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Human and murine MHC nonclassical class Ib-restricted invariant T
(iT) cell subsets, such as invariant natural killer T cells (iNKT) and
mucosal-associated invariant T cells, have specialized functions
early in immune responses, especially in modulating subsequent
adaptive immune responses. Here, we characterize a prominent
iT population in the amphibian Xenopus laevis and show the re-
quirement of the class Ib molecule, Xenopus nonclassical gene 10,
in its differentiation and function. Using Xenopus nonclassical
gene 10 tetramers and RNAi loss of function by transgenesis, we
identified a large class Ib-dependent CD8−/CD4− iT subset in un-
manipulated frogs and tadpoles. This population is critical for an-
tiviral immunity during early larval stages when classical MHC
class Ia function is suboptimal. Furthermore, in young tadpoles
with low class Ia expression, deep sequencing revealed addi-
tional preponderant invariant T cell receptor (TCR)α rearrange-
ments, implying other iT cell subsets and a predominant
selection process mediated by other class Ib molecules. The re-
striction and requirement of class Ib molecules for development
and antiviral immunity of a mammalian iNKT or mucosal-asso-
ciated invariant T cell counterpart in the amphibian Xenopus
show the importance of iT cells in the emergence and evolution
of the adaptive immune system.

In jawed vertebrates (Gnathostomes), classical MHC class Ia
(class Ia) genes encode highly polymorphic and ubiquitously

expressed molecules essential for αβCD8+ T-cell differentiation
and function. Gnathostomes also have variable numbers of het-
erogeneous nonclassical MHC class Ib (class Ib) genes that en-
code molecules structurally similar to class Ia but usually with
more limited tissue distribution and lower polymorphism (1).
Some class Ib genes are found within the MHC region, whereas
others are located outside the MHC. In mammals, certain class
Ib genes, expressed either by thymocytes or other hematopoietic
cells, are critically involved in the differentiation and function of
distinct subsets of invariant T cells (iT cells) (2–6). These class
Ib-restricted T-cell subsets include the CD1d-restricted invariant
natural killer T (iNKT) and the MR1-restricted mucosal-asso-
ciated invariant T (MAIT) cells. Both of these T-cell subsets
express a unique semiinvariant T cell receptor (TCR), follow
distinct developmental pathways divergent from differentiation
of conventional T cells, and have specialized function(s) (4, 6).
For example, MAIT cells respond in an MR1-dependent manner
to a wide variety of different microbes and have antimicrobial
activity, suggesting a role of these cells during microbial infec-
tions (7). Similarly, iNKT cells have been implicated in immunity
to a variety of bacteria as well as in parasitic infections, viral
infections, and fungal disease (8).
Furthermore, certain class Ib genes may play important roles

during early development, when class Ia expression is suboptimal
(9). However, the full biological significance of iT cells and the
importance of nonpolymorphic class Ib molecules for their de-
velopment are just starting to emerge. Also, nothing is known
about the evolutionary conservation of iT cells; their presence
in representative species in older classes of vertebrates would

identify them, along with conventional T and B cells, as funda-
mental partners in orchestrating innate and adaptive immunity.
The amphibian Xenopus laevis is an attractive model for de-

velopmental immunology owing to the ease of manipulation and
visualization of animals at all developmental stages. The immune
system is remarkably conserved between mammals and Xenopus,
especially intrathymic T-cell development and peripheral T-cell
function (10). Unlike mammals, however, the Xenopus immune
system and T-cell differentiation in particular are subject to an
additional developmental program during metamorphosis (11,
12). Notably, although both larvae and adults are immunocom-
petent and have CD8+ T cells, the larval thymus lacks significant
class Ia protein expression until metamorphosis (13). Conversely,
certain class Ib genes are expressed in tadpoles at the onset of
thymic organogenesis (14). This expression pattern and the un-
usually high conservation of certain Xenopus class Ib genes (15)
have prompted us to determine whether these class Ib molecules
are involved in amphibian iT cell development.
The Xenopus nonclassical gene (XNC) class Ib gene XNC10

is one of X. laevis 30 XNC genes (14–16). XNC10 represents
a unique class Ib monogenic lineage phylogenetically distinct
from both X. laevis class Ia and other XNC genes but highly
conserved among divergent Xenopus species and characterized
by interspecies sequence conservation in its putative antigen
binding domain (15). Additionally, the XNC10 gene is prefer-
entially expressed by thymocytes as early as 3 d postfertilization
(14). We hypothesized that XNC10 is critically involved in Xen-
opus iT cell biology. Accordingly, we generated an X. laevis class
Ib tetramer and developed an effective reverse-genetic loss-of-
function approach by combining I-SecI meganuclease-mediated
transgenesis with RNAi technology (17).

