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Abstract: How innate immunity gave rise to adaptive immunity in vertebrates remains unknown.
We propose an evolutionary scenario beginning with pathogen-associated molecular
pattern(s) (PAMPs) being presented by molecule(s) on one cell to specific receptor(s)
on other cells, much like MHC molecules and T cell receptors (TCRs). In this model,
mutations in MHC-like molecule(s) that bound new PAMP(s) would not be recognized
by original TCR-like molecule(s), and new MHC-like gene(s) would be lost by neutral
drift. Integrating recombination activating gene (RAG) transposon(s) in a TCR-like gene
would result in greater recognition diversity, with new MHC-like variants recognized
and selected, along with a new RAG/TCR-like system. MHC genes would be selected
to present many peptides, through multigene families, allelic polymorphism, and
peptide-binding promiscuity.
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Abstract. How innate immunity gave rise to adaptive immunity in vertebrates remains
unknown. We propose an evolutionary scenario beginning with pathogen-associated
molecular pattern(s) (PAMPs) being presented by molecule(s) on one cell to specific
receptor(s) on other cells, much like major histocompatibility complex (MHC) molecules
and T cell receptors (TCRs). In this model, mutations in MHC-like molecule(s) that
bound new PAMP(s) would not be recognized by original TCR-like molecule(s), and new
MHC-like gene(s) would be lost by neutral drift. Integrating recombination activating
gene (RAG) transposon(s) in a TCR-like gene would result in greater recognition
diversity, with new MHC-like variants recognized and selected, along with a new
RAG/TCR-like system. MHC genes would be selected to present many peptides, through

multigene families, allelic polymorphism, and peptide-binding promiscuity.
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Presentation of the Evolutionary Hypotheses

When the vertebrate adaptive immune system was first investigated, two aspects were particularly
impressive: i) B- and T-cell repertoire diversity and the generation of this diversity by
recombination, and ii) the enormous polymorphism of molecules encoded by the major
histocompatibility complex (MHC), and these proteins bind numerous peptides. It has now
become clear that this molecular system, largely involving immunoglobulin (Ig) domains, may
have already been in place in the lineage leading to jawed vertebrates, including cartilaginous and
bony fish, amphibians, reptiles, birds and mammals [1,2] The discovery of a parallel system in
jawless fish, based on leucine-rich repeats (LRRs) rather than Ig domains, suggests that the

vertebrate cellular system is common to both jawless and jawed vertebrates [3-5] (see Box 1).

In this opinion piece, we propose several hypotheses that together, can explain the emergence of
the recombination activating gene (RAG)-based adaptive immune system in a jawed vertebrate
ancestor following the evolution of several linked biological traits. We use the evolutionary
consequence of co-opting genetic traits to propose the origin of MHC polymorphism. We first
discuss the concept that a complex innate immune system may have existed long before the
emergence of the vertebrate ancestor. This may have included large multigene families able to
recognize foreign pathogens, cell proliferation, and immune memory following pathogen contact,
as well as  pathogen defense via  AID/APOBEC-like  (activation-induced
deaminase/apolipoprotein B mRNA editing enzyme, -catalytic polypeptide-like) cytidine
deaminase genes. We also present arguments supporting the possible presence of clonal
expansion and allelic exclusion, with each clone expressing a member of the multigene family,
and recognizing a pathogen-associated molecular pattern (PAMP). We then describe the RAG
DDE transposon, which belongs to a functional transposon family that allows palindromic (P)
diversity after excision and DNA repair, recognized to have been active in organisms -- from the

ancestor of the bilaterians (animals including protostomes, deuterostomes and a few other
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groups), to the ancestor of jawed vertebrates (Figure 1). We posit that the biochemical switch
from the RAG transposon insertion and excision to the RAG sequence-specific recombination
was a relatively simple functional shift. These three properties would have increased the
likelihood of RAG transposon being co-opted as a major player in gene recombination,
modulating the somatic diversity of antibodies (immunoglobulins) and T cell receptors (TCR).
Finally, we propose that the somatic receptor diversity orchestrated by RAG allowed the
emergence of MHC peptide-binding promiscuity and polymorphism. Many excellent papers and
reviews have described and proposed hypotheses on the origin and evolution of the adaptive
immune system and the MHC, although here, we focus on the origin of somatic diversification

and its consequence on the evolution of MHC molecules.

The origins of vertebrate adaptive immunity in metazoans

In common with vertebrate adaptive immune systems, other metazoans can harbor large
multigene families able to recognize foreign pathogens. There is also evidence for cell
proliferation after pathogen contact and immune memory. In addition, clonal expansion and
allelic exclusion of receptors are present in some metazoans, and AID/APOBEC-like enzymes are

widely present.

