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Abstract

TCR-mediated specific recognition of antigenic peptides in the context of classical MHC 

molecules is a cornerstone of adaptive immunity of jawed vertebrate. Ancillary to these 

interactions, the T cell repertoire also includes unconventional T cells that recognize endogenous 

and/or exogenous antigens in a classical MHC-unrestricted manner. Among these, the mammalian 

nonclassical MHC class I-restricted invariant T cell (iT) subsets, such as iNKT and MAIT cells, 

are now believed to be integral to immune response initiation as well as in orchestrating 

subsequent adaptive immunity. Until recently the evolutionary origins of these cells were 

unknown. Here we review our current understanding of a nonclassical MHC class I-restricted iT 

cell population in the amphibian Xenopus laevis. Parallels with the mammalian iNKT and MAIT 

cells underline the crucial biological roles of these evolutionarily ancient immune subsets.
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Introduction

Major histocompatibility complex (MHC) class I genes encode a variety of multifaceted 

antigen presenting molecules critically involved in both innate and adaptive immune 

responses. Classical MHC class Ia (class Ia) genes encode highly polymorphic and broadly 

expressed molecules that are essential for the differentiation and function of adaptive CD8+ 

T cells. These conventional CD8+ T cells express highly diversified somatically rearranged 

T cell antigen receptors (TCRs) that specifically recognize antigenic peptides in the context 

of class Ia molecules. The structurally similar but functionally disparate nonclassical MHC 

class I genes (class Ib and class I-like) encode a heterogeneous group of molecules that, in 

general, are oligomorphic and have a more limited tissue distribution. In a manner more akin 

to innate immune receptor interactions, many of these nonclassical MHC class I molecules 

bind and present a selective range of conserved molecular or structural patterns to distinct 

effector cell populations (reviewed in [1-3]). Indeed, whereas class Ia genes are pivotal 

during adaptive immune responses, nonclassical MHC class I molecules are mostly 

appreciated as regulators of the innate immune response through their interaction with 
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various germline-encoded receptors expressed on natural killer (NK) cells. In addition, it is 

well established that certain nonclassical MHC class I molecules act as ligands for innate-

like αβT cells, termed invariant T (iT) cells. In mammals, two distinct subsets of 

nonclassical MHC class I-restricted iT-cell with different antigen specificities and effector 

properties have been described: the CD1d restricted iNKT cells and the MHC molecule-

related 1 (MR1)-restricted mucosal-associated invariant T (MAIT) cells [4-7]. Compared to 

conventional naïve T lymphocytes, these iT cells display memory/effector-like phenotypes 

and are rapidly activated following primary stimulation [8]. This antigen specific activation 

of a relatively large lymphocyte subpopulation that bypasses the need for clonal expansion, 

facilitates rapid recognition of invading microbes thereby highlighting the importance of iT 

cells during the early phases of antimicrobial defenses. Current evidence shows that distinct 

iT subsets exhibit a remarkable degree of functional plasticity and, upon activation, can 

secrete either pro-inflammatory or immunosuppressive cytokines that subsequently 

influence different effector cells including NK cells, conventional T cells, macrophages, 

neutrophils and dendritic cells [9-13].

The innate immune-like functional characteristics and their use of semi-invariant TCRs, in 

many ways akin to germ line-encoded receptors suggest that iT cells represent a primordial 

T cell compartment with disparate recognition/activation mechanisms compared to 

conventional T cells [14]. Recently, we identified, in the amphibian Xenopus laevis, a 

distinct nonclassical MHC class I-restricted iT cell population. These Xenopus nonclassical 

10 (XNC10)-restricted iVα6T cells appear to be critically involved in tadpole immunity 

[15]. This discovery provides evidence of an evolutionarily ancient origin of iT cells. 

Furthermore, this indicates that despite the indeterminate evolution and general lack of 

nonclassical MHC class I orthology, physiologically important functions of nonclassical 

MHC class I molecules in the development and functional regulation of specialized innate-

like unconventional T cells has been evolutionarily retained across vertebrates.

Unlike mammals, the Xenopus immune system, and in particular, T cell differentiation, is 

subject to a major developmental remodeling during metamorphosis. Although both tadpoles 

and adult frogs are immunocompetent and have conventional CD8+ T cells, the tadpole 

thymus lacks significant class Ia protein expression until metamorphosis [16-18]. However, 

several distinct nonclassical class I genes are expressed in the tadpole thymus suggesting a 

prominent involvement of these genes in T cell development at a stage when class Ia 

function is suboptimal [19-20].

In this review, we highlight the functional and evolutionarily conserved roles of key 

nonclassical MHC class I molecules as restricting elements in iT cell biology in light of the 

recently identified X. laevis XNC10-restricted iT cell subset. We also discuss the presence 

of distinct unconventional T cell subsets in non-mammalian vertebrates and address the 

plausible key roles of these populations during immune system development and initiation 

of immune responses. Mammalian CD1d restricted- iNKT and MR1 restricted-MAIT cells 

have been reviewed in detail, most recently in [21] and [22-23]. Thus, the focus of this 

review lies in discerning the biological analogies and differences between these mammalian 

iT cells and the evolutionarily antecedent Xenopus unconventional T cells.
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1. Specialized roles of jawed vertebrate nonclassical MHC class I genes

1.1 Evolution of nonclassical MHC class I genes

Nonclassical MHC class I genes are present in varying numbers in all taxa of jawed 

vertebrates, from chondrichthyes to mammals; this underlines the biological importance of 

these molecules. However, the evolutionary history of nonclassical MHC class I genes has 

been dynamic resulting in multiple diversifications and species-specific adaptations 

(reviewed in [1]). Indeed, even among closely related species, nonclassical MHC genes 

typically display extensive intra-species variation in gene composition, numbers and 

genomic organization [1, 24-25]. This has been partly attributed to the “birth and death” 

model of evolution in which new genes arise via gene duplication [26]. While some of these 

duplicated genes are maintained in the genome others undergo neofunctionalization or 

degradation [27-28]. To date, phylogenetic relationships among various nonclassical MHC 

class I genes are not fully understood and only few unambiguous orthologous or even 

homologous have been described across different vertebrate orders and families.

Phylogenetic analysis of the human and murine nonclassical MHC genes indicates a loose 

grouping where genes encoding nonclassical class I peptide-presenting molecules typically 

cluster more closely with class Ia genes of their respective species [25] (and reviewed in 

[1]). This indicates an evolutionarily recent species-specific divergence. In fact, these 

nonclassical MHC class I genes, which include the human HLA-G and HLA-F as well as the 

murine Qa and Q families, are thought to have diverged as recently as ~5-20 million years 

ago (MYA) from the class Ia of their respective linages [2]. In general, these nonclassical 

MHC class I molecules have retained many of the features of a class Ia molecule including 

presentation of peptide antigens. However, the possible peptide repertoire of these 

nonclassical MHC class I molecules is probably more limited than the class Ia peptide 

repertoire [29-32]. In addition, many of these nonclassical MHC class I genes display tissue-

specific expression and perform functions different from those of class Ia molecules [33-36]. 

