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Abstract

Jawless vertebrates, which occupy a unique position in chordate phylogeny, employ leucine-rich 

repeat (LRR)-based variable lymphocyte receptors (VLR) for antigen recognition. During the 

assembly of the VLR genes (VLRA, VLRB and VLRC), donor LRR-encoding sequences are copied 

in a step-wise manner into the incomplete germ-line genes. The assembled VLR genes are 

differentially expressed by discrete lymphocyte lineages: VLRA- and VLRC-producing cells are 

T-cell like, whereas VLRB-producing cells are B-cell like. VLRA+ and VLRC+ lymphocytes 

resemble the two principal T-cell lineages of jawed vertebrates that express the αβ or γδ T-cell 

receptors (TCR). Reminiscent of the interspersed nature of the TCRα/TCRδ locus in jawed 

vertebrates, the close proximity of the VLRA and VLRC loci facilitates sharing of donor LRR 

sequences during VLRA and VLRC assembly. Here we discuss the insight these findings provide 

into vertebrate T- and B-cell evolution, and the alternative types of anticipatory receptors they use 

for adaptive immunity.
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Introduction

Jawless vertebrates have been a focus of interest in the search for evolutionary origin of 

adaptive immunity, because of their pivotal position in chordate phylogeny (reviewed by 

Pancer and Cooper [1]). In the 1960s and 1970s, several studies of the extant jawless 

vertebrates, lamprey and hagfish were conducted to investigate their immune 

responsiveness. Immunization of lampreys with particulate antigens, such as heat-killed 

bacteria and mammalian erythrocytes, resulted in the production of specific agglutinins 

against these immunogens [2-6]. Hagfish were also found to be able to produce specific 
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agglutinins to keyhole limpet hemocyanin [7]. Analysis of immune serum suggested an 

agglutinin molecular weight similar to that of IgM antibodies [2, 6]. In addition to this 

evidence for humoral immunity in lampreys and hagfish, delayed-type hypersensitivity to 

tuberculin and accelerated second set allograft rejection were suggestive of cell-mediated 

immunity [2, 8]. Leukocytes in hagfish were also shown to proliferate in response to 

allogeneic cells in vitro [9]. Despite this evidence for adaptive immunity in jawless 

vertebrates, the molecular basis for their immune responses remained unknown until recent 

years.

The cardinal recognition elements of adaptive immune system, immunoglobulin (Ig), T cell 

receptors (TCRs) and major histocompatibility complex (MHC) genes, are found in all of 

the jawed vertebrates, but none of these components could be found in jawless vertebrates 

[10, 11]. Instead, lampreys and hagfish have been shown to use variable lymphocyte 

receptors (VLRs) that are composed of somatically-assembled, leucine-rich-repeat (LRR) 

motifs [12, 13]. Three different types of anticipatory receptors (known as VLRA, VLRB, 

VLRC) have been identified in jawless vertebrates [12-16]. The VLRB-producing cells are 

similar to B cells in jawed vertebrates, whereas VLRA- and VLRC- expressing cells 

resemble the αβ and γδ T cells [17-19]. The definition of three distinct lymphocyte lineages 

in the two branches of vertebrates suggests that the three major lymphocyte differentiation 

pathways of the adaptive immune system were already present in a common ancestor of 

jawed and jawless vertebrates. Here we discuss some of the basic features and evolutionary 

implications of the existence of two prototypic T-cell lineages and their corresponding 

anticipatory receptors in jawless vertebrates.

Discovery of variable lymphocyte receptors

As the nearest living phylogenetic relatives of jawed vertebrates, it was anticipated that 

lampreys and hagfish would have orthologous genes responsible for adaptive immunity. The 

search for the genetic basis for antigen recognition in jawless vertebrates began with a 

transcriptome analysis of lamprey and hagfish lymphocyte like cells. This analysis revealed 

several genes orthologous to those that lymphocytes in jawed vertebrates use for cellular 

migration, proliferation, differentiation and intracellular signaling [10, 20-24]. An 

orthologue of CD45, a prototypical transmembrane protein tyrosine phosphatase (PTPase) 

that plays an essential role in signal transduction through T-cell and B-cell receptors was 

found in both lampreys and hagfish [20, 25]. A single copy TCR-like gene containing an 

exon encoding both V and J-like sequences [22, 26] was found in lamprey. Furthermore a 

VpreB-like gene was shown to be expressed by lamprey lymphocyte-like cells [27] and a 

family of paired-Ig-like receptor genes encoding transmembrane proteins with activating 

and inhibitory potential, named agnathan paired receptor resembling Ag receptors (APAR), 

was identified in hagfish [28]. However, the cardinal elements of adaptive immunity, 

namely Ig, TCR, RAG1 and 2, and MHC class I and II, were conspicuously missing.