To discuss the former first three points, some non-vertebrate metazoan genomes display large
multigene families involved in innate immunity, including those based on LRRs -- such as toll-
like receptors (TLRs) and other pathogen recognition receptors (PRRs) likely to recognize
PAMPs, and those based on Ig-like domains -- such as IgV-IgC receptors likely involved in
“natural killer” activity [6,7]. Second, PAMP activation gives rise to cell activation in metazoans
[4], but there are reports that PAMP activation gives rise to immune cell proliferation [8-10].

Third, numerous studies have demonstrated various forms of immune memory in many non-
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vertebrate metazoans (for review, see [11]). Although the evidence is fragmentary, the existence
of even a few examples shows that these biological traits exist outside of vertebrates and may

have provided the basis for the vertebrate adaptive immune system.

For the last two points, clonal expression of receptors and allelic exclusion are common
mechanisms in eukaryotes, rather than mechanisms limited to the vertebrate adaptive immune
system, such as the multigene family of olfactory receptors and/or the antigenic variation of
variable surface glycoproteins (VSGs) in trypanosomes [12,13]. AID/APOBEC enzymes have
several functions in vertebrates [14], including generating diversity of non-self recognition,
producing point mutations (for instance, B-cell receptors in jawed vertebrates), and driving gene
conversion mechanisms by DNA breakage, followed by repair mechanisms that increase the
probability of gene conversion in cyclostomes and some invertebrates [15,16]. Orthologs of this
family are also found with similar activities in deuterostomes, and the AID/APOBEC-like
cytidine deaminase is expressed preferentially in tissues undergoing constant direct interaction
with potential pathogens, can be induced upon pathogen challenge, and is involved in innate

immunity acting on non-self-DNA [17,18].

Thus, in the pre-adaptive immune system, multigene families of PRRs and IgV-IgC receptors
could have recognized PAMPs leading to cellular activation and proliferation, and immune
memory. The generation of diversity for these multigene families could have been driven by
members of the AID/APOBEC family [as proposed in [17]], first involved in non-self-recognition
with one family member co-opted during vertebrate evolution by shifting the mutagenic activity
from non-self to self. In this model, the mechanisms for clonal expression and allelic exclusion
would lead to each clone expressing a single member of the multigenic family recognizing

particular PAMPs.
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The next step: emergence of diversified receptors

As described above, two adaptive immune systems are found in vertebrates (see Box 1). In
considering the origins of the adaptive immune system of jawless vertebrates, two potentially
ancestral genes are found in various metazoans and could have given rise to the diversified
variable lymphocyte receptors (VLRs); namely, many proteins with LRR domains --
particularly TLRs and AID/APOBEC-like enzymes. In contrast, the emergence of the adaptive
immune system of jawed vertebrates is less clear, with plausible candidates for the receptors in
metazoans, but rather complex in terms of the generation of diversity (see Box 2). Antibody and
TCR genes of jawed vertebrates are based on Ig domains assembled from separate variable (V),
diversity (D) and joining (J) gene segments during B and T lymphocyte development to give
contiguous VJ and V(D)J sequences. The process is initiated by the RAG endonuclease involved
in excision of DNA between the gene segments and is continued by ubiquitously-expressed DNA
repair enzymes (see Box 3). The appearance of RAG has long been considered a key evolutionary

step that can explain the origin of the jawed vertebrate adaptive system[19,20].

RAG origin

The discovery of recombination signal sequences (RSSs) flanking the V, D and J gene segments,
along with the mechanism of RSS cleavage -- which is similar to several cut-and-paste DNA
transposases (DDE transposases) [20-23], resulted in the hypothesis (see Box 3) that a DDE
transposon inserted into an Ig-like gene, eventually leading to antibody/TCR gene rearrangement

[19].

The experimental analyses of the RAG transposon from amphioxus (a chordate from the sister

group of vertebrates, see Figure 1), devoid of any known adaptive immune system, shed light on
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the functional shift from a RAG transposon to the RAG sequence-specific recombination
activating system. First, the excision reaction is similar for the two endonucleases: the
transposase recognizes terminal inverted repeat (TIR) sequences, and the co-opted
endonuclease (RAG) recognizes TIR-like sequences (i.e. the RSSs) [24]. Both involve a nick-
hairpin mechanism characteristic of several DDE DNA transposases, including RAG/Transib
(with Transib having only the RAG] core, i.e. the endonuclease, present in several protostomes),
HAT, and Mutator [25-28]. After excision, the hairpin-tipped segments are processed by the
evolutionarily conserved endonuclease Artemis, performing an asymmetric opening of the
hairpin, and leading to palindromic P nucleotide variation (see Box 3) [24,29]. Other non-
vertebrate species also bear a RAG transposon that is likely to work in a similar manner to that of

amphioxus (Box 4 and below).