In humans and mice, these nonclassical class I genes are located within the MHC locus 

proper in relative close proximity to the class Ia genes. In contrast, other nonclassical class I 

genes are phylogenetically divergent from class Ia molecules of the same species and more 

related to the corresponding gene of another species. Many of these nonclassical MHC 

genes have diverged to perform disparate functions such as ligands for various NK 

receptors, γδT cells and iT cells. The best studied amongst these nonclassical class I genes 

are the CD1 family and MR1 [37-38]. Compared to class Ia, CD1 and MR1 have distinct 

antigen binding grooves that are optimized to bind and present unique non-peptide antigens 

to distinct T cell subsets [39-41]. In both humans and mice, genes of MR1 and CD1 families 

are linked and located on a different chromosome from the one housing the MHC locus [42]. 

However, in human genomic analysis has established that the genomic segment with MR1-

CD1 genes is paralogous to the segment encoding the HLA class Ia genes [43-45]. The 

ancient origin of the CD1 family is further supported by the identification of two divergent 

CD1 genes in chickens, suggesting that this gene was present prior to the mammalian/avian 

split and thus, has been maintained for ~310 million years of evolution [46-47]. To date, 

MR1 has only been described in mammals. However, the chicken MHC class I-like 

molecule YF1*7.1 that shares 38% sequence identity with, and is structurally similar to, 
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human MR1, may represent an avian MR1-like gene [41, 48]. Based on these studies, it has 

been hypothesized that both MR1 and CD1 are phylogenetically old and, possibly via 

different evolutionary paths, might have evolved from a duplication of the MHC class I 

locus in a primordial reptilian ancestor. It has been further inferred that this duplication 

facilitated the divergence of the MR1 and CD1 genes. Thus while retaining a general role as 

antigen presenting molecules, these nonclassical MHC class I genes have become 

specialized in presenting non-peptide antigens to distinct subsets of iT cells.

While several ectothermic vertebrate genomes have been fully sequenced and annotated, to 

date no CD1 or MR1 homologs have been identified. In fact, although the syntenic regions 

containing CD1 have been located in the genome of X. tropicalis and X. laevis, no gene 

models with CD1 or MR1 sequence similarity have been found (Y. Ohta, personal 

communication). More generally, to date, no clear orthologous relationships have been 

established for any nonclassical MHC class I genes between endothermic and ectothermic 

vertebrates. Nevertheless, comparative analysis has identified a nonclassical MHC class I 

gene in the amphibian Xenopus laevis, termed XNC10, which is required for the function 

and development of a distinct subpopulation of iT cells. This provides evidence for the 

existence of a T cell subset functionally similar to the mammalian CD1- and MR1-restricted 

iT cells in amphibians. Further, it emphasizes the integral and evolutionary conserved roles 

of nonclassical class I molecules in the development and function of specialized T cell 

populations.

1.2 Nonclassical MHC class I molecules as restricting elements for mammalian iT cells

Members of the CD1 gene family comprise five distinct isoforms (CD1a-e) that display a 

typical MHC class I structure, a limited polymorphism, and a highly hydrophobic antigen-

binding groove optimized for the presentation of lipids and glycolipids. Each CD1 isoform 

has unique structural features, particularly within the peptide-binding groove, and is adapted 

to present a specific, albeit overlapping repertoire of lipid structures. Whereas CD1 genes 

are ubiquitously expressed in mammals and most likely in avian [47], the total number of 

genes and expression profiles of the different CD1 isoforms are disparate among different 

species (reviewed in [37]). CD1d homologs have been described in humans, primates, 

rodents and ruminants [37]. In human and mice, CD1d has been shown to be the restricting 

element for NKT cells (reviewed in [49-50]). NKT cells are subdivided into two groups. 

Type I or invariant NKT (iNKT) cells express a semi-invariant TCR composed of an 

evolutionary conserved invariant TCRα-chain (Vα24-Jα18 in humans/Vα14-Jα18 in mice 

[51]) associated with a limited TCRβ-chain repertoire. Based on robust gene expression of a 

homologous iTCRα chain, type I iNKT cells are also inferred to exist in rhesus macaques 

[52] and rats [53]. In contrast, type II NKT cells are CD1d restricted but do not express the 

canonical invariant TCRα chain and display a broader TCRαβ repertoire. Type I iNKT cells 

are functionally defined as being effectively activated by the CD1d ligand glycolipid α-

galactoceramide (αGalCer) originally derived from the marine sponge Agelas mauritanus 

[54]. In contrast, type II NKT cells do not recognize αGalCer. More recently, iNKT cells 

were also demonstrated to recognize, in the context of CD1d, endogenous antigens and 

microbial glycolipids derived from different microorganisms. These glycolipids include: α-

glucosyldiacylglycerols from Streptococcus pneumoniae [55]; α-glucuronosylceramides and 
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α-galacturonosyl-ceramide from Sphingomonas spp [56]; and α-galactosyldiacylglycerols 

from Borrelia burgdorferi [57]. Although these different microbial ligands typically share 

the a-glycoside linkage, their structures are quite diverse. It is of note that the interaction 

between the semi-invariant TCR on iNKT cells and the lipid-CD1d complex is primarily 

mediated by the invariant CDR3α loop and to a lesser extent the CDR2β loop; this differs 

from conventional TCR-peptide-class Ia interactions [58] (reviewed in [59, 49]). 

Furthermore, the interaction pattern between the semi-invariant TCR and the antigen-CD1d 

complex is similar irrespective of antigens (i.e., the iTCR is capable of recognizing different 

antigens [60]). Thus, iNKT cells can bind a range of antigens through the recognition of 

conserved structural motifs. Interestingly, the pattern of CD1d-antigen-iTCR interaction is 

almost identical between humans and mice [61]. This intra-species cross-reactivity between 

human and mouse CD1d- iNKT is in stark contrast to class Ia-peptide-TCR interactions, 

indicating that semi-invariant TCRs of iNKT cells function as pattern recognition receptors 

[49, 62-63]. In addition to this direct iTCR-mediated recognition of microbial ligands, a 

second pathway of iNKT cell activation that is independent of microbial lipid recognition 

has been described (reviewed in [64]). This type of activation relies on the binding by CD1d 

of endogenous or self-ligands and the sensing endogenous lipids overexpressed as a result of 

microbial infection [65]. Thus, iNKT cell activation during infection can be driven by both 

TCR-mediated recognition of microbial products (direct) or by self-ligand/cytokine-

mediated (indirect).

The second nonclassical MHC class I molecule involved in the regulation and function of iT 

cells in mammals is MR1. The gene encoding MR1 originally described in humans has now 

been identified in a number of different mammals including non-human primates, rodents, 

cattle, sheep, and more recently, in placental mammals [38, 66]. An MR1-like gene has also 

been described in chickens [48]. The mammalian MR1s are monogenic and display between 

81-89% sequence identity in the putative peptide binding domains. Thus, the MR1 gene is 

the most highly conserved mammalian nonclassical MHC class I gene [66]. Whereas MR1 

mRNA transcript levels are ubiquitously expressed, the MR1 protein accumulates in the ER; 

and only low levels of MR1 are detected on the cell surface [67]. This suggests that MR1 

surface expression is inducible and possibly subject to limiting factors. Furthermore, MR1 

exists in both a folded and unfolded conformation but only the properly folded conformation 

can activate MAIT cells [68]. MR1-restricted MAIT cells have many similarities with iNKT 

cells, but clearly represent a unique and functionally distinct iT cell subpopulation. Indeed, 

MAIT cells express an evolutionarily conserved invariant TCRα (Vα7.2-Jα33 in humans/