Results
Specific Binding of XNC10 Tetramer to a CD8−/4− Double Negative
Splenic T-Cell Subset in Adult X. laevis. To determine whether class
Ib-restricted iT cells are present in nonmammalian vertebrates,
we designed a Xenopus class Ib tetramer (XNC10-T) using the
methodology used for CD1d tetramers (18) (Fig. S1). We se-
lected XNC10 because of its high degree of evolutionary con-
servation and its early expression in the developing thymus (14).
Flow cytometry analysis of splenic leukocytes from naïve adult
frogs revealed two distinct XNC10-T–reactive lymphocyte pop-
ulations that we classified as types I and II based on differences in
phenotype and TCR repertoire (Fig. 1). XNC10-T–reactive cells
were also detectable by immunofluorescence staining of total
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splenocytes (Fig. 1C). Type I bright XNC10-T+ cells stained
negative for CD8 and the X. laevis marker CD5 that stains the
majority of thymocytes and peripheral T cells (10), whereas
type II XNC10-Tdim+ cells displayed an intermediate surface
staining for CD8 and CD5 (Fig. 1A). Both types I and II XNC10-
T–reactive populations were MHC class IIlow+ (Fig. 1A), which is
typical of Xenopus adult T cells (10). XNC10-T–reactive T cells
represented a substantial fraction of splenic lymphocytes of
healthy frogs (3.5% ± 3.5 for type I XNC10-T+ and 2.5% ± 2.6
for type II XNC10-Tdim+). Higher frequencies of XNC10-T–
reactive lymphocytes were observed in some animals (>9%)
(Fig. 1B). A substantial fraction of type I XNC10-T+ cells was
also detected in peripheral blood leukocytes (1% ± 0.5) (Fig.
S2). Because thymocytes express XNC10, we looked for
XNC10-T–reactive thymocytes in young adults (>10 mo) when
the thymus is well-developed. Although XNC10-T–reactive
lymphocytes were consistently present in the spleen of froglets,
no significant tetramer staining was detected for thymocytes
(Fig. S3).
Furthermore, we sorted splenic XNC10-T+ and XNC10-Tdim+

subsets (>85% purity) and examined the expression of several
immune-relevant genes by RT-PCR. In several experiments

(Fig. 1 D–G and Fig. S4), XNC10-T+ and XNC10-Tdim+ cells
expressed transcripts for functionally rearranged TCR α- and
β-chains but were negative for CD4 and CD8β. In addition, type
I cells did not express CD8α transcripts, suggesting that these
cells are CD8−/CD4− double negative (DN) T cells, whereas
CD8α gene expression for XNC10-T+/CD8dim cells varied
among individuals (i.e., weak to no expression). Finally, nei-
ther type I nor type II cells expressed the promyelocytic leukemia
zinc finger, a signature transcription factor of mammalian NKT,
iNKT, and MAIT cells (19). Collectively, these results show that
splenic XNC10-T+ T cells are mostly DN with some CD8ααlow
cells. The fact that XNC10-T specifically identifies a distinct
T-cell population suggests that either XNC10 is devoid of ligand
in its class I groove or a conserved ligand is available that binds
to the XNC10 groove during biosynthesis in the insect cells.

Type I XNC10-T+ DN Cells Express an Invariant TCR α-Chain with
a Defined Complementarily Determining Region 3α. To determine
whether XNC10-T–reactive T cells express an invariant TCR, we
first analyzed the TCR Vα repertoire of sorted type I XNC10-T+