Of note, Artemis and all proteins involved in non-homologous end joining (NHEJ, a ubiquitous
DNA repair pathway) are present in all metazoans [30], and that homologs performing a similar
function are present in all eukaryotes, including PSO2 in yeast [31]. Thus, co-option of RAG is
not just co-option of the transposon, but co-option of a whole system of transposition which
includes the cellular proteins that the transposon interacts with to perform the transposition. In
this view, the RAG transposome includes the DDE transposon (transposase /TIR), the Artemis

nuclease, and the cellular NHEJ enzymatic machinery.

There are differences between the RAG transposome (dependent on the RAG transposon, a piece
of “selfish” DNA) and the RAG system (which has been “domesticated” for a useful function in
the organism). One major difference is at the level of the flanking fragment, in which terminal
deoxytransferase (TdT) adds N-nucleotides to the V, D, and J segments of the TCR and BCR
genes during gene recombination, increasing junctional diversity. Preliminary work suggests
that the TdT gene has a long phylogenetic history, although this remains to be fully validated; in
this scenario, the domesticated RAG system would have co-opted TdT. A second major difference

7
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is at the level of the excised fragment flanked by RSSs or TIRs. The domesticated RAG actively
directs cleaved signal and coding ends into the NHEJ repair pathway for signal- and coding-joint
formation. In contrast, the RAG transposon strongly favors transposition, but allows some TIR-
TIR joint formation [24,32,33]. It is possible that the ancestral transposase partially prevented the
interaction between the TIR and the NHEJ repair pathway, and that the RAG in jawed vertebrates
lost this property, although this remains unknown. In vitro approaches to study this mechanism
revealed important amino acid positions in RAG proteins involved in suppressing transposition

[33], which would be important for avoiding harmful effects in the organism.

The biochemical functions of the DDE transposome and the vertebrate RAG system (a sequence-
specific recombination activating system) are similar; hence the biochemical shift from a
transposome to a sequence-specific recombination activating system seems to constitute a
relatively straightforward evolutionary step [34]. This idea is supported by the fact that many
other DDE transposomes have been co-opted as sequence-specific recombination activating
systems [34], including Piggymac/TPB1/TPB2/TPB6 in ciliates [35,36], Kat 1 in yeast[37], and

MATalpha3 in yeast [38].

The vertical evolution of the RAG transposon and the origin of RAG

From the concepts presented above, any DDE transposon capable of creating a hairpin in the
region flanking the excised fragment could have been co-opted as RAG, since such DDE
transposons are able to generate P nucleotides involved in the generation of diversity [39]. One
might wonder what the advantage of the RAG transposon might be, compared to these other
transposons. The answer could come from the different evolutionary behaviors of these

transposons.

Phylogenetic analysis has been performed on hairpin-forming DDE transposons: HAT [40],
Mutator [41], Transib [42] and other DDE transposons [43-47]. Such phylogenetic studies show
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that these DDE transposons have apparently evolved in a horizontal manner, which contrasts with
the RAG transposon, which evolved in a vertical manner. In contrast, the phylogenetic analysis of
RAG transposon and vertebrate RAG sequences, as well as sequences belonging to the RAG
family with unknown status and fossilized RAG transposons, shows a sequence tree topology
following the species phylogenetic tree [48,49]. The phylogenetic reconstruction also indicates
that the RAG structure appeared at least at the origin of the bilaterians. Therefore, the RAG
transposon appears to have been active since its birth in the bilaterians’ ancestor and co-opted as a
specific endonuclease in the jawed vertebrate ancestor. The presence of the RAG transposon that
was inherited in the genome from one generation to the next may have increased the likelihood
that it would be co-opted compared to other transposons that evolve(d) by horizontal transmission

between individuals.

Horizontal transfer of DDE transposons may allow these transposable elements to enter naive
genomes which they invade by making copies of themselves and then escape before they become
fully silenced by the Piwi-piRNA pathway -- a host mechanism against transposable elements
[50,51]. The RAG transposon is able to transpose within a genome [24,48], but to our knowledge,
not between genomes of divergent species. Therefore, on the one hand, the RAG transposon
seems to have lost the ability to transpose between species, and on the other hand, it seems to

have evolved a mechanism to escape the Piwi-piRNA system of the host.