Vα19-Jα33 in mice), distinct from that of iNKT cells (reviewed in [69]). In humans, MAIT 

cells are abundant in peripheral blood and liver where they are as much as 1-8% and 20-45% 

of the total T cell pools, respectively. Additionally, these cells localize in the gastrointestinal 

tract and associated organs such as the mesenteric lymph nodes. Human MAIT cells express 

high levels of chemokine receptors involved in cell trafficking to the intestine and liver 

(CCR6 and CXCR6); they do not express CCR7 that is required for migration into lymph 

nodes [70]. Both human and mouse MAIT cells mediate antimicrobial responses in a MR1-

dependent manner [69]. MR1-dependent MAIT cell activation has been demonstrated in the 

context of several different microbial challenges, including gram-positive, gram-negative 

bacteria and yeast, but not viruses [69]. More recently, a direct cytotoxic effect of MAIT 
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cells was also demonstrated against epithelial cells infected with Shigella flexneri but not 

Salmonella enterica Typhimurium bacteria [71]. These studies underline the important role 

of MAIT cells in antimicrobial immunity. A selection of MR1 ligands have recently been 

elucidated as pterin analogs, which are derived from vitamin B metabolism as well as 

lumazine compounds [41]. As many vitamin biosynthetic pathways are unique to and 

present in most (but not all) bacteria and yeast, this provides a way for MAIT cells to detect 

microbial infections [41].

1.3 Nonclassical MHC class I genes in ectothermic vertebrates

Like endothermic vertebrates, amphibians, teleostean and cartilaginous fish species possess 

varying numbers of divergent MHC nonclassical class I genes that are heterogeneous, 

display lower polymorphism and have a more tissue restricted expression pattern when 

compared to their class Ia counterparts. However, the evolutionary history of class Ib genes 

in ectothermic vertebrates remains largely unknown and the phylogenetic relationships of 

these genes are difficult to establish. With regard to amphibians, both X. laevis and X. 

(Siluriana) tropicalis possess a single class Ia gene per genome and a large number of 

Xenopus nonclassical MHC class I (XNCs) genes, which, in contrast to mammals, display an 

unusual degree of inter-species conservation [72-73] (these genes are discussed in detail in 

section 1.4). In comparison, a large number of both putative class Ia and nonclassical class I 

genes have been identified in the urodele amphibian Ambystoma mexicanium, although none 

of these genes are orthologous to any of the XNC/SNC genes identified to date [74]. 

Furthermore, Southern blot analysis suggests that nonclassical, class Ia and MHC class II 

genes are linked in A. mexicanium, which is unlike Xenopus where most nonclassical class I 

genes identified to date form a single linkage group outside the MHC region [74]. Variable 

numbers of highly divergent species-specific MHC nonclassical class I genes have also been 

described in elasmobranchs [75-76]. Similarly, teleost species encode a number of divergent 

class I genes that based on evolutionary relationships have been grouped into distinct 

lineages (U-, Z/ZE-, L- and S-lineage) and are differentially distributed among species [77]. 

For example, genes belonging to the U-lineage, (containing both putative class Ia and 

nonclassical class I genes) are broadly represented among divergent species, whereas to 

date, the L-lineage that consists of highly divergent nonclassical class I genes has only been 

identified in salmonids and cyprinids [78]. Notably, the Atlantic cod (Gadhus Morhua) has 

lost MHC class II genes coinciding with a large expansion (more than 100 genes) of their U-

lineage class I genes that segregate into two distinct phylogenetic clades [79]. These 

different class I clades display distinct ratios of non-synonymous to synonymous mutations 

and differences in the average nucleotide diversity per site, suggesting possible 

neofunctionalization for this MHC class I lineage [79]. To date, despite the presence of 

nonclassical MHC class I genes in all ectothermic vertebrates, no conserved orthologs have 

been identified across distant species and the functional roles of ectothermic nonclassical 

MHC class I genes remains largely unknown. However, the fact that these genes are present 

in all taxa of jawed vertebrates attests to their evolutionary primordial origins.
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1.4 Genetic and evolutionary conservation of nonclassical MHC class I genes in divergent 
Xenopus species

Many Xenopus nonclassical MHC class I (XNC) genes display an unusually high degree of 

inter-species conservation both in their primary sequence as well as in their genomic 

organization [73]. Indeed, multiple distinct XNC lineage orthologs have been reported 

among species of the anuran subfamily Xenopodinae. Notably, this high degree of 

conservation is apparent in XNC genes identified in both X. laevis and X. tropicalis despite 

the fact that these species are estimated to have diverged more then 65 MYA [80-81], which 

roughly corresponds in time to the split between rodent and primate ancestors. Both X. 

laevis and X. tropicalis possess a large number of nonclassical MHC class I genes (XNC for 

Xenopus and SNC for Silurana). Currently, 23 XNC and 29 unique SNC genes (including 

pseudogenes) have been identified. The genomic organization, based on the current genome 

using the http://xenopus.lab.nig.ac.jp, XenVis 2.0 assembly, of the XNC loci in X. laevis is 

depicted in Figure 1. Based on sequence similarities in the α1 and α2 domains, these genes 

have been grouped into 17 distinct subfamilies. Among these 17 subfamilies, 11 have clear 

orthologous relationships between X. laevis and X. tropicalis sharing between 70-85% 

amino acid identities in their putative ligand binding domains. This degree of conservation 

of multiple nonclassical class I genes is in contrast to that observed across mammals (with 

the exception of CD1 and MR1), and as such, suggests evolutionarily disparate paths for 

amphibian nonclassical MHC class I genes and those from other vertebrates. Collectively, 

all XNC/SNC genes form an independent phylogenetic clade, distinct from other vertebrate 

nonclassical MHC class I genes as well as amphibian class Ia sequences, suggesting that 

XNC genes are all derived from a common ancestor [73]. The phylogenetic relationships 

among XNC/SNC genes also indicate that many of these gene subfamilies have undergone 

either species-specific lineage expansions or contractions [73, 82]. Each XNC/SNC 

subfamily member is distinct, particularly in the putative ligand binding domains, suggesting 

that various XNC/SNC gene lineages have evolved to perform distinct functions. To date the 

functional roles of most XNCs remains unknown. However, since their discovery by Flajnik 

et al. in 1993 [72], a wealth of information has been garnered. Many XNC/SNC genes 

display highly tissue specific expression patterns and developmental stages-specific 

expression [19-20]. Some XNC genes are differentially regulated in response to infections by 

ranavirus (see below) and bacteria such as Mycobacterim marinum (Edholm and Robert, 

unpublished observations). Certain XNC gene products are also implicated in tumor 

immunity. Specifically, overall silencing of XNC expression in the 15/0 lymphoid tumor 

using RNA interference results in increased tumorigenicity in vivo [83]. Additionally, with 

the recent generation of an XNC10-tetramer that specifically binds distinct XNC10-

restricted unconventional T cell subsets, putative biological roles and evolutionary 

functional origins of nonclassical class I molecules are now emerging [15].

