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Variable Lymphocyte Receptors

in Jawless Vertebrates: Illuminating
the Origin and Early Evolution

of Adaptive Immunity
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Abstract Phylogenetic studies of immunity have revealed that about 500 million
years ago, two types of recombinatorial adaptive immune systems (AIS) arose in
vertebrates. Jawed vertebrates diversify the repertoire of immunoglobulin-domain-
based B and T cell antigen receptors mainly through the rearrangement of gene
segments and somatic hypermutation, whereas an alternative AIS of jawless ver-
tebrates is based on variable lymphocyte receptors (VLRs) which diversify
through recombinatorial usage of leucine-rich repeat (LRR) units. None of the
fundamental recognition elements of jawed vertebrates AIS have been found in
jawless vertebrates. Despite differences in molecular architecture, the parallel
‘two-arms’ of the AIS evolved within the context of preexisting innate immunity
and maintained over a long period of time in jawed and jawless vertebrates,
respectively, as a consequence of powerful and enduring evolutionary selection
pressure by pathogens and other factors.

17.1 Introduction

In order to survive in the competitive ‘struggle for existence’ in an environment,
organisms must be able to protect themselves from pathogens. This requirement of
self-defense in the ongoing struggle for survival led to the evolution of complex
immune systems. Biologists have found that simplest multicellular life forms like
sponges (phylum Porifera) have many of the elements used by vertebrates for
immune response and pathogen defense. These ancient defense strategies defend
against infection by potential pathogens in a relatively non-specific manner, col-
lectively known as innate immunity, which can be found in representative species
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at almost every level of the evolutionary tree of life. In addition to the innate
immunity, another layer of complexity in immune defenses emerged during animal
evolution with the appearance of adaptive immunity in vertebrates around
500 million years ago (Boehm et al. 2012; Cooper and Alder 2006). The adaptive
immune system (AIS) allows specific recognition and mounting of a protective
response against numerous pathogens. Adaptive immunity is mediated through
various genetic and cellular processes that create appropriate somatic variants of
antigen-binding receptors under evolutionary pressure by pathogens and other
factors (Flajnik and Kasahara 2010). The core elements of AIS are now mecha-
nistically understood, such as compartmental differentiation of lymphocytes, the
generation of immune recognition diversity and the supporting cellular complexity
that selects and expands cell populations expressing suitable antigen-binding
receptor variants and immunological memory. Immunologists and evolutionary
biologists long believed that these general features of the adaptive immunity are
exclusive to the jawed vertebrates. However, the recent discovery of a lymphoid
cell-based system of adaptive immunity in jawless vertebrates (lamprey and
hagfish) was surprisingly similar to the AIS in jawed vertebrates (Pancer et al.
2004, 2005; Rogozin et al. 2007; Guo et al. 2009). We are within reach of
important breakthroughs in our understanding of how AIS evolved in the context
of well-developed innate immunity and how these molecularly disparate systems
are related to the evolutionary acquisition of immunological complexity.

17.2 Immune Response Molecules in Invertebrates

Common elements deployed for innate immune defense in invertebrates may
provide insight into how and when our complex AIS evolved. Two protein fam-
ilies, which contain either the leucine-rich-repeat (LRR) motifs or the immuno-
globulin superfamily (IgSF) domains, are widely involved for immune defense.
Leucine-rich repeat containing proteins are consisted of multiples of 20-30 amino
acid units to form horseshoe-like solenoid structures in which the concave surface
is formed by parallel  sheets and the convex surface by an array of helices
(Buchanan and Gay 1996). The Toll-like receptors (TLRs) are well-defined
examples of LRR-containing proteins which function as pattern-recognition
receptors (PRRs) that constitute key components of innate immune systems
throughout the animal kingdom (Hoffmann et al. 1999).

Members of the IgSF also serve important immune defense functions in
invertebrates. IgSF members with important roles in innate immunity include the
fibrinogen-related proteins (FREPs) in snails (Zhang et al. 2004), down syndrome
cell adhesion molecule (Dscam) in insects (Watson et al. 2005), variable region-
containing chitin-binding proteins (VCBPs) in amphioxus and sea squirt (Cannon
et al. 2002). These molecules undergo repertoire diversification by alternative
splicing or even somatic mutation to generate potential antigen recognition
capacity. Both LRRs motifs and IgSF domains were readily available for co-option
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Fig. 17.1 Overview of the evolution of innate and adaptive immune systems. The stages at
which different families of immune molecules emerged are shown in the species phylogeny. The
figure is modified from Hirano et al. (2011)

to provide the molecular basis for use in the somatic diversification of variable
lymphocyte receptor (VLR) in jawless vertebrates or immunoglobulin (Ig)/T cell
receptor (TCR) in jawed vertebrates. The hypothetical evolutionary scheme of
innate and AIS is shown in Fig. 17.1.

