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Abstract

This article reviews current knowledge in comparative immunology and presents updated
hypotheses on the evolution of the immune system in jawed vertebrates. It focuses on the co-option
of the RAG transposon in the origin of the V(D)J recombination system, proposed to have occurred
in two stages. Initially, the RAG transposon, along with other eukaryote-specific transposon such as
HAT, interacted with host genes in early eukaryotes, leading to a new transposition mechanism.
Subsequently, RAG and host genes were integrated into the V(D)] recombination system,
representing a major evolutionary innovation. The broader implications of this events are also
considered. Earlier hypothesis suggest that the establishment of the V(D)] recombination system
contributed to MHC polymorphism. Phylogenomic evidence indicates that key immune components,
including MHC, T-cell receptors (a,3 and v,0), and immunoglobulins, existed in ancestors and later
expanded through gene duplication, forming multigene families with diverse functions. Their
proteins products interact with other immune molecules to regulate immune responses. While some
retained original functions, others evolved new roles through neo-functionalization. Overall, the co-
option of the RAG transposon played a critical role in shaping the immune system of jawed
vertebrates by driving innovation in both adaptive and innate immunity.

Keywords: transposable element domestication; comparative immunology; innate and adaptive
immunity in jawed vertebrates; RAG Evolution; V(D)J recombination

Introduction

1. A Brief Overview of the Vertebrate Immune System

Vertebrates are divided into two groups: jawed vertebrates and cyclostomes. Both groups share
certain features in their immune systems. In particular, they can generate diverse immune receptors
through distinct somatic recombination systems. The immune systems of both cyclostomes and
jawed vertebrates are organized around two main cell lineages: lymphoid and myeloid cells.
Lymphoid cells are unique in their ability to somatically rearrange some of their immune receptors,
creating a wide diversity of clonally expressed receptors. In jawed vertebrates, certain lymphocyte
populations, such as innate lymphoid cells (ILCs), do not express rearranged receptors. Instead, these
cells interact with receptor-bearing lymphocytes or with myeloid cells through various ligand -
receptor systems, which may involve transmembrane or secreted molecules, such as cytokines.

Myeloid cells similarly communicate with lymphoid cells via ligand-receptor interactions.
These interactions are especially prominent with lymphocytes that possess rearranged receptors, as
seen in antigen-presenting cells (APCs) of jawed vertebrates. Importantly, myeloid cells can also
initiate immune responses independently, a capability not shared by lymphoid cells [1].
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1.1. Variable Lymphocyte Receptor (VLR) - Based Recombination in Cyclostomes

Lamprey, used here as a representative cyclostome, possesses five types of variable lymphocyte
receptors (VLRs) composed of leucine-rich repeat (LRR) domains. Four T-like lymphocyte lineages
express VLRA, VLRC, VLRD, and VLRE, whereas B-like lymphocytes secrete VLRB antibodies [1,2].
Functional VLR genes are generated from incomplete germline genes through a gene-conversion—
like mechanism involving flanking LRR sequences and lineage-specific cytidine deaminases. B-like
lymphocytes develop in the hematopoietic typhlosole and kidneys, while T-like lymphocytes
develop in the thymoid tissue located at the tips of the gill folds. The presence of distinct T- and B-
like lymphocytes and specialized lymphoid tissues represents ancestral features of vertebrate
immunity. The germline VLR gene contains invariant regions encoding the 5' end of the N-terminal
LRR (5'LRRNT) and the 3’ end of the C-terminal LRR (3'LRRCT) and stalk, separated by a noncoding
region. Numerous LRR cassettes are located upstream and downstream of this gene. During VLR
assembly, the noncoding region is replaced by donor LRR cassettes through a cytidine deaminase
(CDA) initiated process. Cytosine (C) residues are converted to uracil (U), which is removed by
uracil-DNA glycosylase (UNG), creating an abasic (AP) site that is cleaved by apurinic/apyrimidinic
endonuclease (APE). The resulting DNA break is repaired by homologous recombination, leading to
the formation of a mature and diverse VLR gene. The assembled VLR diversity region includes
LRRNT, LRR1, multiple variable LRRs, a connecting peptide (CP), and LRRCT [1]. Although some
aspects of innate immunity in cyclostomes have been described, the relationship between innate and
adaptive immunity in these organisms remains poorly understood. In contrast, immune mechanisms
in jawed vertebrates are well characterized and are discussed in the following section.

1.1. The Immune System of Jawed Vertebrates

As discussed above, the immune system of jawed vertebrates is partly based on lymphocytes
that express highly diverse antigen receptors. This diversity is generated through somatic genetic
recombination. Immune cells bearing specific receptors can undergo clonal expansion after
encountering their corresponding antigen. In T cell receptors (TCRs), the initial genetic
rearrangement is generally not followed by further somatic mutations, although rare exceptions have
been reported in some species [3-5]. In contrast, B cell receptors (BCRs) undergo additional
diversification through somatic hypermutation, a process mediated by Activation-Induced
Deaminase (AID). This process promotes the selection and expansion of B cell clones with the highest
antigen affinity. This essay focuses on the co-option of Recombination-Activating Genes (RAGs) and
their interaction with cellular DNA repair enzymes during V(D)] recombination. The impact of RAG
transposon co-option on the evolution of both adaptive and innate immunity is then examined. The
innate immune system relies on receptors that do not undergo somatic rearrangement. These
receptors recognize conserved microbial structures, known as Pathogen-Associated Molecular
Patterns (PAMPs), as well as endogenous danger signals, termed Damage-Associated Molecular
Patterns (DAMPs) [6]. Such recognition is mediated by Pattern Recognition Receptors (PRRs),
including Toll-like receptors (TLRs), which are conserved across metazoans. For example, TLRs
detect lipopolysaccharides (LPS) from Gram-negative bacteria and activate conserved signaling
pathways such as NF-kB. However, NF-«B regulates different immune responses depending on the
species, inducing antimicrobial peptides in Drosophila and cytokines such as tumor necrosis factor-
a (TNFa) in jawed vertebrates [7].

Some PRRs and their signaling pathways are lineage-specific. For instance, the OAS-RNase L
antiviral pathway emerged prior to the evolution of jawed vertebrates through molecular innovation
[8]. These observations challenge the view that innate immunity is entirely ancient and static, instead
highlighting its substantial diversification over evolutionary time.

Finally, genes originally associated with T cell and immunoglobulin receptors were later
repurposed as non-rearranging receptors. These receptors enable rapid immune responses
independent of immunological memory, contributing to the emergence of a distinct form of innate
immunity in jawed vertebrates and complementing other innate immune innovations.
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1.1. Jawed Vertebrate RAG and the V(D)] Recombination

V(D)] recombination mediated by recombination-activating gene (RAG) proteins is a central
mechanism of the adaptive immune system, generating the extensive diversity of B-cell receptors
(immunoglobulins) and T-cell receptors (TCRs) required for the recognition of a broad spectrum of
antigens. Immunoglobulins and vd TCRs are capable of directly recognizing native antigens in their
intact structural forms. In contrast, ap TCRs typically recognize antigenic peptides that have been
processed and presented by major histocompatibility complex (MHC) molecules on the cell surface.
Notably, a subset of aff TCRs can also recognize non-classical MHC class I molecules that present
non-peptidic small molecules, such as lipids.