1.5 XNC10

The XNC10 gene was originally identified from the X. laevis thymic lymphoid tumor cell 

line 15/0 [20] and subsequently shown to be expressed at varying levels in several 

independently derived X. laevis lymphoid tumor cell lines [20]. The genomic structure of 

XNC10 is similar to that of a typical MHC class I gene with three extracellular 
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immunoglobulin domains, a transmembrane and a cytoplasmic region. In the genome, 

XNC10 is located distally from the class Ia gene [84] within the XNC locus (Figure 1). The 

XNC10 gene is primarily expressed in the thymus, specifically by immature thymocytes 

located in the thymic cortex [20]. During ontogeny, XNC10 expression is detected from the 

onset of thymic organogenesis, before significant detection of class Ia protein. Additionally, 

low levels of XNC10 expression are detected in the spleen of premetamorphic tadpoles and 

adults. Based on co-immunoprecipitation experiments using transfection of tagged β2-

microglobulin (b2m) into 15/0 tumor cells, XNC10 molecule is most likely expressed on the 

surface as a heterodimer associated with b2m [83]. Interestingly, tagged recombinant 

XNC10 proteins expressed in cell lines are mostly retained intracellularly leading to only a 

small fraction expressed at the cell surface; this is similar to MR1 (Edholm and Robert, 

unpublished data). In vivo expression of the XNC10 protein appears to be complex and may 

include extensive post-translational modifications. A recently generated panel of anti-

XNC10 antibodies raised against different parts of the molecule will permit us to elucidate 

this aspect of XNC10 biology [107].

A XNC10 ortholog termed SNC10 has been identified in X. tropicalis. SNC10 shares 54 and 

62% sequence identity to XNC10 in the α1 and α2 domains, respectively [73]. This is 

comparable to the degree of conservation of CD1d between humans and mice (~60% 

identity) whose divergence in evolutionary history, similar to that of X. laevis and X. 

tropicalis is ~65 MYA. Phylogenetic analysis indicates that XNC/SNC10 represents a unique 

clade intermediate between X. laevis and X. tropicalis class Ia genes and other XNC genes. 

This suggests that the XNC/SNC10 gene lineage was one of the first to diverge from a 

common XNC/SNC ancestor. The expression pattern of SNC10 in X. tropicalis mirrors that 

of XNC10 in X. laevis including primary expression on thymocytes from early development 

when class Ia protein expression is naturally low. This suggestion of a conserved function of 

XNC/SNC10 homologs is further supported by examination of additional Xenopus species 

[82]. Of interest, species from the Xenopodinae subfamily exemplifies a rare example of 

speciation in vertebrates by genome duplication via allopolyploidization [80]. Indeed, the 

Xenopus genus represents an exceptional case among jawed vertebrates comprising of a 

collection of species with different degrees of natural polyploidy. There are true diploid 

species such as, X. (Siluriana) tropicalis; a series of teraploid species, including X. laevis, 

(4n; X. gilli, X. clivii, X. largeni, X. fraseri, X. pygmaeus, X. borealis, X. mulleri and S. 

epitropicalis), octoplod (8n; X. wittei, X. vestitus, X. andrei, X. boumbaensi and X. amieti) 

and at least two dodecaploid species (12n; X. longipes and X. ruwenzoriensis). A single 

functional, monomorphic gene encoding XNC10 has been identified in all 10 Xenopodinae 

species studied to date regardless of genomic ploidy. These results are consistent with the 

idea that certain nonclassical MHC class I genes are evolutionarily primordial and possibly 

even as ancient as class Ia.

2. Unconventional T cell subsets

2.1 T cell subset heterogeneity in ectothermic vertebrates

T cell-mediated immune responses of ectothermic vertebrates share many similarities with 

those described in mammals and birds. For example, allo-antigen specific T cell-mediated 
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cytotoxicity as well as T helper cell-like functions have been demonstrated in several 

teleostean [85-87] and amphibian species (reviewed in [88]). Furthermore, all four types of 

TCR genes have been identified in amphibian, reptiles, teleosts and elasmobranchs 

indicating that γδT cells and αβT cells are present across jawed vertebrates. Additionally, a 

plethora of classical TCR signaling components, co-stimulatory/inhibitory receptor as well 

as CD4, CD8α and CD8β co-receptor homologs have been identified in many ectothermic 

vertebrate species. These findings are consistent with a phylogenetically conserved and 

evolutionary ancient T cell sub division into CD8+ cytotoxic T lymphocytes (CTLs) and 

CD4+ T helper cell subsets. However, whereas a single CD4 gene structurally similar to its 

mammalian counterpart has been described in X. laevis [88], two types of CD4 co-receptors 

have been isolated from several teleost species: a CD4 molecule with 4 Ig domains and a 

CD4-like molecule with 2-3 Ig domains [87, 90-92]. Furthermore, in addition to the loss of 

MHC class II and invariant chain genes, the Atlantic cod appears to also lack genes 

encoding CD4 [79]. Based on the recent genome sequencing of the elephant shark 

(Callorhinchus milii), key elements associated to the CD8+ T cell linage including class Ia, 

cytokines and transcription factors are conserved in elasmobranch [93]. Notably, with the 

exception of the Th1 lineage many transcription factors and cytokines typically associated 

with CD4+ T helper cell lineages diversification in mammals appears to be absent or very 

divergent in the C. milii genome suggesting the presence of a limited T helper cell subset 

diversification [93]. In teleosts, although the functional roles and sub-compartmentalizations 

of T helper cells remain poorly understood, gene homologs encoding transcription factors 

and cytokines defining T helper subsets such as Th1, Th2, Th17, Treg have been identified 

[94-96].

2.2 Identification of unconventional T cell subsets in Xenopus

Studies conducted with Xenopus during the past three decades have revealed the presence of 

NK-like lymphocytes with MHC class Ia-unrestricted cytotoxicity [97] as well as distinct T 

cell sub-populations with varying MHC class I restriction and effector functions. These T 

cell subsets are summarized in Table 1 and include (i) conventional class Ia-restricted CD8+ 

T cells [98]; (ii) unconventional class Ia unrestricted CD8+ T [99-100]; (iii) NKT cells 

[101]; and (iv) class Ib restricted invariant T cells [15]. Gene expression analysis also 

suggests the presence of a CD4+ T helper subset in Xenopus but these cells have yet to be 

phenotypically and functionally characterized [89]. Xenopus cell-mediated antigen-specific 

class Ia restricted cytotoxicity against both major and minor H-antigens has been 

characterized using total splenocytes and antibody purified CD8+ T cell populations. 

Adoptive cell transfer of primed CD8+ T cells has further showed that these cells proliferate 

and accumulate in the spleen of isogeneic recipients in response to immunization with MHC 

(minor H-antigens) disparate antigens. Collectively these studies unequivocally 

demonstrated that Xenopus can generate typical class Ia restricted CD8+ CTL responses.

In addition to conventional CD8+ CTLs, the description of a subpopulation of CD8+ T cells 

with class Ia unrestricted cytotoxicity has provided the first evidence for unconventional 

CTLs in amphibians. These cells, termed classical class Ia-unrestricted CTLs (CCU-CTLs) 

specifically recognize and kill the highly tumorigenic class Ia negative thymic lymphoid 

tumor 15/0 [99]. Since the 15/0 tumor cell line express several nonclassical MHC class I 
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molecules, in particular XNC6, XNC10 and XNC11, as well as β2-microglobulin, it was 

postulated that CCUCTLs interact with distinct XNC molecules [20]. This hypothesis was 

supported by the findings that 15/0 tumor transfectants expressing short hairpin RNA 

(shRNAs) targeted to globally knock down XNC expression display increased resistance to 

CD8+ CCU-CTL mediated killing in vitro and increased tumorigenicity in vivo [83]. These 

findings are in concordance with the involvement of XNC molecules in unconventional T 

cell mediated cytotoxicity. Notably, the indiscriminate down-regulation of the total XNC 

expression on the 15/0 tumor cells also resulted in increased susceptibility to NK-cell like 

mediated killing in vitro [83] suggesting that different XNC subfamilies interact with 

distinct, non overlapping effector populations.