In this context, it should be noted that only one of the two subunits encoded by the RAG
transposon comes from a transposon, while the other seems to have a host origin. The RAG1
subunit corresponds to the DDE transposase, highly related to Transib, while the RAG2 in the
RAG transposon derived from a host genome [52,53]. Several sequence similarity analyses
propose that a RAG-like open reading frame flanked by RSS-like TIRs captured a RAG2-like
open reading frame from an ancestral protostome to give rise to the original RAG transposon
[7,32,54]. Thus, the transposon domesticated a part of the host genome, perhaps to evade the
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Piwi-piRNA of the host and avoid inactivation. However, it is also possible that the transposon

was retained for an unknown reason, perhaps including another function for the host.

Consequently, we propose the following conjectural scenario to enhance the published model
[26]: 1) some time ago, there was an insertion of a complete RAG transposon (or possibly the
corresponding miniature inverted-repeat transposable element (MITE, i.e. the TIR of the RAG
transposon) that separated an IgV domain (already involved in immune recognition) into V and J
segments; ii) after insertion of the complete transposon, the transposase was lost, leaving the
native TIRs between the V and J segments intact, while a transposase from another RAG
transposon was used, and which in turn, lost its TIR; iii) The TIR-like sequence could be
recognized by the RAG transposase and excised along with the internal sequence, leaving
hairpin-tipped ends on the flanking segments. These segments could then be processed via
Artemis, opening the hairpins asymmetrically, followed by the DNA repair system leading to
palindromic (P) diversity. The ability to generate diversity would have then increased with the
duplication of the VIJ unit (V-TIR-TIR-J) and the co-option of a TdT gene. The system later

became more complex, as described by others [55].

Of note, the transposon and its corresponding MITE would have had hundreds of millions of
years to be inserted anywhere in the genome of many protostome lineages. Some of these events
were likely to have been negatively selected, some neutral, and it is possible that the insertion into
a genetic system was positively selected that was already engaged in non-self-recognition. We
estimate the probability of a RAG transposon insertion in an ancestral V domain to give rise to a

bona fide V-J module in some metazoans to be 99% (see table S1 in supplementary material).
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A third step: antibody/TCR receptor somatic diversity could drive the appearance of MHC

promiscuity and polymorphisms

The classical class I/Il genes of the MHC are highly polymorphic, encoding proteins that bind
processed peptides within the cell, move to the cell surface, and then interact with TCRs
expressed on the surface of T-cells. Each MHC allelic form can bind many peptides, both self and
non-self, with a specific amino acid motif. Most developing T-cells bearing TCRs that react with
self-MHC molecules bound to self-peptides, are eliminated during maturation in the thymus.
During infection, both self and non-self-peptides are presented by MHC proteins, with non-self-
peptides recognized by TCRs on T-cells, which activate the immune system to respond in a
variety of ways. These MHC genes evolved in the ancestor of jawed vertebrates in roughly the
same time window as the RAG/V(D)J generation of somatic diversity [1,56]. Various hypotheses
have been proposed for the origin of MHC genes (see Box 4). In this speculative review, we also

propose a scenario whereby MHC genes evolved from PRRs from the innate immune system.

The first part of our hypothesis is that the ancestral MHC-like molecule could have bound some
PAMPs, presenting them to ancestral TCR-like molecules. The ancestral MHC-like molecule may
have been limited to just a few pathogens, and each ancestral TCR-like molecule may have only
recognized a particular class of PAMP bound to the ancestral MHC-like molecule. Thus, if a
mutation of the ancestral MHC-like molecule allowed binding of a new PAMP, this combination
might not be recognized by the ancestral BCR/TCR-like molecules (even if they were encoded by
a multigene family); therefore, the new MHC-like molecule might not be selected and the mutant
gene could be lost by genetic drift. In fact, if the new MHC-like molecule lost binding to the

original PAMPs, it might be negatively selected.

In the second part of this hypothesis, the integration of the RAG transposon into ancestral

BCR/TCR-like genes may have led to a significantly increased possibility of recognition; we will
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focus here only on TCRs, as they interact with the MHC. As a result of the increased possibilities
of recognition by the TCRs, mutations in the ancestral MHC-like molecule leading to the binding
of new PAMPs could have been recognized by the TCRs, and therefore been selected.
Presumably, this expanded ability of this ancient MHC/TCR system to recognize new PAMPs
would have eventually allowed peptides to be bound, presented, and recognized during an

immune response.