and type II XNC10-Tdim+ populations by 5′-rapid amplification
of cDNA ends (RACE) analysis using Cα reverse primers. Be-
cause two different Cα genes (Cαa and Cαb) (20) sharing 76.4%
amino acid identity have been identified in X. laevis, consensus
Cα reverse primers were designed. Interestingly, no Cαa was
found in 61 sequences from types I and II XNC10-T+ cells,
whereas it was used at very low frequency (1% of the total
transcript analyzed) in XNC10-T−/CD8+ cells. Most notably,
type I XNC10-T+ cells displayed a strictly invariant TCRα that
consisted of Vα6 rearranged to Jα1.43 (Fig. 1 E and G). In ad-
dition, the iVα6-Jα1.43 junction (ASDTG) was conserved in all
sequences analyzed from three genetically unrelated individuals,
including two outbreds and one MHC homozygous inbred J-
strain frog. This feature is reminiscent of the invariant TCR
α-chains characteristic but limited to mammalian iNKT and
MAIT cells (21, 22). The iVα6-Jα1.43 rearrangement was also
detected in the majority (∼58%) of XNC10-Tdim+ transcripts,
but there was also a minor representation of six additional Vα
and seven additional Jα segments (Fig. 1E and Table S1). In
contrast, control XNC10-T−/CD8+ T-cell populations isolated
from the same animal expressed a broad TCRα repertoire using
many different Vα and Jα segments with no significant expansion
for any particular rearrangement (Fig. 1E and Table S2). Finding
a diversified TCRα repertoire from RNA of the same animal and
experiment rules out potential PCR artifacts.
To determine whether the XNC10-T+ invariant comple-

mentarily determining region 3α (CDR3α) region underwent n-
nucleotide additions, we performed BLAST analysis on iVα6-
Jα1.43 cDNA sequences of an inbred J-strain adult against the
partially annotated X. laevis J-strain genome (http://www.xenbase.
org/genomes/static/laevis.jsp). The rearranged iVα6-Jα1.43 CDR3α
region was exclusively encoded by germ-line sequences with no
evidence of n-nucleotide additions. The invariant junctional
aspartic acid (D) was always encoded by 2 nt derived from the
Vα6 segment and 1 nt from the Jα1.43 gene segment. Compar-
atively, CDR3α regions of type II XCN10-Tdim+ cells (excluding
the iVα6-Jα1.43) were more diverse, ranging from 10 to 14 resi-
dues in length, with n-nucleotides identified in 63.6% of non-
redundant sequences (Table S1). The CDR3α of CD8+/XNC10-
T− cells was highly diverse; 62% of junctional regions contained
1–4 nongerm line-encoded nt additions (Table S2). We next ex-
amined types I and II CDR3α regions for amino acid conserva-
tion. However, with the exception of a glycine at position 110 (23)
in the majority of types I and II CDR3α regions and the positively
charged amino acid lysine at position 115 followed by a leucine at
position 116, no additional conserved residues were identified. All
of these conserved CDR3α residues exclusively originated from
germ-line sequences.
Additional analysis of the X. laevis genomic scaffolds revealed

that Vα6 is located ∼81.7 kbp 5′ of the Cαb region, with the
interspersing region containing 5 additional functional Vα gene

Fig. 1. Identification of XNC10-T+ T-cell populations in the spleen of adult
Xenopus. (A) Flow cytometry of live spleen leukocytes isolated from adult
Xenopus and stained with XNC10-T and CD8, CD5, or MHC class II-specific
mAbs. (B) Percent XNC10-Tbright+ (3.5% ± 3.5), XNC10-Tdim+ (2.5% ± 2.6),
and CD8+ cells (15.76% ± 3.9) of total live spleen leukocytes (n = 10 adult
outbred Xenopus; mean and SD for each population are shown). (C) Immu-
nofluorescence using XNC10-T on adult Xenopus spleen leukocytes is shown in
red; nuclei (blue) were stained with DAPI. (Magnification: 40×.) Arrows indicate
XNC10-T+ cells. (D) Gene expression profiles of sorted cells from spleen leu-
kocytes. (E and F) TCRα and -β variable segment (V) repertoire (listed by
numbers) in sorted populations from inbreed J-strain X. laevis. TCR Vα, n = 35
clones sequences from each population; TCR Vβ, n = 26, 30, and 35 clones,
respectively. Data shown are representative of three independent experi-
ments. (G) Nucleotides and amino acids of the invariant CDR3α sequence.
Va6 nucleotides are underlined, Jα1.43 nucleotides are bold, and the CDR3α
region is boxed.
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segments and at least 55 unique Jα segments (Table S3). In
addition, both Vα6 and Jα1.43 genes were flanked by canonical
recombination signal sequence motifs highly conserved among
different Vα and Jα segments. RT-PCR of XNC10-T−/CD8+

populations and total splenocytes using Vα6-specific forward
primers with Cαb reverse primers showed that Vα6 can rear-
range to different Jα segments, suggesting that the predominance
of Vα6-Jα1.43 in XNC10-T–reactive cells results, at least par-
tially, from a selection process rather than genetic programming.