1.1.1. Basic Mechanisms

During B- and T-cell development, variable (V), diversity (D) - present only in immunoglobulin
heavy chains, TCR 3, and TCR vy - and joining (J) gene segments are randomly selected from large
genomic repertoires. V(D)J recombination is initiated by the recombination-activating gene products
RAG1 and RAG2, which form a complex that recognizes and binds Recombination Signal Sequences
(RSSs) flanking the V, D, and | segments. This complex introduces site-specific double-strand breaks
at the junctions between the coding segments and their associated RSSs. Following RAG-mediated
cleavage, the coding ends adopt hairpin structures. High-mobility group (HMG) proteins contribute
structurally by promoting DNA bending and unwinding, thereby enhancing accessibility of the RAG
complex to the RSSs and increasing recombination efficiency. The hairpin coding ends are
subsequently opened by the endonuclease Artemis, which is activated by the DNA-dependent
protein kinase catalytic subunit (DNA-PKcs). Artemis-mediated cleavage generates staggered DNA
ends, introducing additional junctional variability. After hairpin opening, terminal deoxynucleotidyl
transferase (TdT) adds non-templated nucleotides to the exposed DNA ends, a process known as N-
region diversification. In some instances, DNA polymerase p (Pol u) also contributes to nucleotide
addition, although less efficiently than TdT. Concurrently, nucleotide deletion can occur at the coding
ends prior to rejoining, further enhancing junctional diversity. Together, random nucleotide addition
and deletion substantially expand the potential diversity of antigen receptors [9].

DNA polymerases Pol p and Pol A subsequently fill remaining gaps in a largely template-
independent manner, further contributing to junctional diversity. The modified coding ends are then
rejoined through the non-homologous end joining (NHE]J) DNA repair pathway. The Ku70/Ku80
heterodimer stabilizes the DNA ends, while DNA-PKcs facilitates end alignment. Finally, the
XRCC4-DNA ligase IV complex ligates the DNA ends, completing the recombination process.

This overview provides a simplified description of the mechanism for clarity. For a
comprehensive and detailed account, readers are referred to [9].

1.1.1. Immunoglobulin and TCR Receptors

Immunoglobulins (antibodies) and yd T-cell receptors (TCRs) recognize and bind native
antigens directly in their intact conformations, whereas a3 TCRs typically recognize antigenic
peptides that have been processed intracellularly and presented on the cell surface by Major
Histocompatibility Complex (MHC) molecules. In antibodies, antigen recognition is mediated by
Complementarity-Determining Regions (CDRs) within the variable domains of the heavy and light
chains. CDR1 and CDR?2 are germline-encoded and contribute to the overall shape and charge of the
antigen-binding site, while CDR3 particularly in the heavy chain - is highly variable and plays a
dominant role in determining binding specificity and affinity. Yo TCRs recognize a wide range of
ligands, including conformational epitopes and MHC class I-like molecules such as CD1 and MR1,
in a manner reminiscent of antibody recognition [10]. In a TCRs, CDR1 and CDR2 primarily interact
with the MHC molecule, whereas the highly variable CDR3, generated during V(D)] recombination,
directly contacts the presented peptide and is central to antigen specificity [11]. Notably, certain af3
TCRs recognize non-classical MHC class I-like molecules, including CD1, which presents lipid
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antigens to invariant natural killer T (iNKT) cells, and MR1, which presents small-molecule
metabolites to mucosal-associated invariant T (MAIT) cells. These unconventional TCR-ligand
complexes can differ substantially from classical peptide-MHC interactions, as exemplified by MR1,
whose antigen-binding cleft accommodates small metabolites derived from vitamin B biosynthesis.

2. Comparison of Cellular Immune Systems in Cyclostomes and Jawed
Vertebrates and the Replacement Hypothesis

The conservation of B cell-like, afp T cell-like, and vd T cell-like lineages between jawed
vertebrates and cyclostomes suggests that these three lymphocyte types were already present in the
last common ancestor of vertebrates. This implies that key regulatory mechanisms governing their
differentiation had evolved early. Both groups also possess myeloid cells. In jawed vertebrates,
myeloid cells interact with lymphocytes through ligand-receptor systems involving membrane-
bound and secreted factors, such as cytokines, and are capable of mounting autonomous immune
responses, a feature absent in lymphocyte lineages. Although myeloid-lymphoid interactions are
well characterized in jawed vertebrates, they remain less explored in cyclostomes; nonetheless, the
identification of multiple cytokines and their receptors in lampreys suggests that such interactions
were already established in their common ancestor [12].

Additional core immune mechanisms, including the elimination of self-reactive receptors and
allelic exclusion, must also have been present in this ancestor. Moreover, an organ supporting
immune cell differentiation likely existed, as both vertebrate lineages possess specialized though
distinct structures where these processes occur [1].

A central unresolved question is whether the foundational elements governing lymphocyte and
myeloid cell ontogeny and regulation emerged concurrently with somatic receptor diversification
mediated by either RAG or cytosine deaminase (CDA) or whether they predated the evolution of
somatic recombination altogether. Both RAG and CDA based systems are highly complex and likely
evolved from simpler ancestral mechanisms. These systems may have arisen independently through
convergent evolution, or alternatively via a replacement model, in which RAG replaced CDA in the
jawed vertebrate lineage or CDA replaced RAG in cyclostomes [13]. Such replacement likely occurred
within a primitive immune framework comprising distinct lymphoid and myeloid lineages.
Resolving these questions will require comparative analyses of vertebrate immune systems alongside
those of their closest sister phyla.

3. Origin of the Recombination Systems: CDA and RAG Based Recombination

3.1. CDA Based Recombination

Current knowledge of the origins of somatic recombination systems remains limited. Cytosine
deaminase-based mechanisms involve enzymes of the AID/APOBEC family, which belong to an
ancient deaminase system that emerged early in metazoan evolution and is coupled to conserved
DNA repair pathways [14,15]. Members of the AID/APOBEC family have since diversified across
metazoans into multiple clades with broad and conserved roles in immunity. The somatic
recombination observed in cyclostomes is therefore thought to reflect the co-option of this ancestral
deaminase-based system, although the precise mechanisms underlying this co-option remain
unresolved.

With respect to variable lymphocyte receptors (VLRs), complete VLR-like genes that likely do
not undergo somatic rearrangement have been identified in amphioxus. These genes appear to
function in innate immunity and may represent the plesiomorphic, non-rearranging precursors of
cyclostome VLRs [16]. Collectively, these findings highlight the need for further comparative and
functional studies to clarify the origin and evolutionary trajectory of the VLR recombination system.

3.2. RAG Based Recombination
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Although a substantial body of relevant data is available, much of it requires careful reanalysis
to establish a robust framework for hypothesis generation. In this context, we outline the analytical
approach adopted in this review. The emergence of evolutionary novelty, such as the acquisition of
a new physiological function, is a complex process that typically involves the coordinated
recruitment of multiple genes and molecular systems. In the case of the V(D)] recombination
machinery, several components appear to have been co-opted while retaining their ancestral
functions, including Artemis and core DNA repair enzymes. In contrast, other factors, such as
terminal deoxynucleotidyl transferase (TdT), acquired specialized functions following gene
duplication. Notably, a transposon-derived element was also co-opted and subsequently functionally
specialized to become an integral component of the system. These distinct modes of co-option can be
resolved through evolutionary-based analyses, as demonstrated in previous studies [13,17,18].