In a renewed search for antigen receptor genes in jawless vertebrates, lampreys were 

stimulated by an antigen and mitogen mixture to survey the transcriptome of their activated 

lymphocytes. This strategy was based on the assumption that expression of immune-related 

genes would be increased during an immune response. Large lymphoblastoid cells were 
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indeed induced by the stimulating mixture, and these activated cells were used to construct a 

cDNA library, followed by subtracting the myeloid and erythrocyte cDNAs [12]. Although 

TCR, BCR, and MHC genes still could not be found, the lymphoblastoid cDNA-enriched 

library contained a large number of transcripts that encoded for highly diverse LRR proteins 

(Fig.1). These were named variable lymphocyte receptors (VLRs) because of their 

expression on lymphocytes and remarkable sequence diversity [12]. Each VLR transcript 

encoded 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), up to eight 24-residue 

variable LRRs (LRRV), one 24-residue end LRRV (LRRVe), one 13-residue connecting 

peptide (CP), and a 48–65 residue C-terminal LRR (LRRCT). The invariant threonine/

proline-rich stalk region contained a predicted glycosyl-phosphatidyl-inositol (GPI) 

cleavage site, and the phospholipase cleavage of a recombinant VLR from the surface of 

transduced mouse cell line verified its GPI membrane anchorage.

After the discovery of the first lamprey VLR gene (now called VLRB), two hagfish VLR 

homologues, VLRB and VLRA (recently reclassified as VLRC) were identified in an 

expressed sequence tag database of hagfish leukocyte transcripts [13]. A lamprey VLRA 

orthologue was identified in a subsequent search of the draft sequence database of the sea 

lamprey genome [14], and a third VLR gene known as VLRC was then discovered in 

lamprey [15]. More recently, a third hagfish VLR gene was identified. Comparative analysis 

of the three types of jawless vertebrate VLR genes indicated that the third hagfish VLR is 

the true lamprey VLRA counterpart and the previously identified hagfish “VLRA” is 

orthologous to the lamprey VLRC [16]. Thus, three orthologous VLR genes (VLRA, VLRB 

and VLRC) have now been characterized in both lampreys and hagfish, suggesting that this 

anticipatory receptor system evolved in a common ancestor of the two cyclostome lineages 

approximately 480 million years ago [16].

Germline VLR genes and assembly mechanism

In addition to the V(D)J recombination events in the recombinatorial assembly of antibody 

genes, gene conversion of the V region using pseudo V segment sequences contributes to the 

generation of antibody diversity in some jawed vertebrates, such as birds and rabbits 

[29-31]. The vast repertoire of the VLRs, which is estimated to be comparable to that of Igs 

and TCRs [32], is generated by a unique gene assembly mechanism taking place only in 

lymphocytes. Before their assembly, the incomplete germline VLR genes have non-coding 

intervening sequences, instead of the variable LRR-encoding regions (Fig.2). A large 

number of donor LRR-encoding sequences are located near the VLR genes. These are not 

rearranged, but instead are used as template donors to replace the non-coding intervening 

sequences in a segmental stepwise manner to complete the VLR gene assembly. This 

assembly process is guided by short overlapping homologies (10-30 bp) between donor and 

acceptor LRR sequences and may beginfrom either the 5' or 3' -end of the diversity region 

(Fig. 3).

The assembly of each VLR is lymphocyte lineage specific: VLRB assembly does not occur in 

the VLRA+ and VLRC+ lymphocytes and, conversely, VLRA and VLRC assembly does not 

occur in VLRB+ lymphocytes. On the other hand, VLRC-assembly may occur in a minor 
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portion of the VLRA+ cells and VLRA-assembly can sometimes be found in VLRC+ cells, 

although cells with productive assembly of both VLRA and VLRC genes are rare [19]. Our 

analysis suggests a hypothetical model in which a common progenitor in the thymoid begins 

assembly first of one VLRC allele and, if productive assembly fails, then the other allele 

undergoes assembly. If VLRC assembly on both alleles is unproductive, the thymoid cell can 

undergo assembly of VLRA alleles in order to achieve a productive VLRA gene assembly 

[19].