NK cells were characterized in adult Xenopus using the anti-NK cell mAb 1F8 [97]. In 

addition to NK cells, a small subset of CD8+ T cells co-expressing the NK cell-associated 

marker recognized by the 1F8 mAb was identified, suggesting the existence of NKT cells in 

amphibians. These CD8+ NKT cells constitute ~4% of the total T cell population in the 

spleen and express fully rearranged TCRβ transcripts bearing Vβ segments derived from at 

least three different Vβ families [101]. To date, the TCRαβ repertoire diversity of these NKT 

cells have yet to be characterized and it is still unclear whether there is any bias in their 

TCRα usage or target specificity. Although the functional roles of these NKT cells remains 

to be elucidated, in vitro stimulation of CD8+ T cells using transient low level mitogen 

stimulation resulted in induced surface expression of the 1F8-reactive NK cell-associated 

molecules in about 30% of CD8+ T cells [101]. Furthermore, up-regulation of NK-

associated markers correlated with decreased cytotoxicity of CD8+ T cells against MHC 

mismatched tumor targets in vitro [101] suggesting that the role of NK cell-associated 

molecules in regulation of CD8+ T cell activity is phylogenetically conserved.

2.3 Xenopus nonclassical MHC class I -restricted iT cell subsets

In addition to X. laevis conventional and unconventional CD8+ CTLs expressing broad 

TCRαβ repertoires, we recently identified two distinct subsets of nonclassical MHC class I 

(XNC10)-restricted unconventional αβT cells with limited TCRαβ repertoires: type I and 

type II [15]. Both subsets were isolated based on reactivity to XNC10-tetramers and 

subsequently subdivided based on CD8 surface expression and TCRαβ repertoire. Type I 

cells, coined iVα6 T cells, are CD8−/CD4− double negative (no CD8 transcript detected by 

RT-PCR) and express a semi-invariant TCR consisting of an invariant TCRα chain (Vα6-

Jα1.43) paired with a limited TCRβ chain repertoire. The invariant Vα6-Jα1.43 chain is the 

product of a single Vα-Jα rearrangement with a non-variable strictly germ-line encoded 

CDR3α junctional region (i.e., no detectable n-nucleotide diversifications). Moreover, no 

CDR3α variability was observed among Vα6-Jα1.43 rearrangements isolated from X. laevis 

with different genetic backgrounds. Comparably, the iVα6 T cell TCRβ repertoire is more 

diverse, yet very limited in comparison to conventional CD8+ T cells with predominant 

usage of the Vβ6/Vβ13 and Jβ13/Jβ3 gene segments [15].

Type II XNC10-tetramer+ cells express surface CD8, albeit at lower levels than 

conventional T cells; presumably it is expressed as a homodimeric CD8αα receptor, since 

only the CD8α gene is expressed. Type II cells have a more diverse TCRαβ repertoire 
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compared to type I cells, although the invariant Vα6-Jα1.43 is predominant representing 

58% of the total TCRα rearrangements [15]. Since the subdivision of XNC10-tetramer+ type 

I and type II cells is based on CD8 surface staining, it is possible that under certain 

conditions, type I iVα6 T cells induce CD8 expression. This would account for the 

overrepresentation of the iVα6-Jα1.43 rearrangement in type II XNC10-tetramer+ cells. To 

date the relationship and putative functional disparity between these two types of XNC10-T+ 

cells remains unclear. However, it is noteworthy that this subdivision is reminiscent of 

mammalian type I and type II NKT cells. In mammals, although both type I and type II NKT 

cells recognize glycolipids presented by CD1d, only type I iNKT cells are strongly reactive 

against CD1d tetramers loaded with the glycolipid αGalCer, thereby suggesting distinct 

antigen specificities between the two subsets [102]. Recently, it was shown that a significant 

portion of type II NKT cells are potently activated by β-D-glucopyranosylceramide (β-

GlcCer). Although type I and type II NKT cells produce the same profiles of major 

cytokines following activation through their TCRs, they have distinct cytokine-producing 

capacities, indicating non-overlapping functional roles [103].

2.4 Functional roles of Xenopus XNC10-restricted iT cell subsets

Both type I and type II XNC10-tetramer+ cells are abundant in the spleen of adult frogs. 

Type I typically represent ~3.5% and type II ~2.5% of the total lymphocyte population. In 

addition, type I cells represent a significant fraction of peripheral blood leukocytes 

(0.5-1.5%). As in adults two distinct XNC10-tetramer+ populations, either CD8− or 

CD8dim , were identified among the splenocytes of premetamorphic tadpoles (2-3 weeks of 

age, developmental stage 55; [104]). Thus, XNC10-restricted T cells constitute a prominent 

fraction of splenic T cells during early ontogeny when class Ia protein expression is 

suboptimal and after metamorphosis in class Ia competent adults. Functional 

characterization of XNC10-restricted iT cells has rapidly progressed by assessing their roles 

in antiviral and tumor immunity of naturally class Ia-deficient tadpoles. The critical 

involvement of iT cells during viral infection was first inferred from the observation that at 

an early developmental stages XNC10-deficient transgenic tadpoles (expressing an anti-

XNC10 shRNA) had a greater than two-fold increase in susceptibility to infection with the 

ranavirus Frog virus 3 (FV3). FV3 is a highly prevalent, large double stranded DNA virus 

that causes extensive disease and mortalities of wild and cultured amphibian species. FV3 

and FV3-like viruses have gained considerable attention due to the alarming rate with which 

these pathogens are spreading to new ectothermic hosts (i.e., from amphibians, to fish and 

reptiles; reviewed in [105]). Although, Xenopus tadpoles are more susceptible to FV3 

infection than adults, they do mount anti-viral immune responses, and typically it takes four 

to six weeks for them to succumb to FV3 infection [106]. In contrast, a significant fraction 

of XNC10-deficient tadpoles die within the first two weeks following infection. Moreover, 

this accelerated mortality in transgenic tadpoles correlated with increased viral loads and 

increased viral dissemination from kidneys (the primary site of viral replication) to other 

organs (manuscript in preparation, Edholm and Robert). These findings provide evidence 

that XNC10-restricted iT cells are critically involved in tadpole antiviral immunity.

To further explore the functional significance of tadpole iT cells, we took advantage of the 

X. laevis transplantable 15/0 thymic tumor model. The 15/0 tumor is highly tumorigenic 
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when transplanted into LG-15 syngeneic tadpoles and adults. Importantly, this tumor is class 

Ia negative but expresses several XNC molecules including XNC10. Using this model we 

recently showed that iT cells accumulate in the tadpole peritoneal cavity following 

intraperitoneal transplantation with 15/0 tumor cell line [107]. Interestingly, whereas 

XNC10-tetramer+ cells are rare in the peritoneal cavity of naïve tadpoles, these cells make 

up a significant fraction (10-20%) of peritoneal leucocytes 7 days following transplantation 

with the 15/0 tumor. These XNC10-tetramer+ cells were almost exclusively of the CD8− 

type I phenotype suggesting that these different XNC10-tetramer reactive subsets indeed 

have distinct functional roles [107].