3.2.1. Before RAG Co-Option/ Description of the Proto IG/TCR Complex

It is plausible that a proto-immunoglobulin/T-cell receptor (proto-Ig/TCR) complex existed
before the insertion of the RAG transposon. Reconstruction of such a proto-complex requires
comparative analysis of the B-cell receptor (BCR) and T-cell receptor (TCR) systems, including both
ap and yd TCRs. The BCR is a multiprotein transmembrane complex composed of a membrane-
bound immunoglobulin, consisting of two identical heavy and two identical light chains that form
antigen-binding sites recognizing native antigens. Signal transduction is mediated by the associated
accessory proteins Iga (CD79A) and Igf3 (CD79B), which contain immunoreceptor tyrosine-based
activation motifs (ITAMs) that initiate intracellular signaling upon antigen engagement. This
organization is conserved across jawed vertebrates [19].

Similarly, the TCR complex comprises a heterodimeric antigen-recognition unit (aff or yd)
associated with the CD3 signaling subunits (CD3y, CD3d, CD3e, CD3(, and CD3n)). These accessory
proteins, which contain ITAMs within their cytoplasmic domains, are essential for signal
transduction following antigen recognition. The TCR itself possesses only a short cytoplasmic tail
and relies on the CD3 complex—organized as distinct dimers—for intracellular signaling. This
architecture is likewise conserved throughout jawed vertebrates [20,21].

Notably, the CD3y, CD3d, and CD3e subunits of the TCR complex and the CD79a and CD79(3
subunits of the BCR share common structural features, including extracellular IgV-like domains and
intracellular ITAM-containing regions that are phosphorylated by conserved tyrosine kinases [22,23].
These shared structural and functional properties suggest that the proto-Ig/TCR complex likely
consisted of Ig-like antigen receptors associated with accessory signaling molecules bearing IgV-like
domains and ITAM motifs, coupled to conserved downstream signaling pathways [24].

Together, these observations provide a framework for reconstructing the evolutionary origins
of the BCR and TCR complexes and support the hypothesis that RAG transposon insertion occurred
into a pre-existing proto-Ig/TCR gene, followed by diversification into the modern immunoglobulin
and TCR gene families.

3.2.2. Co-Option of the RAG Transposon

Multiple studies have demonstrated that the RAG recombinase evolved from an ancestral
transposon, a process accompanied by loss of integration capacity and a concomitant increase in
excision activity (Huang, Tao, Yuan, Zhang, Li, Helen A Beilinson, et al., 2016a; Tsakou-Ngouafo et
al, 2020; Zhang et al., 2019). The initial step in this evolutionary transition likely involved
domestication of the RAG transposon, marked by loss of integrase function and enhanced excisase
activity. A subsequent event entailed the loss of the surrounding terminal inverted repeats (TIRs),
resulting in fixation of the RAG locus on ancestral chromosome 11 in the common ancestor of jawed
vertebrates. This scenario is supported by conserved synteny observed in non-vertebrate chordates
such as amphioxus. . third key event likely involved reinsertion of TIR-like elements into an Ig/TCR-
like gene, giving rise to the ancestral antigen receptor locus. This was followed by duplication and
diversification of the ancestral TCR/Ig locus, leading to the emergence of distinct immunoglobulin
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and TCR gene families. Notably, RAG domestication may not have occurred directly for V(D)]
recombination. [28] proposed that the early domesticated RAG complex initially functioned as a
defense mechanism against Transib transposons, supported by the high sequence similarity between
Transib TIRs and V(D)J recombination signal sequences (RSSs). In this model, RAG-mediated
excision would have neutralized Transib elements and prevented their reintegration, consistent with
the apparent absence of Transib family transposons in jawed vertebrate genomes.

Collectively, the emergence of the V(D)] recombination system can be viewed as a multistep co-
option process. First, an ancestral DNA repair machinery was recruited to resolve hairpin
intermediates generated during transposon excision. Second, the transposon-derived RAG system
itself was co-opted to mediate programmed V(D)] recombination, potentially following or
incorporating an intermediate anti-transposon defense phase.

3.2.2.1. First Step: Co-Option of an Ancestral DNA Repair System to Manage Transposons That
Form Hairpins in Flanking Regions During Excision

Transposons that generate hairpin structures in the flanking regions (HFRs) during excision,
notably those of the hAT and Transib/RAG families, are restricted to eukaryotes . Following excision,
these flanking-region hairpins are cleaved by the Artemis-DNA-PKcs endonuclease complex, after
which the DNA ends are repaired by the canonical non-homologous end-joining (C-NHE])
machinery, including Ku70, Ku80, XRCC4, DNA ligase IV, and X-family DNA polymerases [31].

It is likely that the DNA repair system, originally involved in general repair mechanisms,
predates the emergence of HFR transposon and that it was co-opted to repair the fragment after the
hairpin cut. It has to be noted that DNA hairpin termini are found in both eukaryotes and
prokaryotes:

1. Hairpins at the Transposon Ends: For example, in the IS4 family of bacteria and in PiggyBac
transposons in eukaryotes. [31].

2. Hairpins on the Flanking Regions Left after HFR transposon excision (as already discussed
examples include HAT and Transib transposons, as well as RAG-mediated rearrangements [31].

3. Eukaryotic Viral DNA Hairpin Termini: Some double-stranded viral genomes are linear but
feature covalently closed hairpin termini. Examples include:Kaumoebavirus [32] Vaccinia virus
[33] Chlorella virus [34] African swine fever virus [35].

4. Hairpin Telomeres in Prokaryotes: Hairpin telomeres are also found in the prokaryotic world,
including in some bacteriophages, plastids, mitochondria, and bacteria. For example, see the
review by [36]. Artemis and DNA-PKcs are eukaryote-specific factors that mediate the cleavage
of DNA hairpins generated in flanking regions following the excision of Transib or hAT
transposons. These proteins also participate in the resolution of viral DNA hairpin termini, as
observed in adeno-associated viruses, which lack their own resolvase [37]. In contrast, several
other eukaryotic viruses encode dedicated hairpin-resolving enzymes [38]. In prokaryotes,
hairpin resolution is carried out by specialized hairpin telomere resolvases [36]. The widespread
and conserved role of the Artemis—-DNA-PKcs complex in repairing transposon-induced
hairpins across eukaryotes suggests that this function represents its ancestral activity, whereas
its involvement in viral hairpin processing likely reflects a secondary and less common co-
option.
3.2.2.1.1. Cooption of Artemis and DNA-PKcs Ability to Open Flanking Hairpins
Either Artemis or DNA-PKcs may have ancestrally possessed hairpin-opening activity,

potentially facilitating the emergence of hAT- and Transib-type transposons (HFR transposons) in

eukaryotes. Alternatively, both proteins may have initially exhibited only weak hairpin-cleaving
activity, which could have been strengthened under selective pressure from HFR transposons.

Concurrently, transposons may have evolved enhanced excision capabilities as Artemis and DNA-

PKcs improved their hairpin-processing efficiency, reflecting a possible co-evolutionary relationship.