17.3 Brief Overview of the AIS of Jawed Vertebrates

The most genetically distant organisms in which the Ig-domain-based AIS, as
characterized in humans, is found are the cartilaginous fish. The well-defined
mechanisms of the Ig-based AIS are mentioned briefly here for comparative
purposes. The two major lineages of clonally diverse lymphocytes that specifically
recognize and respond to antigens are named T and B lymphocytes, because they
are generated in the thymus and the bone marrow (or the avian bursa of Fabricius),
respectively (Cooper et al. 1965; Greaves et al. 1968). During their early devel-
opmental stages, the T and B lymphocyte progenitors rearrange different sets of
variable (V), diversity (D), and/or joining (J) gene segments to generate the
antigen-binding regions of the TCRs and B cell receptors (BCRs) (Tonegawa
1983). The recombination activating genes (RAG1/RAG2) encode enzymes that
mediate V(D)J rearrangement (Schatz et al. 1989). The antigen-binding regions of
the different V(D)J combinations are diversified further through splicing variability
and the enzymatic addition of nucleotides in the joints created during V(D)J seg-
ment assembly (Dudley et al. 2005). This random nature of diversification
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inevitably results in the generation of Ig/TCR repertoire expansion. The membrane
bound and secreted antibodies made by B lineage cells typically recognize
exposed determinants (epitopes) of intact molecules, including surface protein and
carbohydrate moieties of invasive microbes (Klein and Horejsi 1997). In contrast,
the TCRs recognize peptide fragments of antigens presented by accessory cells
within cell surface molecules encoded by the major histocompatibility complex
(MHC) class I and class II genes (Klein and Horejsi 1997). Therefore, TCRs
typically recognize antigens that have been partially digested within the antigen
presenting cells, primarily dendritic cells and phagocytic cells.

The acquisition of a mechanism for gene rearrangement to produce clonally
diverse Igs and TCRs was critical for adaptive immunity in jawed vertebrates.
Discovery of multiple V, D, and J gene segments with specific recombination
signal sequences (RSSs) provided insight into the recombinatorial system
employed in /g and TCR loci to generate clonal diversity (Hedrick et al. 1984;
Tonegawa 1983; Yanagi et al. 1984). The RAG1/RAG2 proteins were found to
recognize the RSSs flanking the V(D)J gene segments to initiate the double-
stranded DNA breaks and the recruitment of other proteins required for recom-
bination (Jung and Alt 2004; Oettinger et al. 1990). The RAG1 and RAG2 proteins
form a transposase that can excise DNA containing the RSSs and reinsert it
elsewhere, thus supporting the theory that RAG1/RAG2 genes were once compo-
nents of a transposable element (Agrawal et al. 1998; Hiom and Gellert 1997).

17.4 VLR-Based Alternative Adaptive Immune System
in Jawless Vertebrates

An alternative AIS that uses Variable lymphocyte receptor as antigen receptors has
been discovered in extant jawless vertebrates (lampreys and hagfish) only recently
(Pancer et al. 2004, 2005; Rogozin et al. 2007). Jawless vertebrates mount specific
responses to pathogens, elicit allograft recognition, and display other general
immune-type responses that are characteristic of cellular immunity, but they do not
use a V(D)J recombination-mediated form of adaptive immunity as found jawed
vertebrates (Hirano et al. 2011; McCurley et al. 2012). The VLR-based alternative
AIS of jawless vertebrates displays an anticipatory receptor repertoire complexity
comparable to that of the Ig-domain-based AIS of jawed vertebrates.

The thymus-derived T lymphocytes and bone marrow-derived B lymphocytes
are the cellular pillars of adaptive immunity in the jawed vertebrates. Cells with
similar morphological features and molecular machinery of lymphocytes in jawed
vertebrates are also found in lampreys and hagfish (Mayer et al. 2002; Nagata et al.
2002; Najakshin et al. 1999; Uinuk-Ool et al. 2002). These findings along with
earlier observations that lampreys and hagfish produce specific agglutinins fol-
lowing immunization with bacteria and foreign red blood cells suggested that
jawless vertebrates could have an AIS. However, from transcriptome analysis no
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MHC, TCR, BCR, and RAG orthologues genes were found in jawless vertebrates,
and this failure added to skepticism about the presence of adaptive immunity in
agnathans. This view was dramatically changed when the VLR genes were iden-
tified as the key elements for AIS in lampreys and hagfish (Pancer et al. 2004,
2005).