Type I XNC10-T+ DN Cells Predominantly Use TCR Vβ6/Vβ13, Dβ1.2,
and Jβ13/Jβ3 Gene Segments. To examine the degree of TCR in-
variance of XNC10-T–reactive T cells, we characterized their
TCRβ repertoire by 5′-RACE-PCR (Fig. 1F). Type I XNC10-T+

cells showed a restricted TCRβ repertoire with predominant use
of Vβ6-Jβ13 (∼66%) and to a lesser extent, Vβ13/Vβ7 gene
segments (20% and 5%, respectively) (Table S4). Notably, Vβ6
and Vβ7 shared identical CDR2β regions but divergent CDR1β
regions (Fig. S5). Likewise, type II XNC10-Tdim+ cells pre-
dominantly used Vβ6-Jβ13 segments (30%), with a minor rep-
resentation of eight additional Vβ segments. (Table S1). The
limited TCRβ use displayed by these XNC10-T–reactive T cells
is again a typical feature found in mammalian MAIT and
iNKT cells.
We next addressed D segment use. To date, two putative Dβ

segments have been identified in X. laevis (24). To determine the
precise VD and DJ junctions and degree of n-nucleotide con-
tribution in the CDR3β regions, we searched the X. laevis ge-
nome and identified two Dβ (Dβ1.1 and Dβ1.2) genes. Both
Dβ1.1 and Dβ1.2 are flanked by canonical recombination
signal sequences. The predominant Vβ6-Jβ13 rearrangement
of type I XNC10-T+ cells exclusively used Dβ1.2, and the
CDR3β region was only encoded by germ line-derived sequen-
ces. Interestingly, one of the Vβ7 containing transcripts consisted
of a CDR3 region identical to CDR3 of the predominant Vβ6-
Jβ13. Moreover, CDR3β regions of Vβ10, Vβ13, Vβ14, and Vβ19
all contained a Dβ1.2 core segment. However, in contrast to the
predominant Vβ6-Jβ13 junctional region, the CDR3β regions
consisted of germ line- and nongerm line-encoded nucleotides at
both the Vβ-Dβ and Dβ-Jβ junctions. Moreover, with the ex-
ception of a serine residue at position 107 (25) and a glutamine
located three to four residues upstream of the conserved GXG
motif in the majority (66.6%) of sequences, no apparent con-
served motifs were detected in the type I XNC10-T+ cell CDR3β
regions. Thus, the type I XNC10-T+ cells display a limited TCRβ
repertoire diversity, albeit more variable than TCRα.
Concerning type II XNC10-Tdim+ CDR3β regions, all tran-

scripts analyzed except the Vβ6-Jβ13 consisted of germ-line and
nongerm-line sequences displaying both Dβ1.1 (3.3%) and Dβ1.2
(96.7%) segments (Table S1). Control XNC10-T−/CD8+ pop-
ulations isolated from the same animal showed widely diversified
Vβ/Jβ use and CDR3β regions (Fig. 1F and Table S5).

XNC10-T+ Cells Are Present in Premetamorphic Tadpoles. Unlike
adult frogs, where cell surface class Ia molecules are ubiquitously
expressed, larvae have weak and limited class I surface protein
expression until the onset of metamorphosis (10–13). Because
class Ib gene expression, specifically XNC10, is detected from
early thymus organogenesis, class Ib expression has been pos-
tulated to compensate for the low class Ia expression during early
ontogeny (14). To investigate this possibility, we first determined
whether XNC10-T+

–reactive cells were present in the spleens of
premetamorphic tadpoles (stage 53, 25–26 d postfertilization) by
flow cytometry. Because of low cell numbers, splenocytes from
four tadpoles were pooled before staining. As in adults, two
distinct populations of XNC10-T+

–reactive cells were found in
the tadpole: a type I XNC10-T+/CD8− and a type II XNC10-T+/
CD8dim+ cell subset, representing 2% ± 0.8 and 2.3% ± 0.5 of
total splenic lymphocytes, respectively (Fig. 2). In contrast to
adults, the XNC10-T fluorescent signal intensity of the type II
XNC10-T+/CD8dim+ larval subset was higher than adult, suggesting

an increase in surface expression of the TCR bound by XNC10-
T. As in young adults, no consistent XNC10-T staining was
detected on larval thymocytes.