Failure to resolve hairpins following transposon excision would prevent DNA repair, resulting in cell

death and inhibition of transposon propagation.
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Beyond transposon-related functions, Artemis in complex with DNA-PKcs plays a central role
in double-strand break (DSB) repair. Germline mutations in Artemis cause radiosensitive severe
combined immunodeficiency (RS-SCID), characterized by the near-complete absence of circulating B
and T lymphocytes and heightened sensitivity to ionizing radiation [39,40]. Artemis-deficient cells
also exhibit increased susceptibility to DSB-inducing agents and contribute to the maintenance of cell
cycle checkpoints and the repair of stalled replication forks. Mechanistically, Artemis/DNA-PKcs
facilitates DSB repair, in part, by removing 3'-phosphoglycolate termini generated by ionizing
radiation at roughly half of all DNA breaks [41].

These observations suggest that the ancestral function of the Artemis/DNA-PKcs complex may
have been general DNA break repair, with subsequent specialization for hairpin opening in the
context of ancestral HFR transposons. Consistently, the absence of DNA-PKcs in yeast correlates with
the lack of HFR transposons [42]. However, the presence of hAT-family Hobo transposons in
Drosophila [43] raises questions regarding the mechanisms of hairpin resolution in species lacking
DNA-PKcs [44].

3.2.2.1.2. Transposon Excision and P-Diversity: Generation of Junctional Diversity through
Hairpin Cleavage

During RAG-mediated recombination, excision of the RAG transposon involves cleavage of
DNA hairpins, resulting in the formation of single-stranded overhangs at the DNA ends. During
subsequent repair, a DNA polymerase, such as polymerase X, adds palindromic (P) nucleotides to
these overhangs. This process plays a critical role in the generation of junctional diversity (Colot et
al., 1998; Huang, Tao, Yuan, Zhang, Li, Helen A Beilinson, et al., 2016b).

3.2.2.2. Second Step: Co-Option of the RAG Transposon System for V(D)J Recombination

The RAG V(D)J recombination system co-opted conserved proteins originally involved in the
RAG transposon life cycle, including C-NHE] factors such as KU70, KU80, XRCC4, and ligase 4 (for
joining), as well as Artemis and DNA-PKcs (for repair) and polymerase X-like proteins. Additionally,
itincorporated proteins that underwent functional shifts during co-option, such as RAG (for excision)
and TDT (for joining).

3.2.2.2.1 Joining and N addition diversity

3.2.2.2.2. In addition to the co-option of the RAG transposon and the DNA repair machinery,
several other genes were specifically recruited for the V(D)] recombination process. A prominent
example is terminal deoxynucleotidyl transferase (TdT), which acquired novel functional properties
following a gene duplication event. TdT and polymerase p (Polp) originated from a duplication
within the jawed vertebrate lineage [47]. However, TdT exhibits substantially higher terminal
transferase activity than both jawed vertebrate Polu and non-vertebrate Polu-like proteins [48]. Site-
directed mutagenesis studies identified a key DNA-binding residue, Arg387, in human Polp as a
major determinant limiting its terminal transferase activity relative to TdT [49]. Substitution of this
residue (R387K) to mimic TdT resulted in a marked increase in Polp terminal transferase activity,
approaching that of TdT. Notably, this R387K substitution is conserved across all jawed vertebrate
TdT proteins, whereas Arg387 is retained in jawed vertebrate Polp and non-vertebrate Polu-like
proteins. These findings indicate that TdT specialization as an efficient terminal transferase arose in
the jawed vertebrate lineage following gene duplication.

3.2.2.2.3. The case of HMGB1, HMGB2, and HMGB3

HMGB1, HMGB2, and HMGB3 participate in diverse biological processes through their
interactions with DNA and chromatin [50]. Among these paralogs, HMGB1 and HMGB?2 play key
roles in V(D)] recombination by promoting DNA bending, enhancing RAG protein binding and
activity, and stabilizing the RAG-DNA complex [9]. In both mouse and human systems, HMGB1 has
also been shown to facilitate DNA transposon excision, as demonstrated for the amphioxus RAG
transposon (Huang et al., 2016) and the Sleeping Beauty transposon [52]. However, it remains unclear
whether this activity is specific to jawed vertebrates, which uniquely possess three HMGB paralogs -
HMGB1, HMGB2, and HMGB3 [53]. Substitution of human HMGB1 with HMGB proteins from non-
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jawed vertebrates in RAG transposon excision assays may help determine whether this excision-
promoting function represents a specialized adaptation of HMGB1 and HMGB2 in the jawed
vertebrate lineage.

Notably, canonical HMGB proteins are restricted to metazoans [53], suggesting that they did not
co-evolve with DNA transposons that generate hairpin structures upon excision, as such transposons
are also found in non-metazoan eukaryotes. Consequently, the evolutionary history of HMGB
proteins remains difficult to resolve, particularly with respect to whether they were initially co-opted
for transposition or later recruited for V(D)J recombination.

Finally, although the biochemical mechanisms of V(D)] recombination have been outlined, this
process represents only one component of a highly complex system. Additional evolutionary
innovations in the ancestors of jawed vertebrates were essential for shaping immunoglobulin and T-
cell receptor loci and for regulating recombination activity [9]. A comprehensive understanding of
the origin and evolution of V(D)] recombination therefore remains an ongoing challenge, with many
aspects yet to be elucidated.

4. Possible Impact of the Co-Option of the Somatic Recombination Mechanism

How was the immune system organized prior to the emergence of receptor diversity generated
by somatic recombination mechanisms such as CDA or RAG mediated processes? This question
extends beyond antigen receptor variability to encompass the complexity of cellular interactions,
cytokine networks, and cytokine receptor systems. Moreover, to what extent did the advent of
somatic recombination contribute to the increasing complexity of the immune system, including the
evolution and diversification of innate immune components?

4.1. Avoiding Self-Recognition After Establishing the Somatic Recombination System

Antigen receptors generated through somatic recombination enable the immune system to
recognize a vast diversity of foreign pathogens. However, because this process is inherently
stochastic, it can also produce receptors that recognize self-antigens. If not properly controlled, such
self-reactive receptors may lead to autoimmune disease, in which the immune system attacks host
tissues. To prevent this, the immune system employs negative selection. During this process,
immature B cells that recognize self-antigens [54] and af3 T cells that either bind too strongly or fail
to appropriately interact with self-MHC complexes [55] are eliminated through apoptosis. This
selective removal ensures that only non-self-reactive lymphocytes mature and participate in immune
responses. Negative selection thus represents a critical safeguard against autoimmunity, maintaining
immune tolerance while preserving effective pathogen recognition. In the following section, we focus
on the RAG recombination system, for which the most detailed mechanistic insights are currently
available.

4.2. RAG Transposon Co-Option and Its Possible Impact on the Origin of the MHC Polymorphism

4.2.1. MHC Origin

The major histocompatibility complex (MHC) is essential for peptide presentation to afg T cell
receptors (TCRs), a function mediated by MHC class I and class II molecules. This role is conserved
across all jawed vertebrates, indicating that the MHC-based antigen presentation system was already
established in their common ancestor. However, it remains unclear whether ancestral MHC-like
molecules were capable of presenting peptides to a proto-TCR lacking somatic rearrangement, or
whether this interaction emerged only after the evolution of TCR rearrangement capacity.
Regardless, as discussed below, the co-option of the RAG transposon played a major role in shaping
MHC class I and class II polymorphism. MHC class I and class II proteins share a common ancestor,
likely resembling present-day class II molecules [56]. This ancestral protein is thought to have
functioned as a homodimer, with each monomer composed of an IgC1 domain and a peptide-binding
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domain (PBD). The emergence of this monomer likely resulted from domain shuffling, involving the
fusion of exons encoding IgC1 and PBD domains [56]. The evolutionary origin of the PBD remains
unresolved, as this domain has so far been identified exclusively in jawed vertebrates.