17.4.1 VLR Discovery and Diversity Generation in Jawless
Vertebrates

Since the transcriptome analysis of lymphocyte-like cells of naive lamprey did not
reveal evidence for equivalent AIS of jawed vertebrates, lamprey larvae were
stimulated by an antigen and mitogen mixture to survey the transcriptome of
activated lamprey lymphocytes. The objective was to catch the lamprey lym-
phocytes in the act of an immune response. Large lymphoblastoid cells in blood
were then sorted by their light scatter characteristics and used for the construction
of a cDNA library (Pancer et al. 2004). Still no orthologs of Ig, TCR, and MHC
genes were detected, but this experiment revealed a large number of transcripts for
uniquely diverse Leucine-rich repeat proteins, which were named VLRs because
of their lymphocyte-restricted expression and sequence diversity. Each VLR
transcript was found to encode a conserved signal peptide (SP) followed by highly
variable LRR modules: a 27-38 residue N-terminal LRR (LRRNT), the first 18-
residue LRR (LRR1), several 24-residue variable LRRs (LRRYV), one 13-residue
connecting peptide LRR (LRRCP), and a 48-65 residue C-terminal LRR
(LRRCT).

After the discovery of the first lamprey VLR gene (now known as VLRB), two
hagfish VLR genes, VLRA and VLRB, were identified in an expressed sequence tags
(EST) database of hagfish leukocyte transcripts (Pancer et al. 2005). The VLRA
gene in lamprey was identified in a subsequent search of the draft sequence
database of the sea lamprey genome (Rogozin et al. 2007). The sequence
homology indicates that the hagfish VLRA and VLRB genes are homologous to the
lamprey VLRA and VLRB genes, respectively. Another VLR gene, designated
VLRC, has been identified recently through an analysis of the sea lamprey EST
database (Kasamatsu et al. 2010). The predicted VLRC structure is very similar to
that of lamprey VLRA and VLRB, except that VLRC lacks the thumb-like pro-
trusion encoded in the LRRCT inserts of VLRA and VLRB that are important for
antigen recognition. Phylogenetically, the VLRC gene is close to VLRA genes of
lamprey and hagfish (Kasamatsu et al. 2010). The discovery of VLRC raises
interesting questions about the function of VLRC-expressing lymphocytes, their
antigen-binding potential, and their role in pathogen responses. Whether or not
hagfish possess a VLRC homolog is presently unknown.

All of the germline VLR genes are incomplete, in that they have coding
sequences only for the leader sequence, incomplete amino- and carboxy-terminal
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Fig. 17.2 Organization of VLR genes and assembled VLR protein. Germline VLR genes in
lamprey and hagfish are shown in upper panel. The incomplete germline VLR genes contain
regions encoding for portions of the LRRNT and LRRCT separated by noncoding intervening
sequences and for the invariant stalk region. Assembled VLR protein. Mature VLR protein
consist of a signal peptide (SP), an LRRNT, an LRRI1, up to eight LRRV modules, a connecting
peptide (CP), an LRRCT, and an invariant stalk region. The figure is modified from Hirano et al.
(2011)

LRR subunits (LRRNT and LRRCT), and for the stalk region (Fig. 17.2) (Hirano
et al. 2011). There are two exons; the first exon encodes only a portion of the 5’
untranslated region while the second exon encodes the rest of the 5’ untranslated
region, a sig, a 5 portion of the LRRNT, a 3’ portion of the LRRCT, and the stalk
region. For hagfish VLRA and VLRB and for lamprey VLRA, the 5' LRRNT
sequence is separated from the 3’ LRRCT sequence by a short noncoding inter-
vening sequence that does not contain canonical splice donor and acceptor sites.
The lamprey VLRB gene is more complex in that it has a 5 LRRNT coding
sequence present between two intervening sequences (Pancer et al. 2004). Each
germline VLR gene is flanked by hundreds of different LRR module-encoding
genomic donor cassettes, which are used as randomly selected templates to add the
LRR cassettes needed for production of a mature VLR gene (Fig. 17.3). From a
genomic point of view, the incomplete germline VLR gene resembles the constant
gene segment, whereas the clusters of different types of donor genomic cassettes
represent the functional correlates of the clusters of variable, diversity, and joining
gene segments of /g or TCR loci in jawed vertebrates (Das et al. 2013).

A gene conversion-like mechanism has been postulated for the complex VLR
gene assembly process (Cooper and Alder 2006; Nagawa et al. 2007) in which the
intervening sequence is replaced in a stepwise manner by random selection of
flanking LRR cassettes to serve as templates for adding the necessary sequences to
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Fig. 17.3 Mechanism of VLR gene assembly. The germline VLR genes are flanked by hundreds
of donor LRR cassettes. The noncoding intervening sequence between portions of the LRRNT and
LRRCT is replaced by the step-wise incorporation of genomic donor cassettes based on a short
region of sequence homology (~6-30 nt. The figure is modified from Hirano et al. (2011)

complete a VLR gene (Fig. 17.3). However, recent study indicates preferential
usage of certain donor cassettes during development of the VLR repertoire (Das
et al. 2013). The assembly process can be initiated at either the 5" LRRNT or the 3’
LRRCT ends (Alder et al. 2005; Nagawa et al. 2007; Das et al. 2013) using short
stretches of nucleotide homology (6-30 bp) between donor sequences and
acceptor sequences (Nagawa et al. 2007; Das et al. 2013). In silico analysis of the
diversity of VLRB gene sequences suggests a potential repertoire of >1,014 dis-
tinct receptors, i.e., a magnitude comparable to that of the theoretical repertoire
diversity of our AIS (Alder et al. 2005).
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17.5 Ancient T-like and B-like Lymphocyte Populations
in Jawless Vertebrates