XNC10 Loss of Function by RNAi in Vivo Results in Impaired iVα6-
Jα1.43 Expression, XNC10-T+ Cell Deficiency, and Weakened Larval
Resistance to Viral Infection. Given the XNC10 gene expression
by larval thymocytes at the onset of thymic organogenesis and
the presence of splenic XNC10-T+

–reactive cells during early
development, we hypothesized that XNC10 is required for
iVα6T cell differentiation. To test this hypothesis, we used our
recently developed reverse-genetic loss-of-function approach,
which combines RNAi and I-SceI meganuclease-mediated trans-
genesis (17). A key advantage of this technique is that the high
efficiency and nonmosaic transgene expression permit the direct
use of F0 animals (17). Outbred F0 transgenic tadpoles (stage 53,
25 d postfertilization) were screened for uniform nonmosaic
GFP expression, and XNC10 knockdown was assessed by
quantitative PCR (qPCR) compared with age-matched controls
(Fig. 3A). Dejellying was performed before microinjection on
experimental and control eggs to remove the protective mem-
branes that surrounds the embryo. Notably, XNC10 silencing in
transgenic animals resulted in a drastic decreased expression of
the invariant iVα6 rearrangement in both spleens (P = 0.0396)
and thymuses (P = 0.00712) compared with age-matched con-
trols (Fig. 3B), suggesting that successful differentiation of the
iVα6 T-cell lineage is XNC10-dependent. Furthermore, nested
RT-PCR revealed a high frequency of nonproductive Vα6
rearrangements in the spleens of transgenic animals (37.1% ±
15, n = 3) compared with controls (8.7% ± 14.4, n = 3) (Fig. S6).
Finally, flow cytometric analysis of an F0 transgenic adult
showed a marked reduction of both splenic types I and II
XNC10-T+ cells compared with age-matched dejellied controls
(Fig. 4). No obvious differences were observed in the total
numbers of CD8+ cells, indicating that XNC10 silencing specif-
ically effected the iVα6 T-cell populations but not other T-cell
pools. Collectively, these results provide convincing evidence of
the restriction and requirement of XNC10 for the iVα6 T-cell
lineage development, which further argues for functional simi-
larity to mammalian MAIT and iNKT cells.
To determine whether XNC10-dependent iVα6 T-cell de-

ficiency has immunological consequences, we infected F0 trans-
genic tadpoles (stage 53, 25 d postfertilization) with the ranavirus
frog virus 3 (FV3), a natural amphibian pathogen (26). XNC10
deficiency resulted in a marked increase in susceptibility to FV3
infection, especially at early stages of infection, compared with
nontransgenic controls of the same parent (Fig. 3C). The median
survival time on infection of transgenic tadpoles was significantly
shorter than controls (12.5 versus 36.5 d, P > 0.001).

Fig. 2. Identification of XNC10-T+ cells in the spleens of early de-
velopmental stage 53 tadpoles (3 wk). Flow cytometry of spleen leukocytes
pooled from either (A) four individuals or (B) one adult and double stained
with XNC10-T and CD8 mAb. Data shown are representative of three dif-
ferent experiments.
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TCRα Repertoire in CD8dim+ and CD8− T-Cell Populations in Tadpole Is
Limited with Several Dominant Distinct Invariant Rearrangements.
Given the suboptimal class Ia gene expression during early on-
togeny, especially in the thymus (10–13), we have proposed that
certain class Ib genes, such as XNC10, may play a more pre-
ponderant role in T-cell differentiation during early development.
Accordingly, one would predict a general bias in the TCR rep-
ertoire at an early larval stage. To examine the nontetramer-
biased global TCRα repertoire, we adapted our 5′-RACE analysis
to 454-pyrosequencing technology. Using the inbred J strain to
avoid allelic variation, we sorted CD8+, CD8dim+, and CD8−

populations from splenocytes pooled of 167 stage 50/51 tadpoles
(15–16 d postfertilization), when the first mature T cells begin to
populate the spleen. After selection for a minimum size of
250 bp, a total of 42,466 high-quality functional rearranged
TCRα sequences was analyzed, including 19,905 CD8+, 9,417
CD8dim+, and 13,144 CD8− sequences. Based on a >85% nucle-
otide identity cutoff, the different sequences were grouped into
clusters of distinctive Vα families irrespective of Jα segments (Fig.
5). The Jα segment used within each cluster was then determined
by using all 60 known genomic Jα segments.
Larval CD8+ T cells exhibited a wide variety of distinct Vα and