In addition to MHC molecules, multiple other proteins contribute to antigen presentation. As
previously described [17], some of the genes involved were recruited while retaining ancestral
functions, whereas others arose through gene duplication and subsequently acquired novel roles.
The af TCR interacts with MHC class I and class II molecules in conjunction with the CD8 and CD4
co-receptors, respectively. Both CD4 and CD8 are members of the immunoglobulin superfamily,
share structural similarities, and likely originated from a common ancestral gene.

It is therefore plausible that MHC molecules and CD4/CD8-like co-receptors existed prior to the
emergence of the afp TCR and the integration of the RAG transposon into the ancestral TCR/Ig locus.
Within this evolutionary framework, it remains difficult to determine whether RAG-mediated
diversification of the aff TCR directly drove the differentiation and functional specialization of the
CD4 and CD8 co-receptors.

4.2.2. Origin of the MHC Polymorphism

A previously proposed hypothesis suggests that an ancestral MHC-like molecule bound
pathogen-associated molecular patterns (PAMPs) and presented them to ancestral TCR-like receptors
[25,57].

(A) In an early stage, the ancestral MHC-like molecule likely possessed a limited binding
repertoire, interacting with only a small number of pathogen-derived ligands. Correspondingly,
ancestral TCR-like receptors may have recognized specific classes of PAMPs presented by these
MHC-like molecules. Mutations expanding the PAMP-binding capacity of the ancestral MHC-like
molecule may not have been accommodated by the existing, non-diverse TCR-like receptors,
potentially leading to the loss of such variants through genetic drift.

(B) The integration of the recombination-activating gene (RAG) transposon into an ancestral
TCR-like gene likely increased receptor diversity and broadened antigen recognition. This
diversification would have enabled mutated MHC-like molecules presenting novel PAMPs to be
recognized by a heterogeneous TCR repertoire, facilitating their evolutionary retention. These MHC
variants would then be subject to selection through multiple mechanisms, including allelic
polymorphism, increased peptide-binding promiscuity, and expansion into multigene families.

An alternative, but not mutually exclusive, scenario proposes that the ancestral a3 TCR initially
recognized native antigens, as observed for immunoglobulins and yd TCRs, and later evolved the
capacity to recognize peptides presented by MHC molecules, a process described by the MHC
capture hypothesis [58]. This transition would similarly promote peptide-binding promiscuity, allelic
polymorphism, and expansion of the MHC gene family.

4.3. Beyond the Origins of MHC Polymorphism and Mechanisms to Avoid Self-Recognition, What Has Been
the Impact of the Co-Option of the RAG Transposon on the Evolution of the Immune System in Jawed
Vertebrates?

As outlined above, the principal proteins underlying the adaptive immune response include the
Major Histocompatibility Complex (MHC), T cell receptors (TCRs), and immunoglobulins. The
evolution of these key components was driven largely by gene duplication events, giving rise to
multigene families with functional diversification. These core proteins do not act independently
rather, they operate within complex interaction networks involving ligand-receptor interactions or
direct protein - protein contacts that result in co-activation or co-inhibition (co-regulation). In
addition, numerous associated proteins play essential roles in modulating both protein activity and
gene expression. Some of these interacting components have retained ancestral functions and were
subsequently co-opted during the evolution of the immune system, whereas others arose through
gene duplication followed by neofunctionalization or through exon shuffling, enabling the
acquisition of novel functions. Importantly, this evolutionary process remains ongoing and continues
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to shape adaptive immunity across diverse lineages of jawed vertebrates (see, for example, (Akula et
al.,, 2014; Flajnik, 2016) Figure 1-2.

Jawed Vertebrate Adaptive Immunity

After RAG Innate Immune System

Jawed Vertebrate Innate Immunity

Ancestral Innate Immunity

Figure 1. Schematic representation of the evolution of vertebrate immune systems. The black region indicates
ancestral innate immunity. The green layer represents the development of vertebrate innate immunity. The blue
layer shows the enhancement of innate immune responses following RAG-mediated mechanisms. The red layer
illustrates the emergence of vertebrate adaptive immunity, highlighting increasing complexity over evolutionary

time.
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Figure 2. Phylogenetic tree depicting the evolutionary emergence of some immune components across jawed

vertebrates.. Large green node = lymphocyte lineage ancestor; large red node = last common vertebrate ancestor;
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blue nodes = jawed vertebrate ancestor and descendant taxa; orange nodes = cyclostomes (Lamprey, Hagfish);
green nodes = invertebrate chordates (Tunicate, Amphioxus). Orange arrows indicate the branch point at which
key immune genes first appeared: RAG, TCR, Ig, MHC, and Butyrophilin emerged at the jawed vertebrate
ancestor marking the origin of adaptive immunity; OAS and Clq were acquired at the same node; MR1 arose

prior to the reptile divergence; NK receptors and NKG2A appeared prior to mammalian divergence.

4.3.1. Origin and Evolution of Divergent Class I Families and Their Receptors

Classical MHC class I molecules, which present peptide antigens to a3 T cell receptors (TCRs),
are conserved across all examined jawed vertebrates. In contrast, multiple forms of non-classical
MHC class I molecules exhibit lineage-specific distributions and are restricted to particular subphyla
of jawed vertebrates. Phylogenetic analyses indicate that non-classical MHC class I genes originated
from classical MHC class I genes through gene duplication events that occurred at distinct stages
during the evolution of jawed vertebrates.

Each non-classical MHC class I family clusters as a monophyletic group with the classical MHC
class I molecules of its corresponding clade, including mammals, primates, eutherian mammals, bony
fishes, and other lineages. These duplication events arose independently in different branches of the
jawed vertebrate phylogeny, followed by lineage-specific functional divergence. Over evolutionary
time, the duplicated genes underwent functional modifications that resulted in the specialized
immunological roles characteristic of non-classical MHC class I molecules within each lineage. The
following sections describe these non-classical MHC class I genes and their associated receptors in
detail.

4.3.1. 1Non-Classical Class I Genes Interacting with Semi-Rearranging a3 TCRs and Certain yo T
Cells

Semi-rearranging af3 T cell receptors (TCRs), as well as yd T cells (see above), participate in
innate immune responses and recognize MHC-like proteins either in association with small organic
ligands or, in some cases, in the absence of bound ligands. In mammals, two well-characterized
populations of innate af3 T cells have been described: mucosal-associated invariant T (MAIT) cells
and invariant natural killer T (iNKT) cells. Together with yd T cells, these populations constitute the
three major classes of innate T cells.

Invariant natural killer T (iNKT) cells represent a specialized T cell subset that recognizes lipid
antigens presented by the MHC-like molecule CD1d. The MAIT cell compartment similarly exhibits
limited TCR diversity in humans and recognizes a restricted range of microbially derived vitamin B
metabolites presented by the MHC-like molecule MR1.