2.5 The presently unknown identity of the XNC10 ligand?

In mammals, the class Ia protein fold is made up of the two membrane distal domains, α1 

and α2, and consists of a platform made up of eight antiparallel β-strands, topped by two 

semi parallel α-helixes oriented away from the cell membrane, thereby creating a shallow 

groove at the top of the molecular structure [108]. This groove is closed at both ends and 

highly adapted to present either self or non-self peptides 8-10 amino acids in length. Class Ia 

peptide binding occurs through side chain independent recognition of the peptide main 

backbone via nine invariant, highly evolutionarily conserved amino acid residues as well as 

through MHC allele-specific peptide anchoring residues. The invariant residues are clustered 

in two shallow pockets, A and F, located at both ends of the groove and form hydrogen 

bonds with the amino and carboxyl terminal ends of the peptide, respectively [109]. With 

the exception of these residues, the class Ia peptide-binding domain is highly polymorphic 

and under strong positive selection (i.e., variation rather than conservation of residues is 

selected) [110]. Compared to class Ia, many nonclassical MHC class I molecules bind a 

narrower range of antigens, each with its own distinct molecular and/or structural pattern. 

Crystallography data have revealed that although the basic MHC class I fold architecture is 

maintained, the antigen binding grooves of most nonclassical MHC class I molecules 

studied to date display distinct structural and chemical compositions [1]. These differences 

determine the nature and repertoire of the antigen presented by these molecules. For 

example, whereas some nonclassical MHC class I molecules present a relatively diverse 

array of peptides in a manner highly reminiscent of class Ia, the binding groove of other 

nonclassical MHC class I molecules has evolved to either preferentially present specific 

peptides (HLA-E and Qa-1 [111,112]), modified proteins (M3 [113]), lipids (CD1 [39]), 

vitamin metabolites (MR1; [114]) or to be empty (T22, MIC-A [1]). Thus, insights into the 

type of ligands bound and subsequently clues to the functions of different class Ib molecules 

can, to a certain extent, be inferred from the primary and tertiary composition of the putative 

peptide binding grooves.

In Xenopus the ligand presented by XNC10 is unknown. However, several lines of evidence 

indicate that XNC10 presents a conserved ligand. Based on its deduced amino acid 

sequence, XNC10 displays a MHC class I-like structure with a putative peptide-binding 

groove that could potentially accommodate a ligand. Furthermore, the putative XNC10 

ligand binding residues, identified based on sequence alignments with human HLA-A 

invariant residues [108, 115], do not conform with either class Ia or any of the other XNC 

genes [73]. Of the nine invariant residues in the XNC10 sequence five residues are distinct 
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from class Ia and other XNC proteins suggesting that XNC10 present a non-peptide ligand 

[73]. Comparably, these putative XNC10 ligand-binding residues, especially in the C-

terminus, are highly conserved among XNC10 homologs from different species within the 

Xenopodinae sub-family including those of the X. tropicalis homolog SNC10 again 

suggesting that XNC10 binds a conserved antigenic motif [73]. Furthermore, despite 

relatively high mRNA expression, XNC10 protein is barely detectable on the cell surface of 

both splenocytes and tumor cells and remains predominantly intracellular in transfected cell 

lines (Edholm and Robert, unpublished observations). This suggests that XNC10 requires a 

ligand to be translocated and/or remain stably at the cell surface. Moreover, the tissue 

specific expression pattern of XNC10, with predominant expression in thymocytes, might 

limit the overall repertoire of available ligands. Finally, given that the CDR3α region of the 

invariant Vα-chain is exclusively germline encoded, with no n-nucleotide additions and 

identical among animals of different genetic backgrounds, it is likely that the resulting TCR 

binds a conserved motif.

3. Xenopus XNC-mediated iT cell ontogeny

3.1 Xenopus T cell development

Intra-thymic T cell development follows a series of defined stages characterized by 

molecularly programmed events that result in cellular selection and specific T cell lineage 

differentiation (reviewed in [116-117]). In mammals, besides conventional adaptive T cells, 

the thymus also supports the development of unconventional T cells such as iT cells. 

However, the criteria governing ontogeny and lineage differentiation of iT cell subsets are 

distinct from those of conventional T cells. In fact, it has been suggested that many of the 

distinct phenotypical and functional properties attributed to iT cells are due to the different 

ways in which they respond to thymic positive and negative selection signals [118-119]. In 

Xenopus, thymus ontogeny share many similarities with that of mammals (reviewed in [88]) 

including successive waves of immature T-cell precursors moving into the thymus during 

embryogenesis where they expand, differentiate, undergo selection and subsequently exit as 

mature T cells [120-121]. However, unlike mammals, the Xenopus immune system in 

general, and T cell differentiation in particular, is subject to an additional developmental 

program during metamorphosis. The transition from tadpoles to adults during 

metamorphosis is accompanied by a drastic reduction in the total numbers of thymocytes 

and splenic lymphocytes and leads to the differential expression of many adult-specific 

proteins. Following metamorphosis, T cell differentiate from new wave of precursors that 

differentiate and undergo selection in a distinct adult type environment. One particular 

intriguing feature affecting T cell selection in Xenopus is the differential regulation of MHC 

class I and II genes during tadpole and adult life stages. In adults, MHC class II molecules 

are ubiquitously expressed on all lymphocytes. By contrast, in tadpoles class II surface 

expression is only observed on B cells, macrophages and various epithelial surfaces 

including the thymic epithelium, but not on thymocytes or peripheral T cells [122]. 

Similarly, although both MHC class Ia and β2-microglobulin gene expression are detectable 

by RT-PCR in the thymus of tadpoles as early as 3 days post fertilization (corresponding to 

developmental stage 39; Goyos and Robert, unpublished), class Ia protein surface expression 

is sub-optimal in tadpoles [16]. Indeed, consistent class Ia surface expression is first detected 
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(using multiple anti-class Ia mAbs), during the pre-metamorphic developmental stage 56-58 

and subsequently increases during metamorphosis [18, 123]. Moreover, the tadpole thymus 

lacks significant expression of the LMP7 gene, a component of the immunoproteasome 

subunit, until the onset of metamorphosis [19]. Collectively, these data suggest that T cell 

selection is differentially regulated during the two life stages and that MHC class Ia-

mediated T cell selection is likely to be suboptimal in tadpoles. It is noteworthy that whereas 

in mammals experimental impairment of class Ia expression results in severe 

immunodeficiency and/or death, Xenopus tadpoles, despite their sup-optimal class Ia 

expression, are immunocompetent and have circulating CD8+ T cells. This suggests that 

tadpoles have a specialized functional T cell compartment following a differentiation 

program distinct from that of adult, a program that may be more dependent on nonclassical 

MHC class I selected T cells. Our current understanding of tadpole and adult T cell 

development is outlined in Figure 2. Given the limitation in the absolute number of 

lymphocytes in tadpoles (10 to 50,000 splenic T cells at developmental stage 55), 

differentiation of T cells with a limited TCR repertoire selected to recognize conserved 

pathogen determinants would be advantageous. In support of this possibility, multiple XNC 

genes are expressed in the thymocytes in young tadpoles at the onset of thymic 

organogenesis that could participate in early T cell development [20]. Specifically, in 

addition to XNC10, six distinct XNC genes display preferential expression on immature 

radiosensitive thymocytes; XNC1, 4, 5, 9, 11 and 14 (Edholm and Robert, unpublished 

observations).