Jα segments indicative of a diversified TCRα repertoire already
present at this early developmental stage at the population level
(if not the individual level) (Fig. 5A and Table S6). Additional
analysis using a higher stringency (>95%) and basic local align-
ment tool searches against the X. laevis genome confirmed the
diversification by a diverse Jα use in each cluster. In contrast,
when the same criteria were applied to the CD8dim+- and CD8−-
derived sequences, we found a marked overrepresentation of five
distinct Vα families. The dominant clusters in each of these pop-
ulations were reclustered using a >95% sequence identity cutoff
(Fig. 5 C and D), and each cluster was analyzed for Jα use and n-

nucleotide additions. We identified three highly overrepresented
invariant Vα rearrangements with no n-nucleotide additions 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 overrepresented in the CD8− population together with three
additional invariant Vα rearrangements (Vα22-Jα1.32, Vα40-
Jα1.22, and Vα41-Jα1.40), comprising from 13.5% to 55.6% of the
total Vα repertoire in these populations (Fig. S7). Collectively, our
findings indicate that, during early development, the TCRα rep-
ertoire is highly biased by at least six distinct dominant invariant
TCR Vα rearrangements, one of which (Vα6-Jα1.43) is strictly
class Ib-dependent (XNC10).

Discussion
Our study provides compelling evolutionary evidence not limited
to mammals of the biological importance of iT cells and the
requirement of class Ib in their differentiation and function. The
identification of a distinct class Ib-restricted iT cell subset in
a cold-blooded vertebrate suggests the conservation throughout
jawed vertebrates of T-cell subsets with characteristics similar to
mammalian iNKT and MAIT cells. We have extensively char-
acterized (in the amphibian X. laevis,) a distinct and sizable class
Ib (XNC10) -dependent type I DN iT cell subset that expresses
the invariant TCR Vα6/Jα1.43 rearrangement without terminal
deoxynucleotidyl transferase-mediated n diversification and
a limited TCRβ repertoire. These iT cells comprise a significant
fraction of splenocytes and circulating blood cells of healthy
Xenopus adults and larvae. We also identified an additional type
II CD8dim+ (presumably CD8α/α) XNC10-reactive iT subset with
a predominant iVα6 bias, albeit with a more diverse TCRα and -β
repertoire than the type I subset. It is unclear whether this partial
TCR diversity results from contamination because of the slight
overlap between the XNC10-Tdim+/CD8dim+ and XNC10−/CD8+

populations or whether type II XNC10-T+ cells represent a distinct
XNC10-T+

–reactive subset reminiscent of mammalian type II NKT
cells that are (like the type I iNKT) CD1d-restricted but do not
express the canonical TCR α-chain (27). In either case, the iden-
tification of iT cells controlled by class Ib molecules in a species as
evolutionarily distant from mouse and human as Xenopus con-
stitutes a strong argument for the functional relevance of these
cells. This observation has strong significance, because the bi-
ological role of this system in immunity is neither fully understood
nor fully appreciated, despite marked progress in characterization
of mammalian iT cells.
Importantly, XNC10 silencing in vivo resulted in a marked

decrease in the expression of iVα6 TCR and a loss of XNC10-T–
reactive cells as well as a more than twofold increase in sus-
ceptibility to FV3 infection in young tadpoles. Although Xenopus
tadpoles are not as resistant to FV3 infection as adults, they do
mount antiviral immune responses (26). We previously reported
that beta 2 microglobulin (b2m) silencing, which impairs both
class Ia and XNCs surface expression, increased susceptibility to
FV3 infection in young tadpoles (17). We interpreted these data
as evidence for a critical role of class Ib in antiviral immunity
during early ontogeny, when class Ia expression is suboptimal
(17). The marked increase in susceptibility to FV3 infection
resulting in a rapid increase in mortality within a few days
postinfection obtained by specifically silencing one single class Ib
gene, XNC10, shows that class Ib molecules play a role in anti-
viral immunity in larvae. Furthermore, this increase in viral
susceptibility indicates that XNC10-dependent iVa6 T cells are
essential during early viral immunity, a finding that has funda-
mental relevance for the biological role of iT cells in all verte-
brates. Although effector function of iT cells in Xenopus remains
to be characterized, their importance in viral immunity has
parallels in humans and mice, where some viruses have been
shown to target CD1d expression (28). Similar to our study in
Xenopus, CD1−/− and Jα18−/− mice have impaired viral clearance
of herpes simplex viruses 1 and 2. Likewise, CD1d−/− but not
Ja1.18−/− mice show increased mortality to another herpes virus,
cytomegalovirus (29). Effector functions of mammalian iNKT