The interaction between a TCRs and peptide-presenting MHC molecules is conserved across
all jawed vertebrates, with the exception of certain species in which key components of this system
have been pseudogenized, as exemplified by anglerfish [62]. In contrast, interactions between af
TCRs and non-peptidic antigens presented by MHC-like molecules are restricted to specific
vertebrate subphyla. The CD1 and MR1 families emerged later during jawed vertebrate evolution;
the CD1 family originated within the tetrapod lineage through duplication of a classical MHC class I
gene [63], whereas the MR1 family arose from another classical MHC family member in the ancestors
of mammals [63,64].

These observations suggest that aff TCR recognition of non-peptidic antigens represents a
derived evolutionary state resulting from the co-evolution of MHC-antigen complexes and a3 TCRs.
Alternatively, ancestral TCRs may initially have recognized MHC molecules presenting lipid
antigens or microbially derived vitamin B metabolites. In this scenario, subsequent structural
evolution of the TCR binding interface enabled peptide recognition, while somatic recombination
further expanded TCR diversity and facilitated the recognition of novel antigenic targets. yd T cell
receptors recognize a wide range of native structures (see Table 1 in [65] including non-classical MHC
class I molecules, but do so through mechanisms distinct from those employed by af3 TCRs. yd TCRs
may recognize non-classical MHC class I molecules in the absence of a ligand, recognize ligand-
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bound MHC molecules without directly contacting the ligand, or engage both the ligand and the
MHC molecule in a manner distinct from af TCR recognition (Adams et al., 2015; Harly et al., 2022.;
Le Nours et al., 2019a; Pellicci et al.,, 2020; Rice et al., 2021). These interaction modes are likely to
represent derived states.

Gamma-delta (yd) T cells play a critical role in sensing danger signals and pathogen-associated
molecular patterns (PAMPs) and appear to opportunistically utilize MHC molecules, either with or
without bound ligands. Consequently, the emergence of the RAG-mediated recombination system
may have facilitated not only the expansion of TCR diversity but also the diversification of MHC
recognition and function, thereby contributing to the functional complexity of adaptive and innate-
like immune responses.

4.3.1.2. Classical and Non-Classical MHC Molecules in Interaction with Non-TCR Receptors

As described above, interactions between classical MHC molecules and af3 T cell receptors
(TCRs) likely emerged early during the evolution of jawed vertebrates, as they are conserved across
nearly all extant members of this group. yd T cell receptors are also capable of interacting with
members of the butyrophilin family, a protein family that is conserved throughout jawed vertebrates.
However, outside of mammals such as humans and mice, such interactions have not yet been
documented in other vertebrate lineages.

In addition to TCR-mediated recognition, both classical and non-classical MHC molecules
engage receptors other than TCRs. Prominent examples include interactions with natural killer (NK)
cell receptors such as NKG2A, NKG2D, leukocyte immunoglobulin-like receptors (LILRs), and killer
cell immunoglobulin-like receptors (KIRs), which are largely restricted to mammals. In rodents, KIRs
are functionally replaced by Ly49 receptors. These mammal-specific receptor systems are thought to
have originated in the ancestors of modern mammals [70,71].

The majority of these receptors are expressed on the surface of natural killer cells, which survey
target cells through mechanisms of missing-self and induced-self recognition, including the detection
of MHC-peptide complexes (see [72].

4.3.1.2.1. NK receptors that interact with MHC / peptide complex

Natural killer (NK) cells are lymphocytes that play critical roles in innate immunity, contribute
to the regulation of adaptive immune responses, and participate in placental development. In mice
and humans, NK cell education and functional regulation are mediated by diverse receptor systems
that recognize MHC molecules expressed on tissue cells. These NK cell receptors interact with both
classical and non-classical MHC class I molecules, thereby shaping NK cell responsiveness and
effector functions.

NK receptors that interacts with classical MHC class I /peptide complex

In humans, polymorphic epitopes of classical MHC class I molecules namely HLA-A, HLA-B,
and HLA-C—are recognized by a diverse repertoire of killer cell immunoglobulin-like receptors
(KIRs). In mice, an analogous function is mediated by Ly49 receptors, which interact primarily with
H-2K and H-2D molecules. KIRs and Ly49 receptors are structurally distinct cell-surface
glycoproteins that serve as receptors for classical MHC class I molecules on natural killer (NK) cells.
In species such as mice, rats, and horses, the Ly49 gene family encodes multiple inhibitory and
activating receptors with specificities for different MHC class I molecules, which are expressed in
diverse combinations on NK cells [73-75]. In contrast, in primates, cattle, and goats, functional Ly49
genes are absent, and NK cell recognition of MHC class I is mediated instead by KIRs [76,77]. This
complementary distribution indicates a functional replacement between the Ly49 and KIR receptor
families across mammalian lineages.

Both KIR and Ly49 receptors contribute to NK cell activation through “missing-self” recognition.
When MHC class I expression is reduced or lost, for example as a consequence of viral infection or
cellular stress, inhibitory receptor signaling is diminished, resulting in NK cell activation and
elimination of the affected cells. Although the downstream signaling pathways are broadly
conserved, the mechanisms governing activating receptor function remain less well understood.
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Notably, activating receptors are thought to have arisen through convergent evolution from
inhibitory receptor homologs [78].

KIRs and Ly49 receptors differ markedly in their modes of MHC class I recognition. KIRs engage
HLA class I molecules at the C-terminal end of the peptide-binding groove, with residues at positions
7 and 8 of the bound nonamer peptide exerting a major influence on receptor binding (see, for
example [72]. In contrast, murine Ly49 receptors bind beneath the peptide-binding platform,
contacting the MHC a3 domain and regions adjacent to the peptide-binding groove, without direct
interaction with the presented peptide [79,80].

An exception within the Ly49 family is Ly49C, which exhibits peptide-dependent sensitivity to
the MHC class I molecule H-2K”b [81]. This sensitivity does not result from direct peptide-receptor
contact; instead, dynamic allosteric effects within the MHC molecule have been shown to modulate
Ly49C recognition [82].

Evolutionarily, KIR genes arose in the ancestors of eutherian mammals through exon shuffling
[83], whereas the Ly49 family likely originated in the common ancestor of mammals [84]. Subsequent
lineage-specific expansions led to diversification of the KIR gene family in some mammalian lineages
and of the Ly49 family in others, reinforcing their complementary roles in NK cell recognition of
MHC class I molecules.

NK receptors that interacts with non classical MHC class I peptide complex

NKG2A/CD94 receptors are present in eutherian mammals [84]. In humans and mice, for which
functional characterization is most extensive, the NKG2A/CD94 heterodimer interacts with HLA-E
in humans and with H2-Qal in mice [85,86]. In both species, NKG2A/CD94 recognizes MHC class I-
derived leader sequence peptides presented by HLA-E and H2-Qal, respectively, resulting in the
delivery of inhibitory signals to natural killer (NK) cells.

HLA-E and H2-Qal are non-classical MHC class Ib molecules encoded within the MHC region.
These molecules may have arisen independently from classical MHC class I genes in primate and
rodent lineages, respectively. Consistent with this possibility, phylogenetic analyses indicate that
HLA-E in humans and H2 class I genes in mice form distinct monophyletic groups. However, this
pattern may alternatively reflect concerted evolution within the MHC locus. Under such a scenario,
HLA-E and H2-Qal could represent orthologous genes rather than independently derived paralogs
[87].