The VLR assembly mechanism is thought to involve enzymatic activity similar to that 

previously shown to contribute to antigen receptor diversity in jawed vertebrates. In jawed 

vertebrates, activation induced cytidine deaminase (AID) converts cytosine to uracil leading 

to the activation of DNA repair pathways that promote somatic hypermutation, class 

switching and gene conversion in immunoglobulin genes. Two AID/APOBEC orthologues, 

cytidine deaminase (CDA) 1 and CDA2, have been identified in jawless vertebrates [14]. 

CDA1 expression at a level that can be detected by in situ hybridization is restricted to cells 

undergoing VLRA and VLRC assembly in thymoid region. Conversely, CDA2 expression is 

restricted to cells of the VLRB lineage, predominantly those in the hematopoietic tissues, 

typhlosole and kidney [33]. Notably, non-functional VLRA and VLRC assemblies are much 

more frequent in the thymoid region of the gills than elsewhere [19, 33]. These findings 

support the idea that a functional VLRA or VLRC assembly is essential for survival of 

lymphocytes developing in the thymoid. Moreover, analysis of the VLRC sequence in the 

thymoid and peripheral tissues suggests that receptor selection occurs in the thymoid, 

wherein the VLRC repertoire is selected for more uniform VLRC length and N-terminal 

diversity, although the mechanism for the selection is presently unknown.

T-like and B-like cell lineages in lampreys and hagfish

Two T cell-like populations of cells, which express VLRA and VLRC respectively, and a B 

cell-like lineage of lymphocytes, which express VLRB, have been defined in lampreys (Fig.

4) [12, 17-19]. As mentioned above, the VLRA+ and VLRC+ cells are generated in the 

thymus-equivalent or thymoid region at the tip of each gill fold [33]. Both of these cell types 

resemble the T lymphocytes in jawed vertebrates. They express their receptors only on the 

cell surface, respond preferentially to the classical T cell mitogen, phytohemaglutinin, and 

express similar cytokine, chemokine and transcription factor gene profiles [18, 19]. 

Conversely, the VLRB+ cells appear to be generated in hematopoietic tissues, express their 

antigen-binding receptors on the cell surface and they respond to antigenic stimulation by 

differentiating into plasma cells that secrete multimeric VLRB antibodies [18, 19, 32, 34, 

35].

Hagfish also have three discrete lymphocyte lineages which express VLRA or VLRB or 

VLRC. These have not yet been well characterized, but the presently available data suggest 

that, like their lamprey counterparts, hagfish VLRB+ lymphocytes are B-like and the 

VLRC+ lymphocytes are T-like cells.
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Signature gene profiles for T- and B-like lineages

Discriminating gene expression profiles observed for the three different lymphocyte 

populations involve molecules for transcription factors, cytokine/chemokines and their 

receptors, integrins, Toll-like receptors and various signaling proteins. VLRB+ lymphocytes 

in jawless vertebrates preferentially express genes orthologous to many of those that are 

expressed by B cells in jawed vertebrates [18, 19]; these include the haematopoietic 

progenitor homing receptor CXCR4, the B cell transcription factors E2A, paired box protein 

5 (Pax5) [36], PR domain zinc finger protein 1 (also called BLIMP1) [37], and B-cell CLL/

lymphoma 6 (BCL6) [38], the herpes virus entry mediator/tumor necrosis factor receptor 

superfamily member 14 (TNFRSF14) that binds to LIGHT on T cells, two components of 

the BCR-mediated signaling cascades, the spleen tyrosine kinase (Syk) and B cell adaptor 

protein (BCAP) [39, 40], the interleukin (IL)-8 chemotactic inflammatory cytokine [41], 

IL-17 receptor, and Toll-like receptors TLR2, TLR7 and TLR10. In contrast, the VLRA+ 

lymphocytes preferentially express genes orthologous to those typically expressed by T cells 

in jawed vertebrates: several transcription factors that may be used for T-cell differentiation 

such as GATA2/3 [42], c-Rel [43], aryl hydrocarbon receptor (AHR) [44] and BCL11b 

transcriptional factors used for T cell differentiation [45], the CCR9 chemokine receptor 

involved in thymus homing of lymphocyte progenitors [46], the T-cell fate determining 

molecule Notch1 [47], the tyrosine phosphatase receptor CD45 that is essential for T cell 

development [48], the IL-8 receptor CXCR2 [49], and pro-inflammatory cytokines IL-17 