Fig. 3. XNC10shRNA Tg Xenopus tadpoles have reduced expression of iVα6.
Expression of (A) XNC10 or (B) iVα6 in Tg developmental stage 53/54 tad-
poles (white box) or age-matched dejellied controls (black box). Results are
normalized to an endodgenous control and presented as fold change in
expression compared with expression of XNC10 or iVα6 in the skin of Tg
tadpoles. All results are presented as mean ± SE (n = 4). *P < 0.05 and **P <
0.005 denote significant differences (Student t test). (C) F0 Tg tadpoles
(stage 53, n = 12) or control larvae (stage 53, n = 15) were i.p. infected with
1 × 104 pfu FV3, and survival was monitored daily. Active FV3 infection was
verified postmortem by RT-PCR using viral polymerase II on kidney-derived
genomic DNA. OB, outbred animals; RQ, relative quantification.

Fig. 4. XNC10shRNA Tg animals have fewer XNC10-T+ cells. (A) Represen-
tative image of GFP expression in F0 Tg adult frogs (<10 mo). (B) Flow
cytometry analysis of spleen from Tg animal and age-matched dejellied
control using XNC10-T and CD8 mAb. Percent XNC10-T+, XNC10-Tdim+, and
CD8+ cells are shown in the plot.
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cells are still not fully understood and likely to vary with the type
of viral infection. For example, cytomegalovirus induces murine
iNKT cells to produce IFN-γ, which in turn, amplifies the natural
killer cell response (30, 31).
The genes encoding class Ib molecules have been subjected to

rapid evolution; thus, their phylogeny remains unclear, and
species-specific adaptations are common. In this context, XNC10
is remarkable, because it is a monogenic family conserved across
the entire Xenopodinae subfamily corresponding to an evolu-
tionary history of at least 65 million y, implying an important and
nonredundant function for this gene. It should be emphasized
that this degree of evolutionary conservation of a class Ib pattern
of evolution is in stark contrast to mammals, where although few
class Ib genes (e.g., CD1 and MR1) have defined evolutionary
relationships, most class Ib genes show no orthologous rela-
tionships among closely related species (25). Similarly, conserved
functional equivalents among class Ib molecules are limited in
mammals. Importantly, our reverse-genetic loss-of-function ap-
proach reveals that XNC10 is essential for the development of
iVα6T cells. The fact that XNC10 silencing had no noticeable
effect on the total CD8+ T-cell compartment or the occurrence
of other TCR Vα supports the idea that XNC10 is specialized to
the differentiation and function of iVα6T cells. This characteristic
is reminiscent of CD1d requirement for the development and
function of iNKT cells and MR1 for MAIT cells (3, 6). Our data
strongly suggest that, despite this evolutionary incertitude, im-
portant specialized class Ib functions and presumably underlying
mechanisms have been conserved. As such, Xenopus provides
a powerful comparative model system to gather additional insight
into class Ib-mediated iT cell biology, including their tissue lo-
calization and potential role in mucosal immunity.
Although to date, the nature of the XNC10 ligand is unknown,

the fact that our XNC10 tetramer, lacking experimentally loaded
antigens, can nonetheless specifically bind a defined population
of iVα6T cells suggests that either the XNC10 interaction with
the iVαT is antigen-independent or purified XNC10 monomers
are preloaded with insect-derived antigens conserved enough to

the true ligand to facilitate iVαT-cell interactions. There are
several observations that support the idea of a conserved anti-
gen. First, XNC10 has a unique putative peptide binding domain
distinct from all other X. laevis class Ib as well as class Ia genes
(15). The putative peptide-docking residues of XNC10 are
highly conserved with those identified from the X. tropicalis ho-
molog SNC10, especially in the C terminus, suggesting that
XNC10 presents common or conserved (either endogenous or
exogenous) antigenic motif. In this context, it is interesting to
note that, based on Southern blot cross-hybridization, the
XNC10 gene seems to be conserved and diploidized in all species
of the Xenopodinae subfamily, regardless of their ploidy (diploid
to dodecaploid) (15). Second, although the direct interaction
between XNC10 and the invariant TCR expressed on iVα6T
cells has not yet been shown, it represents a likely target. Because
the CDR3α region of the invariant Vα chain is maintained
among animals of different genetic backgrounds and exclusively
encoded by germ-line sequences with no n-nucleotide additions,
it is likely that the resulting TCR binds a conserved motif. In
humans and mice, predominant use of germ-line sequences in
the CDR3α region has been shown in both the canonical type I
iNKT and MAIT TCR α-chain, with the MAIT TCR α-chain
exhibiting a conserved CDR3α length but displaying some junc-
tional variability in two codons (4, 6, 21).
Using global TCRα repertoire analysis by deep sequencing, we

