
substrates and the IGH locus (Pieper et al. 2017).

In conclusion, at VDJ junctions, the acquisition of (a) mtDNA (mtVDJ inserts) may depend on
numtogenesis. (b) Nuclear DNA at VDJ junctions (nucVDJ inserts) likely derives from LINE-1
MGEs or highly transcribed genes that are prone to genomic fragility or serve for RNA-mediated
DSB repair. Inserts detected at J-to-constant junctions originate from (c) telomere proximal genes
(telJC inserts) and (d) ERFSs (nucJC inserts). An association with R-loop-forming regions was
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Figure 2

Insert substrate generation. High GC content and increased transcription are characteristic of all detected insert donor sites. Substrates
of mtVDJ inserts are predominantly generated by D-loop regions of mtDNA. NucVDJ insertions are enriched in fragments from large
genes and LINE-1 elements. TelJC inserts are often represented by multiple-exon insertions originating from subtelomeric regions and
R-loops. NucJC insertions feature ERFS fragments. Abbreviations: Cγ, constant gamma; D, diversity; ERFS, early replicating fragile
site; J, joining; LINE-1, long interspersed nuclear L1 element; mtDNA, mitochondrial DNA; mtVDJ, mitochondrial VDJ; nucJC,
nuclear J-to-constant; nucVDJ, nuclear VDJ; Pol, polymerase; telJC, telomere J-to-constant; UTR, untranslated region; V, variable.

observed for both mtDNA and telJC insertions. While telJC inserts depend on B cell activation,
all other insert classes arise early during B cell development.The contribution of substrate sources
to different classes of Ig inserts is summarized in Figure 2.

LAIR1- AND LILRB1-CONTAINING ANTIBODIES: SOMATIC EXON
SHUFFLING GENERATES FUNCTIONAL IMMUNITY

Insert antibodies were first revealed in screens designed to identify broadly neutralizing antibod-
ies against Plasmodium falciparum (Tan et al. 2016). Out of 557 screened donors, 4 samples bound
erythrocytes infected with at least five parasite isolates. Sequence analysis of subcloned B cells
from the reactive donors showed that broadly reactive antibodies bear a large >100 amino acid
insertion encoded by a fragment of LAIR1. Of note, the insert contained SHMs that diminished
LAIR1 binding to collagen but increased binding to the repetitive interspersed family (RIFIN)
P. falciparum antigen. Analysis of the associated VDJ insert junctions revealed that, for every indi-
vidual,LAIR1 antibodies emerged in a single B cell clone and subsequently expanded uponmalaria
stimulation.

Later, the original research was expanded to a larger group of malaria-exposed individuals
and European donors (Pieper et al. 2017). In this study, donors were analyzed for the binding
of infected erythrocytes. More than 5% of donors living in malaria-endemic regions expressed
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LAIR1-containing antibodies, while this type of Ig was not detected in European donors. Of note,
in all individuals studied, the antimalaria immune response was dominated by clones expanded
from the LAIR1-containing founder B cell. However, no evidence for enhanced protection was
found.

Insertions of the extracellular LAIR1 domain maintained the antibody structure. Antibodies
therefore seem to be permissive for additional domains, and LAIR1 might not be the only exam-
ple of a functional receptor antibody. Indeed, further investigation based on an educated guess
approach yielded an additional example of functional insertion-containing antibodies that incor-
porated two domains of another RIFIN-binding receptor—LILRB1 (Chen et al. 2021). This
discovery highlights the functional importance of receptor-based antibodies and suggests that
binding domains of other proteins might be found to be integrated in antibodies. For instance,
apart from RIFIN antigens, the malaria parasite expresses P. falciparum erythrocyte membrane
protein 1 (PfEMP1) on the surface of infected red blood cells (iRBC), contributing to iRBC roset-
ting and parasite immune evasion (Barfod et al. 2011, Chen et al. 1998). PfEMP1 was shown to
be a target of natural and vaccine-induced immunity (Chan et al. 2019, Olsen et al. 2018), sug-
gesting that its host receptors, including intercellular adhesion molecule 1 and endothelial protein
receptor C, can be protective if inserted as additional antibody domains (Tan et al. 2018).