[50, 51] and Macrophage migration inhibitory factor (MIF) [52]. The transcriptional profile 

of VLRC+ cells is similar to that of VLRA+ cells, except that the VLRC+ cells differ [19] in 

their preferential expression of the SRY-box containing gene 13 (SOX13) encoding a fate-

determining transcription factor [53, 54], which is used for γδ T-cell lineage commitment, an 

integrin αL (ITGAL), one component of the heterodimeric lymphocyte function associated 

antigen 1 (LFA1), the very late antigen 4 (VLA4) components integrins α4 and β1 (ITGA4 

and ITGB1), whose expression correlates with the adherence of human γδ T cells to 

epithelial cells [55], TLR3 [56] and a modulator of T-cell activation IL-16 [57]. The 

transcriptional programs for lamprey VLRA and VLRC cells are thus reminiscent of those 

of mammalian αβ and γδ T cells, respectively.

Structural organization of VLRA and VLRC

Structures of lamprey and hagfish VLRA, VLRB and VLRC antigen-binding domains have 

been characterized by X-ray crystallography[58-66]. The antigen-binding domain of all 

three VLR isotypes is crescent-shaped with β-strands contributed by the LRR modules lining 

the concave surface; however, there are notable differences in the capping LRR modules of 

the three VLR types (Fig. 5). The LRRNT module caps the N-terminus that encodes for two 

anti-parallel β-strands, and it contains two disulfide bonds that stabilize the structure. The 

LRRNTs of VLRA and VLRC have limited sequence variability compared to the LRRNT of 

VLRB, and a short protruding loop in the LRRNT was observed in the crystal structure of 

lamprey VLRC that was not present in the structures of other VLR isotypes[58]. The 

LRRCT caps the C-terminus and also contains two disulfide bonds for stability like the 

LRRNT. The LRRCT of VLRA and VLRB isotypes have a variable insert loop that faces 

the concave surface, whereas the LRRCT of VLRC is almost invariant and does not include 

an extended insert loop. The VLRA and VLRB LRRCT loops are highly variable in amino 
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acid sequence and in length, which ranges from 9 to 13 amino acids in VLRA and 0 to 13 

amino acids in VLRB [16]. In all three VLR isotypes, the LRR1, LRRV, LRRVe, and 

LRRCP modules each encode a highly variable β-strand to collectively form a continuous β-

sheet on the concave face[58, 63, 65, 66]. The average number of β-strands varies for each 

VLR isotype and this feature is conserved in lampreys and hagfish[16]. VLRB is smaller 

with an average of 2.5 LRRV-encoded β-strands, while VLRA and VLRC are slightly larger 

with an average of 4 LRRV-encoded β-strands. Collectively, the isotypic differences in the 

LRRNT, LRRCT and the average number of β-strands suggest that the different VLR 

isotypes may bind to antigens in different ways or to different forms of antigen.

Multiple examples of VLRB binding to native antigens have been described. Immunization 

with mammalian cells, bacteria and viruses results in the secretion of antigen-specific VLRB 

antibodies that circulate in the blood. Using HEK-293T cells transfected with VLRB cDNAs 

[67]and yeast surface display approaches[68], VLRB monoclonal antibodies have been 

isolated that bind to the BclA spore-coat protein of Bacillus anthracis [61, 67], the BCR 

idiotope of human B cell chronic lymphocytic leukemia cells[69], human CD5[70], hen egg 

lysozyme (HEL) [64] and multiple carbohydrates [59, 65, 68, 71]. VLRB-antigen structures 

have been solved for four of these VLRB monoclonal antibodies: anti-H trisaccharide 

(RBC36) [65], anti-BclA (VLR4) [61], anti-HEL (VLRB.2D) [64] and anti-TFα 

disaccharide (aGPA.23) [59]. In all four structures, the antigen makes contacts with multiple 

residues on the β-strands encoded by LRR1, LRRV(s), LRRVe and LRRCP modules, as 

well as the LRRCT insert loop, which is essential for the interaction. Although the VLRB 

LRRNT has high sequence variability, it does not contact the antigen in three of the four 

structures and only a single amino acid from the LRRNT of VLR4 binds to BclA. A notable 

feature of the VLRB.2D-HEL structure is that the LRRCT loop is inserted into the catalytic 

cleft of HEL [64] (Fig. 5A). Other naturally occurring single-chain antibodies, camelid VHH 

(cAb-Lys3) [72] and shark IgNAR (PBLA8) [73], recognize a similar epitope in the HEL 

catalytic site, whereas conventional VHVL antibodies typically bind to flatter epitopes 

instead of the catalytic cleft [60].