4.3.1.2.2. Interaction with MHC/ MHC like with non T cell receptor independently of the PBD
and the peptide bound to it

Interaction of MHC non classical class I with Leukocyte immunoglobulin-like receptors
(LILR)

Leukocyte immunoglobulin-like receptors (LILRs) can be classified into two major groups based
on ligand specificity. Group 1 LILRs, which include LILRA1, LILRA2, LILRA3, LILRB], and LILRB2,
possess highly conserved HLA-binding sites and interact with the most conserved regions of MHC
class I molecules, namely the a3 domain and 2-microglobulin In contrast, Group 2 LILRs - including
LILRA4, LILRA5, LILRA6, LILRB3, LILRB4, and LILRB5 recognize a broader range of ligands and
generally do not bind classical MHC class I molecules (Shiroishi, Kuroki, et al., 2006). An exception
within this group is LILRB5, which is capable of binding both angiopoietin-like proteins and HLA
class I molecules. LILRs are present in all eutherian mammals [88] and share a common evolutionary
ancestor with killer cell immunoglobulin-like receptors (KIRs) in the common ancestor of mammals.
The LILR and KIR families subsequently diverged and became distinct receptor lineages in the
ancestors of eutherian mammals.

Interaction of non MHC classical class I gene (MICA/MICB, ULBP) with NKG2D

NKG2D (KLRK1) is a major activating receptor expressed by natural killer (NK) cells. Its ligands
comprise a diverse set of MHC class I-like molecules whose expression is induced in response to
cellular stress, including infection and tumorigenesis. In humans, two principal families of NKG2D
ligands (NKG2DLs) have been identified: the MHC class I-related chains (MIC), which are encoded
within the MHC region, and the UL16-binding proteins (ULBPs), which are encoded outside the
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MHC locus. In mice, ULBP-like ligands are also present, together with an additional ligand, MILL,
which is not found in humans (see [89].

The designation NKG2D is somewhat misleading, as the NKG2D gene exhibits limited sequence
similarity to the closely related NKG2A, NKG2C, NKG2E, and NKG2F genes, which form a highly
homologous gene cluster and are thought to have arisen through gene duplication events.

All known NKG2D ligands contain al and a2 domains that form an MHC class I-like fold;
however, none appear to possess an open peptide-binding groove. In humans, MICA and MICB,
unlike ULBPs or murine NKG2D ligands, additionally contain an a3 domain but do not associate
with B2-microglobulin, distinguishing them from classical HLA class I molecules. Despite the low
sequence similarity between human MIC and ULBP proteins and their murine counterparts (RAE-1,
H60, and MULT1), all of these ligands bind NKG2D with relatively high affinity. Structural analyses
of NKG2D complexes with ULBP3, MICA, and RAE-1f reveal a conserved receptor-ligand
interaction mode, in which NKG2D engages the top of the al-a2 platform domain, despite the use
of distinct amino acid residues across ligand families [90-92].

NKG2D (KLRK1) is present in therian mammals, including both eutherians and marsupials [93—
95]. Evolutionary analyses indicate that MIC-, ULBP-, and MILL-like genes also emerged in therian
mammals, consistent with co-evolution of the NKG2D receptor-ligand system [96]. Notably, the
genomic loci encoding NKG2D, Ly49, and NKG2A/CD94 are maintained in conserved synteny in
eutherian mammals [97]. In contrast, among marsupials—the sister group of eutherian mammals
only NKG2D is retained within a conserved syntenic context.

Other MHC class I-like molecules that do not interact with either af TCRs or NK receptors.

Endothelial Protein C Receptor (EPCR)

Similar to members of the CD1 family, the endothelial protein C receptor (EPCR) harbors a
tightly bound phospholipid within its antigen-presenting groove. This phospholipid is required for
EPCR to interact with protein C, an interaction mediated by contacts between the a1l domain of EPCR
and the y-carboxyglutamic acid (Gla) domain of protein C [98]. This binding facilitates the activation
of protein C and is therefore critical for the protein C—dependent anticoagulant pathway [99]

In addition to its role in coagulation, EPCR can directly engage the T cell receptor (TCR) of a
human Vy4Vd5 vd T cell clone, thereby enabling yd T cells to recognize cytomegalovirus-infected
endothelial cells as well as epithelial tumor cells. This mode of recognition is mechanistically distinct
from protein C binding, as it involves the [3-sheet face of EPCR rather than the a-helical face used for
interaction with protein C [100]. The specificity of this interaction is largely determined by the
complementarity-determining region 3 (CDR3) loops of both the y and & chains, which exhibit
extensive variability generated by RAG-mediated recombination.

This structural and genetic variability endows yd TCRs with the capacity to recognize a broad
spectrum of ligands with diverse conformations, thereby contributing to their functional versatility.
Such recognition is consistent with the opportunistic binding strategy of yd TCRs, which
preferentially engage native structural motifs, including those present in MHC and MHC-like
molecules (see above).

HFE interacts with transferrin receptor role on the iron uptake

HFE, a non-classical MHC class I-like molecule, interacts with transferrin receptor 1 (TFR1), a
homodimeric type II transmembrane glycoprotein responsible for cellular iron uptake through
binding of iron-loaded transferrin. Structural and biochemical analyses indicate that the HFE-TFR1
interaction involves the al and a2 helical domains of HFE and the helical region of TFR1, which also
participates in transferrin binding. The resulting HFE-TFR1 complex exhibits two-fold symmetry
with a 2:2 stoichiometry [101].

ZAG (zinc-a2-glycoprotein)

The structure of zinc-a2-glycoprotein (ZAG) closely resembles that of classical MHC class I
molecules at the level of backbone conformation, sharing approximately 30-40% amino acid sequence
identity [102]. However, ZAG exhibits notable modifications within the putative antigen-binding
groove, which is adapted for the binding of small hydrophobic molecules, including compounds
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structurally similar to polyethylene glycols (PEGs) or fatty acids. Despite these structural insights,
the identity of the physiologically relevant ligand(s) for ZAG remains unknown, as does its precise
biological function in vivo.

The neonatal Fc receptor (FcRn)

The neonatal Fc receptor (FcRn) is an MHC class I-like molecule that has evolved specialized
functions distinct from antigen presentation. FcRn primarily binds immunoglobulin G (IgG) derived
from maternal milk, mediating its transcytosis across mucosal epithelia and subsequent release into
the circulation. This process is essential for passive immunity in neonates, enabling the transfer of
maternal antibodies that provide early immune protection.

In addition to its role in neonatal immunity, FcRn plays a central role in maintaining systemic
IgG homeostasis by protecting IgG molecules from lysosomal degradation, thereby regulating both
mucosal and systemic immune responses. Unlike classical MHC class I molecules, which possess an
open antigen-binding groove, FcRn contains a closed groove that does not participate in ligand
binding. Instead, FcRn engages a single Fc chain through interactions at the edge of its platform
domain, with key contact residues contributed by the a2 domain and the 32-microglobulin (32m)
subunit [103-105].