As a third part of this hypothesis, we posit that the ancient MHC molecule was selected to bind
many peptides to allow the recognition of numerous pathogens, possibly via the appearance of
allelic polymorphisms and peptide-binding promiscuity (as well as from the generation of
multigene families). Both allelic polymorphisms and promiscuity are properties of MHC
molecules encoded by a single gene, and both extend the number of peptides that can be bound,
and thus, the number of pathogens that can be recognized [57-59]. If a particular MHC molecule
only bound a limited number of peptides, then a new pathogen would not be recognized by the
MHC/TCR system unless a mutation occurred in MHC genes; thus, such a mutation would be
selected to deal with the new pathogen. However, the mutation might prevent the new molecule
from binding previously-bound peptides, so that the host would be vulnerable to the original
pathogen still in the environment. In order to deal with both old and newly-arising pathogens,
pathogen-mediated selection leads to allelic polymorphism [57-59]. Another way to increase
recognition of new pathogens would be to increase the range of peptides bound, and such
promiscuity can be an important feature of MHC molecules [59-61]. A third way to increase
recognition of new pathogens would be to increase the number of MHC genes, but the need to
avoid recognition of self-peptides might limit the size of the MHC multigene family (although

there are theoretical arguments to the contrary) [62-64].
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Concluding Remarks

We propose a model whereby the ancestral MHC-like molecule harbored an innate immune
function, but when ancestral TCR-like molecules began to diversify due to RAG domestication,
thus increasing their recognition potential, ancient MHC molecules might have increased their
peptide-binding capacity through increased promiscuity. However, the peptide-binding capacity
may have still been low, compared to the recognition capacity of the TCR; therefore, allelic
polymorphism may have evolved via pathogen-mediated selection. As this hypothesis begins with
the recognition of PAMPs, for which LRR-containing molecules such as TLRs are major players,
a similar scenario might be envisaged for the VLR system, based on LRRs. Thus far, no
equivalent of an MHC molecule in cyclostomes has been reported (Box 1), but some analogous

molecule might be expected based on this model (see outstanding questions).

Transposable elements are usually considered to be egotistical pieces of DNA, although there is
much research on their potential utility for host organisms. The case of the RAG transposon is
particularly spectacular: a small piece of DNA that has completely changed immunity in jawed
vertebrates and indeed, also the research of many, if not most, immunologists (including the
authors of this opinion article). It will be exciting to discover which other accidents of evolution

have led to such enormous consequences.
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Figure legends

Figure 1. Phylogenetic distribution: RAG in jawed vertebrates and the RAG-like
transposon. Shown on the consensus bilaterian tree, are the presence of RAG-like transposons
[24,26,49,52,53], and the RAG among clades, sequenced from databases. The comparative
activity of RAG in V(D)J recombination among jawed vertebrates, and the activity of RAG-like
transposons is adapted [24,88], showing that this biochemical switch would constitute an

unconstrained evolutionary step.

Figure 2. Antibody/TCR receptor somatic diversity might drive the appearance of MHC
promiscuity and polymorphisms. We propose a hypothetical model whereby the ancestral
MHC-like molecule bound certain PAMPs, presenting them to ancestral TCR-like molecules. The
ancestral MHC-like molecule may have been limited to just a few pathogens, and each ancestral
TCR-like molecule might have only recognized a particular class of PAMP bound to the ancestral
MHC-like molecule. A mutation in the ancestral MHC-like molecule may have allowed binding
of a new PAMP, but this new combination could not be recognized by the ancestral TCR-like
molecule. As a result, the new MHC-like molecule would be lost by genetic drift. The integration
of the RAG transposon into an ancestral TCR-like gene may have led to a significantly increased
probability of recognition by these original, non-diverse TCRs. Thus, mutations in the ancestral
MHC-like molecule may have led to a conformational ability to bind new PAMPs; consequently,
mutated MHC molecules could have then been recognized by diverse TCRs thereafter, becoming
evolutionarily selected via three mechanisms, peptide-binding promiscuity, allelic polymorphism,
and expansion into multigene families. The expanded ability of this ancient MHC/TCR system to
recognize new PAMPs would presumably allow peptides to be bound, presented, and recognized

during an immune response.
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Box 1. Brief overview of the adaptive immune system in vertebrates

The jawed vertebrate immune system is based on a complex cellular system comprising T-cells
and B-cells with immunoglobulin (Ig) domain-containing receptors, and/or secreted proteins,
including antibodies, and both kinds of T-cell receptors (TCR: those composed of a and B chains,
and those composed of y and & chains). The generation of antigen receptor diversity is driven by
the recombination activating genes, RAG1 and RAG2. Each unique receptor is expressed by a
different cell clone through the action of allelic exclusion. In jawless fish (agnatha or
cyclostomes), the other living vertebrate phylum, the receptors are based on the leucine-rich
repeat (LRR) module, and include variable lymphocyte receptor-A (VLR-A), VLR-B and VLR-C.
The generation of diversity occurs via gene conversion driven by a protein from the AID-
APOBEC family, but again, unique receptors are expressed by different clones with
transcriptomic profiles, much like jawed vertebrate lymphocytes: VLR-A, like aff T-cells, VLR-
B, like B-cells, and VLR-C, like yd T-cells [4,32]. In jawed vertebrates, y6 T-cells bind various
cell surface molecules, but aff TCRs recognize peptides bound specifically to MHC molecules;

whether there is a functional equivalent of MHC molecules in jawless fish remains unclear.
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Box 2