Compared to VLRB, little is known about the nature of the antigens recognized by VLRA 

and VLRC receptors. VLRA and VLRC cells proliferate after immunization, but unlike 

VLRB cells, they do not secrete their antigen receptors [18, 19]. VLRA cells were unable to 

bind to B. anthracis, S. typhimurium, E. coli and S. pneumonia before or after immunization, 

whereas a small percentage of VLRB cells were able to bind to the bacteria and the 

frequency of binders increased significantly after immunization [18]. One interpretation of 

the inability of VLRA lymphocytes to bind to bacteria is that VLRA may generally 

recognize antigens in a processed form similar to jawed vertebrate TCRs, instead of native 

antigens. However, VLRA clones that bind to native HEL have been isolated by yeast 

surface display, and the structure of one of the VLRA clones (VLRA.R2.1) in complex with 

the antigen has been determined [63, 68] (Fig. 5B). In the structure, the concave surface of 

VLRA.R2.1 binds to a relatively flat epitope on HEL away from the catalytic cleft. Residues 

from LRRNT, LRR1, LRRV1-4, LRRVe and LRRCP make contacts with HEL and the 10 

amino acid residues of the LRRCT loop packs to the side of HEL, instead of inserting into a 

crevice like VLRB.2D. In the VLRA.R2.1 structure, β-strands on the concave surface 
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account for the majority of the surface area buried by HEL. In contrast, the LRRCT of 

VLRB.2D contributes the highest proportion of buried surface area[60, 64]. However, 

mutations in the LRRCT loop of VLRA.R2.1 abolished HEL binding, thereby 

demonstrating that the LRRCT loop is essential for the HEL interaction for both VLRA and 

VLRB[63]. The affinity of VLRA.R2.1 for HEL (KD=180 pM) is ~2,400-fold higher than 

VLRB.2D (KD=0.43μM). VLRA.R2.1 has better shape complementarity for HEL than 

VLRB.2D, which likely accounts for most of the differences in affinity. VLRA.R2.1 

demonstrates that it is possible for VLRA receptors to bind with high affinity to a native 

protein, but other experimental approaches have been unable to detect VLRA binding to 

other native antigens, and only VLRA binders to HEL have been isolated by yeast surface 

display, while VLRB binders to multiple native protein and carbohydrate antigen have been 

isolated using the same technique [68, 71]. VLRA is similar to a TCR in that it is only found 

on the lymphocyte surface and never secreted like an antibody. At least in some cases, 

VLRA receptors can bind unprocessed antigens and are therefore more reminiscent of γ/δ 

TCRs, some of which also bind native antigens, rather than α/β TCRs that bind to processed 

and presented antigens.

VLRC is only expressed as a membrane-bound receptor and defines a second population of 

T cell-like lymphocytes[16, 19, 74]. Unlike VLRA and VLRB, no antigen-specific VLRC 

receptors have been identified. The LRRCT of VLRC receptors is almost invariant, and it 

does not have the LRRCT insert loop that is critical for antigen binding in all of the VLRA 

and VLRB structures characterized so far [13, 16, 58, 66, 74] (Fig. 5C). The lack of the 

insert loop and sequence diversity in the LRRCT suggests that VLRC binds to antigens in a 

different way than the other VLR isotypes and possibly to different forms of antigens. The 

VLRC LRRNT also has limited sequence diversity, hinting at the intriguing possibility that 

the LRRNT and LRRCT capping modules may be used interact with invariant regions of a 

cognate MHC-like receptor that presents processed antigen, while highly variable amino 

acids in LRR1, LRRV, LRRVe and LRRCP contact the antigen.

Similarities of the VLRA/VLRC and TCR α /TCR δ assembly mechanisms and genomic 
organization

In jawed vertebrates, T cells develop along two primary differentiation pathways that are 

characterized by expression of either αβ or γδ TCRs. The TCR α and TCR δ loci are 

interlinked, whereas the TCR β and TCR γ loci are located in two different genomic regions. 