MHC class I-like genes are present across jawed vertebrate lineages beyond mammals [106]. As
discussed above, the functions and molecular interactions of these molecules have been extensively
characterized in eutherian mammals. In contrast, comparable functional data remain scarce for non-
eutherian mammals and other jawed vertebrates. A notable exception has been described in Xenopus,
where interactions between MHC class I-like molecules and an invariant T cell lineage have been
reported [107,108].

4.3.2. Immunoglobulin Co-Option

4.3.2.1. Clq Binding to Immunoglobulins

The Classical and Lectin Pathways of the complement system are both present in jawed
vertebrates. These pathways converge on the formation of the same C3 convertase (C4b2a), which
plays a central role in pathogen defense. Here’s an overview of their activation and shared
mechanisms.

1. The Classical Pathway:

This pathway is initiated when antibodies (IgG or IgM) bind to a pathogen, activating the C1
complex, which consists of Clq and the proteases Clr and Cls. Upon activation, Clq triggers Clr
and Cls to cleave C4 and C2, forming the C3 convertase.

2. The Lectin Pathway:

The lectin pathway is activated when mannose-binding lectin (MBL) or ficolins recognize
specific carbohydrate patterns on pathogens. This recognition activates MASP-1 and MASP-2
proteases, which then cleave C4 and C2, generating the same C3 convertase as the classical pathway.
In both pathways, the formation of C3 convertase leads to:Opsonization: Marking pathogens for
phagocytosis., Inflammation: Through the release of C3a. and Membrane Attack Complex (MAC)
Formation: Leading to pathogen lysis [109]. Interestingly, the lectin pathway is present even in non-
jawed vertebrates (reviewed by [110]), and C1q itself is found in species outside the jawed vertebrate
phyla [111]. This suggests that the interaction between Clq and immunoglobulins represents an
evolutionary innovation, combining an ancient protein (Clq) with a newer protein family
(immunoglobulins). This adaptation highlights a significant step in the evolution of the vertebrate
immune system, linking pre-existing components with novel mechanisms of pathogen recognition
and defense.

4.3.2.2. FC Receptors Immunoglobulin Interaction

Fc receptors (FcRs) are members of the immunoglobulin superfamily and are expressed on the
surface of diverse immune cells, including macrophages, neutrophils, and natural killer cells. These
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receptors bind the Fc region of immunoglobulins and play central roles in antibody-mediated
immune responses. Through interactions with antibodies, FcRs mediate a range of effector functions,
including phagocytosis, antibody-dependent cellular cytotoxicity (ADCC), and modulation of
inflammatory responses.

FcRs exhibit isotype specificity and recognize distinct Fc classes, such as IgG, IgA, and other
immunoglobulin isotypes. Accordingly, FcRs are classified into different receptor families, including
Fcy receptors (FcyRs), which bind IgG, and Fca receptors (FcaRs), which bind IgA. Comparative
genomic analyses indicate that the expansion and diversification of FcR gene families vary among
jawed vertebrate lineages, reflecting co-evolution with immunoglobulin Fc isotypes. This
coordinated evolution of receptors and antibody classes is thought to enhance the functional
versatility and effectiveness of antibody-dependent immune mechanisms [60].

4.3.3. Gamma Delta TCRs

4.3.4. Gamma delta (yd)

T lymphocytes identified to date exhibit a notable bias against self-reactive recognition.
Consistent with the immunoglobulin-like structure of v T-cell928 receptors (TCRs) and the diversity
of their repertoire (see above), the self-antigens directly recognized by yd TCRs are structurally
diverse, encompassing both MHC-related and MHC-unrelated molecules [65]. Many of these self-
antigens are constitutively expressed on cells and healthy tissues, suggesting the presence of
regulatory mechanisms that ensure yd T-cell responses remain tightly controlled, thereby preventing
autoimmunity.

This highlights the specialization of Y0 T cells in recognizing danger signals, a function shared
with cells expressing non-rearranging receptors [112].

In humans, this recognition can occur either through clonal expansion, as seen predominantly
in V01 T cells, or independently of clonal expansion, as observed in Vy9Vd2 T cells [113].

It has to be noted that some Gamma Delta TCRs interact with member of the butyrophilin
families, this has well be described in the cases of mammalians The interaction between TCR gamma
delta (TCRy®) and butyrophilin (BTN) heterodimers exhibits significant variation across mammalian
species. In most mammals, Vy9V02+ T cells interact with BTN3/BTN2, whereas in humans, Vy4+ T
cells engage with BTNL3/BTNLS, and in mice, Vy7+ T cells interact with Btnl1/Btnl6. The BTN sub-
families originated in the common ancestor of mammals, but evolutionary divergence has led to
species-specific losses. For instance, BTNL3/BTNLS8 have been lost in the mouse lineage, Btnl1/Btnl6
in the human lineage, and BTN3 has also been lost in the mouse lineage [114,115]. The biology of the
butyrophilin-TCRy?d system is best understood in the context of BTN3/BTN2 and Vy9Vd2+ T cells in
humans [114,116].

Vy9Vd2+ T cells interact with BTN2/BTN3 through a mechanism involving

phosphoantigens. These phosphoantigens bind to the intracellular B30.2 domain of BTN3,
triggering a conformational change that enables BTN3 to interact with BTN2A1. BTN2Al
subsequently binds directly to the TCR Vy9 chain on Vy9Vd2+ T cells. Phosphoantigens recognized
by the B30.2 domain can originate from microorganisms via the non-mevalonate isoprenoid synthesis
pathway. A notable example is the high-affinity , binding to B30.2, phosphoantigen (E)-4-hydroxy-3-
methyl-but-2-enyl pyrophosphate (HMBPP), produced by bacteria and apicomplexan [117].
Alternatively, phosphoantigens can be generated by mammalian cells through the mevalonate
pathway, which produces the lower-affinity binding to B30.2 phosphoantigen isopentenyl
pyrophosphate (IPP) [118].

The phosphoantigen (E)-4-hydroxy-3-methyl-but-2-enyl pyrophosphate (HMBPP) could
therefore considered as PAMP and phosphoantigen isopentenyl pyrophosphate (IPP) as danger
signal. We do not have information for the other members of the butyrophilin family in human mice
even if it has been shown that they interact with gamma delta cell [114] and regulate their
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activities.971 The butyrophilin family is conserved across all vertebrate species [115]. However,
functional data on these families in non-mammalian have not been so far investigated.

The presence of TCRYd has been described in jawed vertebrates [119] with exception of
squamate (Morrissey et al. 2022 shown) this suggests that the interaction between TCRyd and
butyrophilin may have been present in the common ancestor of jawed vertebrates.

An important question arises: does the interaction between butyrophilin and TCR occur with
prearranged TCRs, predating the co-option of the RAG transposon? This possibility could parallel
the hypothesized interaction between MHC molecules and prearranged TCRap. In any cases the co-
option of RAG allow the diversification of the Gamma Delta TCR family and their role on detecting
danger signal and PAMP.

Conclusion

In conclusion, the co-option of the RAG transposon represents a transformative event in the
evolution of the immune system in jawed vertebrates. This key innovation laid the foundation for the
adaptive immune system, enabling the recognition of a vast repertoire of antigens. Additionally, the
domestication of RAG significantly broadened the capacity of organisms to detect and respond to
danger signals and pathogen-associated molecular patterns (PAMPs), highlighting its pivotal role in
shaping immune defence mechanisms.:
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