Evolution of two systems of adaptive immunity in vertebrates

An important question concerns the origin of the complexity of cells involved in adaptive
immunity. Both molecular systems with somatic diversification (VLR/AID and VDJ/RAG) could
have been in place along with a pre-adaptive immune system [2,4,5]. Then, the two molecular
systems might have evolved in an independent manner in the two vertebrate lineages, jawless fish
and jawed vertebrates. The mechanism of diversity generation is similar in both vertebrate
lineages, starting with a DNA double-strand break (DSB) in the region involved in DNA
recognition, followed by gene repair from either non-homologous end-joining (NHEJ)
mechanisms or gene conversion [15,16]. The DSB in cyclostomes (and some jawed vertebrates)
is due to an enzyme from the AID/APOBEC family and repair by gene conversion events, while
the DSB in most jawed vertebrates is due to the RAG sequence-specific endonuclease, followed

by DNA repair through a NHEJ mechanism.

It is important to note that the function of possible T- and B-cell lineages prior to the time
adaptive immunity arose is entirely unclear. Innate lymphoid cells (ILCs) found in mammals are
potential candidates for the functions of non-adaptive T cells before adaptive immunity (although
they could also be a novelty of placental mammals), but system replacement might be more likely
[48]. If the first adaptive immune system was based on VLR, then, in jawed vertebrates, a shift
might have occurred from IgV-IgC innate immunity, to IgV-IgC adaptive immunity, followed by
the loss of VLR-based adaptive immunity. If the first adaptive immune system was based on IgV-
IgC, then, in cyclostomes, the reverse may have occurred. In fact, such replacements have been
noted for natural killer (NK) cell receptors [2]: at least three families of NK cell receptors exist
with analogous functions: lectin-like receptors (overwhelmingly in rodents and to a lesser extent

in certain other mammals), Ig-like receptors of the KIR family (one or another of the KIR sub-
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families, as in humans and other mammals) and a completely different family of Ig-like receptors

in bony fish.

Box 3. Emergence of Rearranging B- and T-cell receptors and Brief History of the Origin of

RAG

The antibody and TCR genes of jawed vertebrates are assembled from variable (V), diversity (D),
and joining (J) gene segments during B- and T-lymphocyte development to give contiguous VJ
and V(D)J sequences. The process to excise the DNA between the gene segments is initiated by
the RAG endonuclease. The RAG endonuclease specifically recognizes recombination signal
sequences (RSSs) that flank each gene segment. RSSs are composed of conserved heptamer and
nonamer sequences separated by a less conserved spacer sequence of either 12 or 23 bp (12RSS
and 23RSS). RAG-mediated DNA cleavage occurs preferentially in a complex containing a

12RSS and a 23RSS, involving a nick-hairpin mechanism.

After cleavage, the hairpin-tipped coding segments are cut by the Artemis endonuclease, joined
imprecisely by the repair cell machinery to form a coding joint (CJ). The imprecise joins are due
to the palindromic (P) diversity (due to Artemis), nucleotide deletion diversity, and nucleotide (N)
diversity (due to the terminal deoxynucleotidyl transferase, TdT), while the cleaved RSSs (and
eliminated DNA segments) are joined precisely to form a signal joint (SJ). End-processing and

joining are carried out by the NHEJ DNA repair pathway [for complete review, see [65]].

The discovery of RSSs, along with the mechanism of RSS cleavage (similar to several cut-and-
paste DNA transposases (DDE transposases)) [20,21] led to the hypothesis that a DDE transposon
invaded an Ig-like gene, eventually resulting in antibody/TCR gene rearrangement [19]. This
hypothesis was strengthened by the demonstration that RAG is capable of DNA transposition
[22,23]. The discovery of the Transib transposon in non-vertebrates (corresponding to the RAG1

core sequence and whose TIRs are similar to the RSSs) supports this hypothesis [52]. The finding
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of complete RAG transposons (formed by RAG1-like and RAG2-like sequences) in the genome
of the protochordate amphioxus (Branchiostoma belcheri) [24] and the hemichordate Ptychodera
flava [48], as well as fossilized transposons in several deuterostomes [26,48,53] and protostomes
[49], indicates that the RAG transposon was present at least as far back as the bilaterian ancestor,
remained active in several lineages, and was co-opted as part of V(D)J recombination machinery

in jawed vertebrates [48,49].