Since the TCRδ locus is located within the TCRα locus, this allows a common pool of V 

genes to be shared by TCRα and TCRδ , so that certain V genes may recombine either to a 

DJδ or directly to a Jα gene segment [75-79]. T cells do not rearrange their Ig genes, and 

there is no shared usage of Ig and TCR V(D)J components [80], except for rare trans 

rearrangement between juxtaposed Ig and TCR loci in elasmobranches [81].

Reminiscent of the TCRα and TCRδ genes in jawed vertebrates, some of the donor LRR 

sequences in both lamprey and hagfish may be shared during the assembly of the VLRA and 

VLRC genes [82]. In contrast, donor LRR sequence sharing is not evident between 

assembled VLRA and VLRB genes or between VLRC and VLRB genes. The incomplete 

germline VLRA and VLRC genes have coding sequences only for the leader peptide, 
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incomplete amino- and carboxy-terminal LRR subunits (LRRNT and LRRCT) and for the 

stalk region (Fig. 2). Notably, none of these germline VLRA and VLRC gene components is 

shared during VLR assembly, nor do they serve as donor sequences. For example, assembled 

sequences that contain the N-terminal portion of VLRA and the C-terminal portion of VLRC 

are not found and vice versa, even though the requirement of only short stretches of 

sequence similarity in the step-wise assembly process might suggest that such chimeric 

sequences could exist. This phenomenon is indicative of a well-tuned genetic control for the 

utilization of acceptor and donor sequences in VLRA or VLRC locus.

Donor sequence sharing appears to be more frequent in hagfish than in lampreys. Among the 

different types of genomic cassettes, the 3'LRRV-5' LRRV donor sequences are most 

frequently shared by VLRAs and VLRCs in both lampreys and hagfish, in part because there 

are numerically more opportunities for sharing in LRRV-encoding region given that 2-6 

LRRV modules are included in the assembled VLRAs and VLRCs. However, functional 

VLRA and VLRC assemblies do not share LRRCT- or LRRNT-cassettes in common, because 

the cysteine configurations for the LRRNT and LRRCT portions differ for VLRA and 

VLRC. The conserved cysteine (Cys) residues in Ig and TCR are important for maintenance 

of the globulin structure [83]. Similarly, the canonical four cysteines in the LRRNT and 

LRRCT regions are important for the solenoid structures formed by the LRR modules [65]. 

Hence, the rule is VLRA-specific and VLRC-specific repertoires for LRRNT and LRRCT 

regions.

Using the shared and non-shared genomic donor cassettes, Das et al [82] have constructed a 

partial physical map of the VLRA/VLRC locus in lamprey. The VLRA and VLRC loci are 

closely linked in the lamprey genome (Fig. 6). Considering the sharing of genomic donor 

cassettes and the close proximity of VLRA and VLRC genes, the genomic organization of 

VLRA/C locus somewhat resembles the organization of TCRα/TCRδ locus. Similarly, some 

of the donor LRR cassettes serve dual function in VLRA and VLRC assembly in jawless 

vertebrates. Despite the existence of dual-function gene segments, the TCRα and TCRδ in 

jawed vertebrates and VLRA and VLRC in jawless vertebrates maintain their differential 

expression in two distinct lymphocyte populations. The TCRα rearrangement occurs after 

TCRδ rearrangement during T cell development [84, 85] and, similarly VLRA assembly is 

preceded by VLRC assembly during intrathymoid differentiation of the T-like lymphocytes 

in jawless vertebrates [19].

Conclusion

The origin of the unique structure of TCRα/TCRδ locus remains obscure, but we can deduce 

the possible mode of origin of the VLRA/VLRC locus. In the sea lamprey genome, multiple 

duplications comprising different types of donor cassettes are evident in the VLRA/VLRC 

locus, and some of these duplications appear to be very recent events. Duplication of either 

the VLRC or VLRA locus, followed by neofunctionalization of the duplicate copies likely 

gave rise to the complex VLRA/VLRC locus. Multiple duplication events and sequence 

divergence in the donor LRR cassettes together with the intermingling of different LRR 

cassette types within the VLRA/VLRC locus are all indicative of a birth-and-death model of 

evolution, similar to that proposed for the translocon Ig and TCR loci in jawed vertebrates 
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[86-88]. The genomic organization of the VLRA/VLRC locus allows sharing of germline 

donor LRR cassettes to generate large repertoires of VLRAs and VLRCs in the two T-cell-like 

populations. The dual-function segments in the TCRα and TCRδ genes in jawed vertebrates 

and in the VLRA and VLRC genes in jawless vertebrates and their differential expression in 

two major T cell lineages are indicative of surprising functional convergence. The selective 

pressures responsible for the conservation of these parallels for >500 million years remain to 

be explored.
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Highlights

Two T-cell lineages and B-cells evolved before the divergence of jawed and jawless 

vertebrates.