3.2 Xenopus tadpole nonclassical MHC class I -restricted iT cell subsets

The suboptimal expression of class Ia protein, especially in the thymus, the concomitant 

expression by thymocytes of at least 7 different XNC genes and the constraint in number of 

peripheral lymphocytes, all suggest that T cell differentiation in tadpoles is unusual. Using a 

global approach based on 5′RACE-PCR and next generation 454 pyrosequencing to 

determine the putative TCRα repertoire in tadpoles, we recently reported that the overall 

TCRα repertoire in the CD8− and CD8dim T cell populations in the spleen of tadpoles at 

early developmental stages (e.g., stage 50) is highly biased towards six distinct invariant 

TCRVα-Jα rearrangements [15]. We identified 3 highly dominant invariant Vα 

rearrangements in the CD8dim+ population (Vα6-Jα1.43, Vα45-Jα1.14 and Vα23-Jα1.3). 

Two of these rearrangements, Vα6-Jα1.43 and Vα23-Jα1.3, were also over-represented in 

the CD8− population together with 3 additional invariant Vα rearrangements (Vα22-Jα1.32, 

Vα40-Jα1.22 and Vα41-Jα1.40). Moreover, none of these invariant TCRα chains exhibited 

any evidence of n-nucleotide diversification in their junctional regions [15]. Each TCRα 

chain was unique and displayed distinct CDR1α, CDR2α and CDR3α regions. The various 

Vα segments utilized belong to different V-families that are dispersed throughout the TCRα 

loci, suggesting that the preferential usage is a result of a selection process rather than a 

spatially directed preferential rearrangement during development. Importantly, although the 

specific silencing of XNC10 resulted in an ablated expression of the canonical Vα6-Jα1.43 

rearrangement, the relative expression of the five other unique invariant TCRα 

rearrangements was not affected (Edholm and Robert, unpublished observations). This is 

intriguing because it implies the presence of other distinct iT cell subsets. In light of this, it 

is tempting to speculate that there are multiple XNC restricted invariant or semi-invariant T 
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cell lineages in tadpoles. This would allow Xenopus tadpoles to preferentially generate a 

pool of innate-like T cells that are capable of rapidly, albeit less specifically, mounting 

immune effector functions. This is particularly relevant since Xenopus tadpoles (like other 

ectothermic vertebrates) hatch in the surrounding antigen-rich water and develop free of 

maternal influences. As such, within 2 weeks (developmental stage 50), the Xenopus 

immune system is under pressure to produce a TCR repertoire capable of recognizing a 

broad array of antigens on the basis of relatively few lymphocytes (15-20,000 T cells). Since 

the potential TCR repertoire in Xenopus far exceeds the number of its T lymphocytes, it is 

probable that additional mechanisms have evolved to produce a functional but more limited 

lymphocyte repertoire during early ontogeny.

3.3 Comparisons of Xenopus and mammalian iT cell population ontogeny

In addition to impairing antiviral immunity, XNC10 gene loss-of-function established in 

transgenic Xenopus by RNA interference completely abolishes the development of XNC10-

iT cells and the occurrence of the canonical iVa6-Ja1.43 rearrangement [15]. However, the 

ontogeny of XNC10-restricted iT cells is still poorly understood and the specific criteria 

governing iT cells lineage divergence from conventional T cells remains to be elucidated. In 

mammals, conventional T cells, iNKT and MAIT all arise from a common uncommitted 

thymocyte precursor. Specific iT cell lineage differentiation occurs following progression 

into the CD4/CD8 double positive (DP) stage, which is concurrent with rearrangements of 

the TCRα chain and subsequent expression of TCRαβ heterodimers on the cell surface. The 

likely mechanism governing this lineage divergence is positive selection mediated by 

specific MHC restricting elements [124-126]. Conventional αβT cell selection is dependent 

on heterotypic interaction between the TCR on DP thymocytes and either classical MHC 

class Ia or class II/peptide complexes expressed on the thymic epithelia [127]. In contrast, 

iNKT and MAIT cell development is dependent on selection on CD1d [4, 128] or MR1 [8], 

respectively, expressed on immature cortical thymocytes and thus requires homotypic 

interaction between DP thymocytes.

Currently, the specific cell type mediating XNC10-dependent iVα6 selection in Xenopus has 

not been directly identified. However multiple indirect lines of evidence suggest that iVα6 T 

cells, similar to mammalian iT cells, are selected by hematopoietically derived immature 

thymocytes. Distinct stages of thymocyte differentiation have been characterized in Xenopus 

where immature and mature thymocytes are defined based on changes in surface expression 

of the cortical thymocyte-specific Xenopus cell surface marker (CTX; [129-131]). CTXhigh 

thymocytes most likely represent a developmental stage equivalent to that of mammalian DP 

thymocytes. CTX is a type I transmembrane glycoprotein comprised of a variable-like and a 

constant immunoglobulin domains. CTX is highly expressed on undifferentiated cortical 

thymocytes and appears to serve as an adhesion and/or signaling molecule during Xenopus 

thymocyte differentiation. In tadpoles, XNC10 is preferentially expressed on immature 

(CD5−/CTXhigh) and to a lesser extent mature (CD5+/CTXlow) CD8+ thymocytes. In fact, 

XNC10 RNA can be detected from the onset of early thymic organogenesis prior to the 

occurrence of fully differentiated mature thymocytes [20]. Moreover, XNC10 expression 

becomes undetectable following sublethal γ-irradiation that has been shown to preferentially 

deplete thymocytes [20, 129, 132]. Likewise, XNC10 expression pattern is mirrored in X. 
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tropicalis where the XNC10 ortholog SNC10 is preferentially expressed on 

hematopoietically derived thymocytes from early onset thymic organogenesis [73]. 

Collectively, these data imply that XNC10 is preferentially expressed on thymic 

hematopoietic cells, suggesting that similar to mammalian iT cells, Xenopus iT cells are 

selected by CTX+ DP thymocytes rather than by the thymic stroma.

Aside from the requirement for XNC10, it is unknown what other components are involved 

in Xenopus iT cell lineage-specific expansion and differentiation. Interestingly, whereas in 

vivo CTX protein is expressed almost exclusively by immature thymocytes co-expressing 

XNC10, CTX is also highly expressed on several Xenopus thymic lymphoid tumor cell 

lines. Activation of these tumor cells through anti-CTX mAb cross-linking induces 

abnormal cell division resulting in accumulation of cells in the G2/M phase [133]. This 

suggests that CTX, through control of the cell cycle, may play a role in selection and 

differentiation of T cells. In addition to CD1d-induced positive selection, mammalian iNKT 

(but not MAIT) lineage expansion and differentiation requires homotypic interaction 

between members of the signaling lymphocytic activation molecules (SLAM) family [134], 

specifically SLAMF1 and SLAMF6 receptors [135]. These signals lead to downstream 

recruitments of the SLAM-associated protein SAP and the Scr-family kinase Fyn and 

activation of NF-κB. Following CD1d and SLAM receptor-mediated initial selection, iNKT 

cell precursors undergo a series of intra-thymic differentiation steps after which they either 

exit the thymus for the periphery where they mature and express NK1.1 (CD161 in humans), 

or alternatively they undergo a proliferative burst and remain as long-term residents in the 

thymus [4, 136] and reviewed in [137]. Comparably, using XNC10-tetramers, we showed 

that while iVα6 T cells are abundant in the spleen, these cells are rare in tadpole and adult 

thymus, where they typically represent less then 0.05% of the total thymocytes. This 

suggests that iVα6 T cells undergo rapid egress from the thymus following XNC10-

mediated selection; then they accumulate and possibly expand and undergo additional 

maturation in peripheral organs such as the spleen. This would be reminiscent of MAIT cell 

development. In contrast to iNKT cells that are abundant in the thymus, MAIT cells are very 

rare and display a naive phenotype in both thymus and cord blood. They have been shown to 

exit the thymus as immature cells [8, 23, 69]. Furthermore, MAIT cells undergo what has 

been described as a stepwise developmental process that involves B cell-independent MR1 

restricted intrathymic selection followed by B cell-dependent clonal expansion and 

maturation in the periphery [7, 139]. This peripheral maturation step also appears to be 

dependent on commensal flora, as MAIT cells are absent in germ-free mice [139]. MAIT 

cells are partially expanded after re-colonization of the bacterial flora in germ-free mice 

[139] suggesting a complex relationship between MAIT cells and mucosal microbes. It is 

also, hypothesized, that microbial products within the gut flora may regulates MR1 surface 

expression.