TECHNICAL LIMITATIONS OBSTRUCTING THE DETECTION
OF CHIMERIC ANTIBODIES

The low frequency of insert antibodies in the repertoire presents a general problem for their de-
tection given no preexisting information on their sequence or function. Currently available means
of insertion detection include in vitro hybridization, genome sequencing, and targeted sequencing
of the locus of interest. Hybridization-based methods like fluorescence in situ hybridization bear
the advantage of unskewed variant representation, as they do not entail DNA amplification.How-
ever, due to technical limitations of microscopy and image analysis, hybridization-based methods
feature throughput that might not be high enough for the detection of insertions in the IGH locus.
Furthermore, a hybridization-based approach is based on sequence-specific probe annealing, pre-
cluding the unbiased search for insertions of unknown sequence. Genome sequencing is suitable
for the identification of novel sequences incorporated in the Ig locus, but it requires vast resources
to detect rare events, potentially represented by a single clone. Long-read switch region sequenc-
ing, employed by Pieper et al. (2017), is limited to the detection of genomic events that occur in
a narrow region ( J-CH1). The combination of these factors begs for gene-targeted RNA-based
amplification. As described below, RNA-based methods can be designed to profile both VDJ and
spliced J-CH1 insertions.

SUPPRESSION POLYMERASE CHAIN REACTION TARGETS
VARIANTS OF DESIRED LENGTH

The amplification of a heterogeneous template mixture by polymerase chain reaction (PCR) is
inherently size biased (Dabney &Meyer 2012, Huber et al. 2009). Short amplicons are multiplied
with higher probability despite the high processivity of recombinant DNA polymerases routinely
used for PCR. In combination with the low frequency of insert-containing antibodies, their anal-
ysis represents a technical challenge. Droplet-based single-cell technologies have the potential
to overcome the PCR bias. However, currently employed techniques include several rounds of
amplification after droplet breakage, which might introduce the bias (Zheng et al. 2017). We ad-
dressed this problem by adapting a technique called suppression PCR, originally used for the
generation of complementary DNA libraries from a low-concentration starting material, to select
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the amplicons of the desired length (Lukyanov et al. 1995). The method is based on introduc-
ing inverted terminal repeats (ITRs) during the first amplification step and further amplification
with a primer targeting these ITRs. Competition between the normal primer annealing and ITR-
mediated intramolecular duplex formation is a size- and concentration-dependent process, which
allows one to shift the range of amplified fragments’ length by adjusting the primer concentra-
tion. We optimized the procedure to select for the antibody heavy chain transcripts containing
an ∼300-nt insertion. This method amplifies a region encompassing the variable domain and the
constant gene exon, allowing one to profile both VDJ and J-CH1 insertions (Lebedin et al. 2022).
It is important to point out that the devised technique was optimized to profile a certain length
range in IGH transcripts, which narrows the scope of the chimeric antibodies detected.Therefore,
although the suppression PCR technique enabled sensitive detection of insertion events, further
improvements in suppression PCR (or deploying alternative methods) are required to shed light
on the real frequency and repertoire of insert-containing antibodies.

INSERTION-MEDIATED DIVERSIFICATION: A UNIQUE
PHENOMENON IN THE ANTIBODY HEAVY CHAIN?

Genes encoding for TCR chains and light chains of the BCR are subject to RAG-mediated
recombination.This suggests that insertions may be acquired at the respective genomic loci.Nev-
ertheless, insertions were not detected in any human Ig locus apart from IGH. While antibodies
bind to a broad spectrum of epitopes formed by diverse molecules ranging from haptens to pro-
teoglycans, the TCR interacts with peptides embedded in major histocompatibility complexes
(Laethem et al. 2012). This mode of binding constrains the TCR structure, possibly exclud-
ing the positive selection of extra domain TCRs. Thus in-frame TCR transcripts containing an
insert were not expected. Out-of-frame TCR transcripts containing an insert were also absent
from the sequencing libraries. Of note, it needs to be considered that nonsense-mediated decay
(NMD) of the IGH transcript is distinct from other genes. While we detected numerous con-
ventional out-of-frame IGH transcripts, this was not the case for conventional TCR transcripts.
Normally, transcripts with premature termination codon are rapidly removed by NMD (Li &
Wilkinson 1998). In contrast, nonproductive IGH alleles are transcribed along with the produc-
tive alleles throughout B cell development until they encounter an antigen (Tinguely et al. 2012).
This might render IGH exceptionally permissible for the detection of insertions and may provide
an explanation for the negative results regarding TCR and Ig light chains.