The lymphocytes expressing the VLRA or VLRB in lamprey are remarkably
similar to T and B lymphocytes in jawed vertebrates (Guo et al. 2009). The
lamprey VLRB-expressing lymphocytes resemble B cells of jawed vertebrates in
that they respond to immunization with pathogens or foreign erythrocytes with
proliferation, lymphoblastoid transformation and differentiation into plasmacytes
that secrete VLRB antibodies specific for protein or carbohydrate epitopes (Alder
et al. 2008; Herrin et al. 2008). On the other hand, the VLRA-expressing lym-
phocytes also respond to immunization, but they do not secrete the VLRA proteins
either before or after immunization (Hirano et al. 2011). VLRB cells can bind to
native antigens directly; however, it is still not clear whether VLRA cells could
recognize native or processed antigens.

A limited transcriptome analysis indicates that VLRA and VLRB cells have
different gene expression profiles. VLRB™ lymphocytes preferentially express
orthologues of genes that are preferentially expressed by B cells in jawed verte-
brates (Guo et al. 2009): the hematopoietic progenitor homing receptor CXCR4,
two components of the BCR-mediated signaling cascades, Syk and the B cell
adaptor protein (BCAP), the chemotactic inflammatory cytokine IL-8, the IL-17
receptor, and the TLR orthologues TLR2abc, TLR7, and TLRI10, the ligation of
which is important for B cell activation. By contrast, VLRA™ lymphocytes pref-
erentially express genes orthologues to those typically expressed by the T cells in
jawed vertebrates: GATA1/2, c-Rel, aryl hydrocarbon receptor (AHR), and
BCL11b transcriptional factors used for T cell differentiation, the CCR9 chemo-
kine receptor involved in homing of lymphocyte progenitors to the thymus, the
Notchl T cell fate-determining molecule, the CD45 tyrosine phosphatase receptor
protein that is essential for T cell development, and proinflammatory cytokine
genes interleukin-17 (IL-17) (Guo et al. 2009). All these evidence indicate that
characteristics of VLRA* and VLRB™ lymphocytes resemble those of mammalian
T and B cells, respectively. Therefore, it can be postulated that the T-like and B-
like cells were evolved before the divergence of jawless and jawed vertebrates
(Fig. 17.4).

17.6 Conclusion

The discovery of VLR-type antigen receptors in lamprey and hagfish has provided
unparalleled insight into the origins of adaptive immunity at the early stages of
vertebrate evolution. Both VLRs in jawless vertebrates and BCRs/TCRs in jawed
vertebrates rely on combinatorial diversity to generate a vast repertoire of immune
receptors; however, the genes of Variable lymphocyte receptors show no structural
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Fig. 17.4 Schematic representation of the emergence and evolution of B-type and T-type
lymphocytes in jawless and jawed vertebrates

similarity to those of BCRs or TCRs. VLR genes probably exist only in jawless
vertebrates, whereas Ig, TCR, and MHC genes are possibly restricted in jawed
vertebrates. Recent studies on the immune system of jawless vertebrates indicate
that the preliminary separation of T and B lineage cells occurred earlier than the
emergence of an anticipatory receptor system in the common ancestor of jawed
and jawless vertebrates. Considering the monophyletic relationship of lamprey and
hagfish (Takezaki et al. 2003; Heimberg et al. 2010), it is possible that the VLR-
based antigen receptors in jawless vertebrates and Ig-domain-based antigen
receptors in jawed vertebrates developed independently. In an alternative scenario,
it is also possible that if the common ancestor possessed both VLR- and Ig-
domain-based anticipatory receptors; after separation, the jawed and jawless
vertebrates lost their VLR-based and Ig-domain-based anticipatory receptors,
respectively. Taking into account the striking similarities in cellular and molecular
basis of immune function, studies of the alternative AIS in jawless vertebrates may
yield insight into several aspects of adaptive immunity in jawed vertebrates that
remain elusive. Furthermore, the parallelism of lymphocyte lineages in jawed and
jawless vertebrates may also guide in future studies on the origins of the different
hematopoietic lineages in non-vertebrate species.
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