Lamprey VLRA- and VLRC-producing cells resemble mammalian αβ and γδ T-cells.

VLRA and VLRC genes share donor cassettes during their assembly.
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Figure 1. 
Evolution of alternative adaptive immune systems in jawless and jawed vertebrates 

(modified from [89]). The LRR-based VLR genes are found only in the jawless vertebrates, 

whereas Ig-based BCR, TCR and MHCI/II genes are limited to the extant jawed vertebrates. 

Neither of these types of antigen recognition receptors has been found in amphioxus and 

tunicates, suggesting that the LRR-based VLRs and the Ig-based BCRs and TCRs emerged 

through convergent evolution. The presence of one and the other of these lymphocyte-based 

adaptive immune systems attests to their survival advantage.

Das et al. Page 15

Cell Immunol. Author manuscript; available in PMC 2016 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Germline configuration of VLR genes in lampreys and hagfish (modified from [89]). The 

three pairs of orthologous germline VLRA, VLRC, and VLRB genes are different in lampreys 

and hagfish. Notably, sea lamprey VLRB has a 5' LRRCT- encoding donor sequence in the 

large intervening region, whereas the other VLR genes do not and they possess shorter 

intervening sequences. (not drawn to scale)
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Figure 3. 
Schematic diagram of an VLR gene and the postulated assembly mechanism. (A) Domain 

organisation of a functional VLR protein. The diversity region is composed of a 3'-end of 

the N-terminal LRR (LRRNT), LRR1, multiple LRRVs, connecting peptide (CP) and a 5'-

end of the C-terminal LRR (LRRCT). (B) Hypothetical scheme of VLR gene assembly 

process. Multiple LRR cassettes are located upstream and downstream of a pre-assembled 

germline VLR gene with its non-coding intervening sequence. At the beginning of the gene 

assembly process, a cytosine deaminase (CDA) converts cytosine (C) to uracil (U) in the 

germline VLR gene. The uracil is then removed by uracil-DNA glycosylase (UNG), leaving 

an apurinic (AP) site, blank residue in DNA. The AP site activates nicking activity of AP 

endonuclease (APE) which leads to a DNA double strand break. To repair this break, 

homologous recombination starts from the 5'-end and/or 3'-end of the break, based on the 

sequence homology of 10-30bp between the donor and acceptor LRR cassettes. This process 

is repeated along with deletion of the intervening sequence until a functional VLR is 

expressed on the cell surface.
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Figure 4. 
Model of B- cell and T-cell like lineages in jawless vertebrates (modified from [90]). 

Cognate antigens (Ag) stimulate VLRA+, VLRC+ and VLRB+ lymphocytes, but whether or 

not VLRA and VLRC see native or processed antigens is unknown. Antigen-stimulated 

VLRB cells differentiate into VLRB-secreting plasma cells, whereas activated VLRA and 

VLRC cells do not secrete their receptors.
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Figure 5. 
Structures of the three VLR isotypes. (A) VLRB binds to hen egg lysozyme (HEL) using 

multiple β-strands on its concave surface and insertion of the LRRCT variable loop into the 

catalytic cleft. (VLRB.2D, PDB ID: 3G3A) (B) VLRA also binds to HEL using its concave 

surface, but the LRRCT loop packs against the side of HEL, instead of inserting in the 

catalytic site. (VLRA.R2.1, PDB ID: 3M18) (C) Unlike VLRA and VLRB, VLRC does not 

have a protruding loop in the LRRCT, and the LRRCT sequence is almost invariant. (PDB 

ID: 3WO9, LRRCT is indicated in red and LRRNT in blue)
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Figure 6. 
Schematic diagram of the gemomic organization of sea lamprey VLRA/VLRC locus and its 

resemblance with TCRα/δ loci of jawed vertebrates (modified from [82]). In lamprey a total 

of 262 genomic donor cassettes have been identified in sea lampreys [82]. Genomic donor 

cassettes observed only in VLRA or VLRC assemblies are indicated by purple and green dots, 

respectively, and donor cassettes shared by both VLRA and VLRC are indicated by orange 

dots.
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