Another important aspect possibly influencing iT cell lineage development is how these 

cells respond to a strong agonistic signal. Following positive selection and prior to thymic 

egress, conventional T cells undergo a defined developmental stage during which T cell 

clones expressing a TCR that bind the MHC/self peptide complex with strong avidity are 

deleted, thereby removing potentially auto-reactive cells from the peripheral T pool. In 
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mouse, negative selection is primarily mediated by dendritic cells located in and around the 

thymic cortex/medulla interface [140]. The precise role and importance of negative selection 

for mammalian iT cell development is not fully elucidated. It has been suggested, that at 

least with respect to iNKT cells, there is a defined developmental stage during which these 

cells have an increased susceptibility to negative selection (reviewed in [124] and [137]). 

Two studies using in vitro fetal thymic organ cultures (FTOC) have shown that, consistent 

with negative selection, NKT cell development is abrogated in the presence of α-GalCer, a 

strong NKT cell agonist [138, 141]. Importantly, these studies demonstrated that while early 

addition of α-GalCer leads to fewer NKT cells, a delayed introduction of the compound, in 

vivo or in vitro did not affect NKT cell development [138, 141]. Additionally, CD1d over 

expression on dendritic cells in CD1d transgenic mice and bone marrow chimeras reduces 

but does not abrogate the number of NKT cells as compared to wild type mice [138]. These 

data suggest that a strong TCR engagement during a defined developmental window is also 

detrimental for NKT cells, which is consistent with the idea that potentially self reactive 

NKT cells are sensitive to negative selection. However, while fewer NKT cells were 

generated in the presence of a strong agonist, neither of these studies demonstrated deletion 

of a pre-formed NKT-cell subset in response to negative selection.

4. Concluding remarks

Nonclassical MHC class I-restricted iT cells have gained considerable attention in recent 

years because of their potential as regulators of immune function. However, until recently 

the evolutionary history of these T cell subsets was unclear, as they had only been 

unequivocally identified in humans and mice. The recent identification of nonclassical MHC 

class I-restricted iT cell subsets in the amphibian X. laevis provides evidence that these cell 

types are not limited to mammals. Moreover, comparative studies underline the biological 

importance of iT cells. With this in mind the existence of functional analogs to iT cells in 

ectothermic vertebrates is intriguing. Xenopus iVα6T cells share many characteristics with 

mammalian iNKT and MAIT cells. Taken together, the suboptimal thymic class Ia protein 

expression, the expression of several distinct XNC genes on thymocytes from early thymic 

organogenesis, and the highly biased TCRα repertoire observed T cells, suggest that the 

tadpole immune system relies more heavily on distinct populations of XNC restricted iT 

cells than that of the adult frog. Also the phylogenetic analysis and lack of sequence identity 

among XNC subfamilies suggest that different XNC genes have distinct antigen presentation 

properties. Therefore, it is possible that the different iT cells are each restricted by a specific 

XNC molecule, and as such recognize distinct antigens and have different effector functions. 

This developmental strategy would permit the Xenopus tadpole immune system to rapidly, 

albeit less specifically, recognize and respond to conserved pathogenic motifs. This is of 

particular biological relevance as tadpoles have to generate lymphocyte receptor repertoires 

with a limited number of T cells within 2 weeks following hatching into antigen-rich 

surrounding waters. Given the vast numbers and diversities of nonclassical class I genes 

seen across ectothermic vertebrates, it is tempting to further speculate that unconventional 

nonclassical MHC class I-restricted T cell populations are more common than previously 

thought.
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Abbreviations

MHC Major histocompatibility complex

XNC Xenopus non-classical

SNC Siluriana non-classical

MR1 major histocompatibility molecule related 1

TCR T cell receptor

MAIT MR1 associated invariant T cells

iNKT invariant natural killer T cells

iT cells invariant T cells

FV3 Frog Virus 3

MYA million years ago

CTL cytotoxic T lymphocytes

CCU-CTL classical class Ia-unrestricted CTLs

NKT Natural killer T cells

αGalCer glycolipid α-galactoceramide

DP double positive

DN double negative

SLAM signaling lymphocytic activation molecules

CTX cortical thymocyte-specific Xenopus
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Figure 1. Genomic organization of X. laevis nonclassical MHC class I genes
XNCs are located distally from the MHC locus on the same chromosome with the MHC in 

the middle of the long arm and the XNC locus at the tip of the same arm [84]. Organization 

of the 23 XNC genes including pseudogenes, indicated by Φ. XNC genes are located on five 

different scaffolds based on the Xenopus laevis Genome project http://xenopus.lab.nig.ac.jp, 

XenVis 2.0 assembly. The number of each scaffold is indicated on the right. XNC genes 

expressed on tadpole thymocytes are indicated by a *. Orthologous relationships defined by 

multiple sequence alignments and neighbor-joining phylogenetic analysis of the α1/α2 

domains of XNC genes are indicated by colors with each color representing a phylogenetic 

grouping based on a bootstrap value of >95. Flanking unrelated genes are shown as white 

boxes.
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Figure 2. Differential development of conventional and unconventional αβT cell in X. laevis 
tadpole and adults
Conventional αβT cells as well as unconventional iT cells arise from the thymus. During 

tadpole development the suboptimal surface expression of classical MHC class I molecules 

is possibly compensated for by expression of various XNC molecules that select for distinct 

populations of invariant T cells. Specifically, iVα6 T cells are most likely selected by 

XNC10 expressed on immature CTX+ thymocytes and subsequently migrate to the spleen 

where they make up ~2-4% of the total lymphocyte population. The tadpole spleen is also 

populated by five additional distinct iT cell subsets, each expressing a unique invariant 

TCRα rearrangement. Collectively, these iT cells make up the majority of CD8− and 

CD8dim T cells in the tadpole spleen. This suggests that Xenopus rely more extensively on 

XNC restricted iT cells during early developmental stage when tadpoles have a limited 

number of T cell and suboptimal classical MHC expression. Despite the suboptimal classical 

MHC protein expression the tadpole also posses a minor fraction of circulating CD8+ T cells 

expression a broad unrestricted TCRα repertoire. During metamorphosis and the transition 

from tadpoles to adults, a drastic reduction in the total number of thymocytes and splenic 

lymphocytes is observed accompanied by consistent surface expression of classical MHC in 

the thymic medulla. Thus, in the adult type thymus, the key element for conventional CD8+ 

T cell selection is present. The adult thymus also express XNC10 on thymocytes located in 

the thymic cortex, which is most likely required for selection of iVα6 T cells. Following 

selection both conventional CD8+ T cells and iVα6 T cells migrate to the spleen where they 

typically constitute 15-20% and 1-4% of the total lymphocyte population respectively.
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