Box 4 The function and origin of MHC molecules

The high polymorphism of classical MHC genes is generally accepted to be a consequence of a
molecular arms race between host and pathogens. However, the MHC can also be involved in
inbreeding avoidance behavior, and kin-specific cooperation. Since kin selection and inbreeding
avoidance are universal phenomena [66-77], some authors have proposed that the immune
function of the MHC is a derived function [78,79]. However, even in the best-studied systems for
mate choice, evidence that MHC molecules participate in this process, and the putative

mechanisms, remain unclear [58,80].

Various hypotheses have been proposed for the origin of MHC genes. One suggestion was that
chaperone genes gave rise to the peptide-binding domains characteristic of MHC molecules [81].
Although subsequent structural analysis of HSP70 rules out the specific example suggested by
these authors [2], it remains possible that a different ancient chaperone could be the ancestor.
Another candidate is IRE1, which is involved as a sensor in the unfolded protein response, and
has a structure and peptide-binding properties like MHC molecules [82,83]. A recent suggestion
was that the primordial MHC-like molecule evolved from a heavy chain-only antibody molecule
that cycled between endosomal compartments and the surface [84]. Another hypothesis was that

NK cell receptor-ligand interactions allowed TCR-MHC interactions to evolve, with NK cells

29



609
610
611
612

613

614

615

616

617

618

619

620

621

622

623

being potentially ancestral to T cells [85]. NK cells can recognize stressed cells without direct
pathogen recognition. A specific scenario was recently suggested in which an NK cell receptor
recognized an MHC-like molecule with a closed groove, which evolved into an MHC-like
molecule with an open groove to detect proteins bearing leucine as a starting amino acid, and

which appear in stressed cells [2].

A linked issue is whether primordial MHC genes and molecules were organized as in the class |
or class II systems. A scenario based on structure is that the original MHC molecule was a
homodimer of class II B-like chains, with gene duplication and divergence giving rise to
heterodimers of class II a-like and B-like chains, followed by an inversion leading to a class |
heavy-like chain and a B,-microglobulin chain with a transmembrane region, and a subsequent
mutation to give rise to a class I-like molecule [2,86]. A scenario based on function suggested the
transfer of a peptide-binding region from a chaperone in front of an IgC-like region to produce a
class I-like heavy chain first [79]. Recent evidence for highly promiscuous peptide binding and
C-terminal protrusions of peptides from the groove of chicken class I molecules renders the

differences between class I and II molecules less clear [59,60,87].
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Glossary

AID/APOBEC deaminases (AADs): family of enzymes that convert cytidine to uridine in
single-stranded nucleic acids; involved in numerous mutagenic processes, including those
underpinning vertebrate innate and adaptive immunity.

Allelic exclusion: process by which only one allele of a gene is expressed while the other allele is
silenced.

Bilaterian: metazoan animals with a bilaterally symmetric body plan, including the protostomes
and deuterostomes.

Cyclostome: jawless fish (also known as agnathan); the sister group of jawed vertebrates
Deuterostome: clade of animals including jawed vertebrates, jawless fish, cephalochordates
(such as amphioxus), urochordates, hemichordates and echinoderms (such as sea urchins); the
sister group of protostomes within bilaterians.

DDE transposon (aka class II transposon): DNA fragment formed by two terminal inverted
repeats surrounding a sequence coding for the transposase gene. The transposase gene is
expressed and translated by the host cell, recognizes and cuts the TIR to excise the transposon.
The broken chromosome ends are then repaired and the transposon inserts at another site in the
genome.

Genetic drift: mechanism of evolution in which allele frequencies of a population change over
generations due to chance.

Junctional diversity: during somatic V(D)J recombination, different variable segments of TCR
and antibody genes are rearranged by introducing double-strand breaks between the required
segments, which form hairpin loops at the ends. The hairpins are cleaved in an asymmetric
manner by Artemis, followed by joining of the broken genomic region with variable addition or
subtraction of nucleotides to generate junctional diversity.

Metazoan: multicellular animals, as opposed to plants, fungi and various single-celled protists.
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Miniature Inverted-repeat Transposable Elements (MITEs): non-autonomous DDE
transposon; does not code for a transposase and thus, must use a transposase encoded by another
transposon.

Non-homologous end joining (NHEJ): pathway that repairs double-strand breaks in DNA, with
the ends of the breaks directly ligated, and without the need for a homologous template.
Palindromic (P) diversity: is due to nucleotides added during V(D)J recombination, or after
transposon excision; caused by Artemis-mediated asymmetric cleavage of the hairpin, followed
by normal cellular DNA repair mechanisms.