INSERT-MEDIATED AUTOIMMUNITY AND REDEMPTION

When most frequently detected inserts have been grafted onto recombinant antibodies, insert
acquisition has been associated with an increase of polyreactivity (Lebedin et al. 2022). More-
over, LAIR1 encodes for a collagen-binding domain, which would render the chimeric antibody
self-reactive unless it is mutated to abrogate this specificity (Tan et al. 2016). LILRB1 normally
binds to human leukocyte antigen class I (HLA-I), yet LILRB1-Ig contains domains not respon-
sible for HLA-I binding (Chen et al. 2021). As LAIR1 and LILRB1 may resemble nucVDJ and
nuclear J-CH1 insert classes, they are likely to integrate early during B cell development, giving
rise to autoreactive naive B cells. Self-reactivity might drive these cells into an anergic state (Duty
et al. 2009). However, anergic self-reactive B cells were shown to be recruited in the germinal
center upon antigen exposure in the context of T cell help (Duty et al. 2009). Consequently, B
cells expressing self-reactive insert-containing BCRs might undergo clonal redemption through
SHM (Burnett et al. 2019), diminishing their self-reactivity while keeping or enhancing pathogen
binding (Tan et al. 2016).
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Unlike entire domains with dedicated binding sites, various insertions detected in Igs might
simply imbue the antibody with ultralong complementarity-determining region (CDR) loops,
resembling bovine antibodies. The latter were previously proven to be a promising tool in broad-
neutralizing antibody design (Svilenov et al. 2021).

Finally, in case of tolerance breakdown and a failure to acquire SHMs that abrogate
self-specificity, insert-containing antibodies might contribute to autoimmunity such as collagen-
associated autoimmune disorders.

FURTHER DIRECTIONS

LAIR1- and LILRB1-containing Igs are natural examples of a new class of antibodies. Their
generation relies on transcription of the respective donor genes in B cells (Lebedin et al.
2022). Therefore, the natural repertoire of insert antibodies is expected to be limited but might
be expanded artificially. Through the integration of a host receptor that is most relevant for
pathogenicity, hybrid antibodies could surpass reactivity profiles of conventional antibodies. As
B cells of any individual have the intrinsic ability to engineer the antibody locus with distant gene
elements, the studies presented above may provide ground for future developments such as novel
insert-containing antibodies and the engineering of B cells independent of nucleases.

Beyond its potential for applied science, many unanswered basic questions linger on. So far,
information for both the transcript and the underlying genomic architecture is only available for
LAIR1 and LILRB1 insertions, which narrows the mechanistic insights. For naive B cells that
represent single clones, it remains particularly challenging to match the analysis of RNA and
genomics at high throughput. This is most relevant when addressing the question of whether
all inserts underly a copy and pasting or whether genomic deletions of donor sequences can be
observed.

Genomic inserts deriving from subtelomeric regions are likely to cover multiple kilobases be-
cause multiple-exon insertions have been detected in antibody transcripts. The application of
unbiased approaches for targeted genomic DNA sequences, such as linear amplification-mediated
high-throughput genomic translocation sequencing (Hu et al. 2016) combined with long-read se-
quencing, might shed light on the original presplicing structure of the insertions and thus the
cellular machinery involved in their emergence.

As inserts resembling the LAIR1 type have been detected in naive B cells (Lebedin et al. 2022),
it remains to be determined how an autoreactive clone containing a collagen-reactive domain like
LAIR1 would get positively selected.May similar events rely on chronic antigen exposure?Would
selection during an acute infection occur? Despite a break of tolerance, the likelihood of activating
a rare B cell clone increases under chronic stimulation.

So far, large templated insertions at the IGH locus have been exclusively found in humans. It
is still unclear whether such events occur in mice, whether insertional hot spots are conserved,
and whether AID- and RAG-deficient mice are suitable models to address further mechanistic
insights. Interestingly, in humans and mice, short templated fragments have been described as
contributing diversity during the germinal center reaction (Dale et al. 2019). As these events occur
postactivation and were excluded from the bioinformatics pipeline used by Lebedin et al. (2022)
due to a selection of events >20 nt and a primer design that omits CDR1 and CDR2, it remains
open how these events compare.

CONCLUSION

Current data suggest that at least four types of insert classes are contributing to the human anti-
body repertoire. These include, at the VDJ junctions, (a) mtDNA and (b) nuclear DNA and, at the
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J-to-constant junction, insertions deriving from (c) telomere-proximal regions and (d) fragile sites.
In rare cases, insert-containing antibodies are expressed as functional proteins, e.g., LAIR1 and
LILRB1 fragments, that can provide broad specificity against malaria antigens. Beyond that, sev-
eral instances of in-frame insertions have been revealed, some of which acquired SHMs, pointing
toward their affinity maturation. Curiously, insertions can introduce binding to self- or irrelevant
targets, which may contribute to autoreactivity.

Despite hints that molecular processes are involved in insert acquisition, deeper insights in
the molecular machineries remain elusive. Nevertheless, we suggest that there is no exclusive way
for their emergence. As for the acceptor break, current evidence speaks for RAG-mediated DSBs
providing the destination point for VDJ insertions, while AID’s role is less defined and might
contribute to both the insert substrate and acceptor break site. Similar to germ line exon shuffling,
various genome mobility features may contribute inserts to antibodies expressed by single B cells,
representing somatic exon shuffling.
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