Pathogen-associated molecular patterns (PAMPs): molecules arising from and specific to
pathogens (and other non-host organisms)

Pattern recognition receptor (PRR): germline-encoded host receptors; detect molecules arising
specifically from pathogens (PAMPs), other non-host molecules, or host molecules in unusual
locations

Piwi-interacting RNA (piRNA): family of small non-coding RNA molecules that interact with
piwi-subfamily Argonaute proteins, forming piRNA complexes which are involved in the
epigenetic and post-transcriptional silencing of transposable elements, and the regulation of other
genetic elements in germline cells.

Protostome: clade of animals including mainly arthropods, annelids, and molluscs; sister group
of the deuterostomes with bilaterians.

Recombination activating genes (RAGs) are two host genes located next to each other that
encode RAG1 and RAG2 proteins; these, as a complex, initiate the rearrangement of gene
segments encoding antibody and TCR molecules.

RAG DDE transposon: RAG-like sequence found in non-vertebrates, functioning as transposon.
Somatic diversification: the process of mutation in somatic cells, e.g. genomic rearrangement
Terminal deoxytransferase (TdT): enzyme that randomly adds nucleotides to untemplated

broken ends of DNA, particularly during somatic diversification of antibody and TCR genes
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676  Toll-like receptor (TLR): one class of PRRs involved in initiating innate immune responses
677  Transib: DDE transposon from protostomes whose transposase gene is closest to RAGI, and

678  whose TIR is similar to the RAG transposon, and the V(D)J RSSs .
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Highlights

Highlights

RAG evolved from a DDE transposon present in the ancestor of bilaterian animals; it evolved in a
vertical manner and was domesticated as RAG in a jawed vertebrate ancestor.

This RAG-like transposon belonged to a transposon family with an ability to create palindromic (P)
diversity.

A proposed model is that the jawed vertebrate ancestor possessed a complex and powerful innate
immune system, where the pre-MHC molecule was able to bind and present certain PAMP
molecules to a monomorphic non-rearranging TCR-like molecule.

The integration of the RAG transposon in recognition module of the TCR-like gene may have led to
a significant increase in recognition possibilities, presumably allowing new MHC-like variants to be
selected.

Hypothetically, the increase in recognition possibilities may have also led to the appearance of
MHC polymorphisms and an increase in peptide-binding repertoires (promiscuity).



Outstanding Questions

Outstanding questions

What was the original function of the pre-MHC molecule and what was its origin?

What are the functions of RAG genes in invertebrates?

Do any of the somatically diversified receptors in cyclostomes (lampreys and hagfish) recognize highly
polymorphic cell surface molecules analogous to MHC molecules?

Do other coupled systems of highly polymorphic loci with somatically-diversified receptors exist amongst
living organisms?
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Supplementary Material Table S1

Table S1. Estimated Probability of the RAG transposon insertion in an ancestral VV domain.

The average transposition for a given DDE transposon per genome is approximately 10*/year [89].
The generation time is approximately 1 year in average for Deuterostomia (calculated on the average
generation age of the deuterostomian) and might be estimated as 10, including (TIR------- TIR)

(MIR), and potentially more, if we look at the Ptychodera genome [48].

The time of evolution in the deuterostomia lineage of the RAG transposon before its co-option as
RAG V(D)J recombinase was approximately 200 million years (the difference between the time the
RAG transposon appeared in the ancestor of deuterostomes, and the time of its co-option in the jawed
vertebrate ancestor)[48]. The number of possible positions per gene V is approximately 250, to have a
J sequence of at least 50 nucleotides [88]. We could estimate that 100 copies of V genes were present.

Thus, the number of possible transposition events on a VV gene might be:

10*x 2(10)® x 10 x 250 x 100 = 5 x10°.

The size of a deuterostomian genome is on average 5(10)8. The probability of observing at least one
event in 5(10)° repetitions is the complement of not observing any, and as the events are independent
(and follow the same distribution), the probability of not observing a single event in 5(10)° trials, is

the probability of not observing it:

1 - (499999999/500000000) > 5(10)° = 1%.

Thus, the probability that the event happened might then be: 99%.

48. Morales Poole, J.R. et al. (2017) The RAG transposon is active through the deuterostome
evolution and domesticated in jawed vertebrates. Immunogenetics 69, 391-400

88. Janeway, C.A. et al. (2001) Immunobiology: the immune system in health and disease. 5th
edition. New York: Garland Science.

89. Adrion JR, Song MJ, Schrider DR, Hahn MW, Schaack S.Genome-Wide Estimates of
Transposable Element Insertion and Deletion Rates in Drosophila Melanogaster. Genome Biol Evol.
2017 May 1;9(5):1329-1340.
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