offer compelling evidence that not only XNC10-dependent iVα6
T cells but also, several additional distinct iT cell subsets are
preponderant during early development, when class Ia expres-
sion is suboptimal. This biased usage suggests an alternative,
possibly class Ib-dependent selection process. This observation
is of fundamental relevance, because Xenopus tadpoles rep-
resent something of an immunological enigma; they have very
limited surface expression of class Ia molecules until the onset of
metamorphosis (12, 13). Unlike mammalian embryos, which
reside in a relatively antigen-free uterus, Xenopus larvae (like
other ectothermic vertebrates) hatch in the surrounding antigen-
rich water. As such, within 2 wk postfertilization, the Xenopus
immune system is under pressure to develop quickly and produce
a diversified lymphocyte receptor repertoire with a very small
numbers of lymphocytes (15,000–20,000 T cells). Because the
potential TCRα/β repertoire in Xenopus far exceeds the number
of lymphocytes, additional mechanisms may have evolved to
produce a functional but more limited lymphocyte repertoire
during early ontogeny. In this context, surface class Ia expression
is first detected on erythrocytes and splenocytes at metamorphic
stages (reviewed in ref. 10). Similarly, no class Ia protein is
detected by immunofluorescence microscopy, and there was no
none-to-weak class Ia and large multi functional peptidase 7
mRNA expression as determined by Northern blot analysis (12,
13). However, we have shown that low levels of class Ia ex-
pression are detectable by RT-PCR in the thymus of tadpoles
as early as stage 39. Because b2m is also expressed at this
stage, the possibility remains that a very low level of class Ia
(below Ab detection level) is expressed in the larval thymus.
Alternatively, class Ib genes expressed at this early developmental
stage may counterbalance the class Ia-deficiency. These two pos-
sibilities need not be mutually exclusive. Nevertheless, it is note-
worthy that, despite a suboptimal class Ia expression, Xenopus
larvae have CD8+ T cells and can reject MHC incompatible grafts,
albeit with slower rejection kinetics than adults (32). This ability
suggests the presence of a T-cell compartment functionally distinct
from T cells of postmetamorphic animals.
Our results indicate that 2-wk-old tadpoles (stage 50) with

spleens that are just beginning to be colonized by mature T cells
already have, on the one hand, a CD8+ T-cell population with
a diversified TCRα repertoire and on the other hand, CD8dim+

and CD8− populations with a highly biased TCRα repertoire
largely composed of six different dominant invariant clonotypes,
including the XNC10-dependent Vα6/Jα1.43 iT cell rearrange-
ment. The relative fraction of each putative iT cell population
expressing these different overrepresented rearrangements in

Fig. 5. TCRα repertoire in stage 50 tadpoles is limited with several dominant
invariant TCR α-chains. (A) CD8+, CD8dim+, and CD8− populations were sorted
from spleens of stage 50 inbred J-strain tadpoles (n = 167); potential TCRα
repertoire in each population was determined using 5′RACE-PCR and next
generation 454 pyrosequencing. The frequency of different Vα families
based on >85% nucleotide identity for (B) CD8+, (C) CD8dim, and (D) CD8− is
show with n = total reads. The frequency and number of Vα6, Vα22, Vα23,
Vα40, Vα41, and Vα45 are indicated in each population. For CD8+, each slice
represents a unique Vα family starting with Vα1 and moving clockwise to
Vα90. The total CD8+ Vα family repertoire is summarized in Table S6. (C and
D) Each of the dominant Vα family clusters was reanalyzed with a >95%
nucleotide identity, and Jα gene segment use within each cluster is in-
dicated. Undef indicates no match with >95% sequence identity to any
previously identified Jα. FSC-A, forward scatter.

14346 | www.pnas.org/cgi/doi/10.1073/pnas.1309840110 Edholm et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1309840110/-/DCSupplemental/pnas.201309840SI.pdf?targetid=nameddest=ST6
www.pnas.org/cgi/doi/10.1073/pnas.1309840110


the spleen of individual animals is hard to estimate, because we
cannot exclude that the predominant expression of the dominant
transcripts is because of a high level of expression in a few cells
as opposed to an expanded population. However, for the iVα6
rearrangement, we have shown, using XNC10 tetramers, that
these iVα6 T cells represent a substantial fraction (∼5% of total
lymphocytes), which reinforces the idea of a biased TCRα rep-
ertoire during early development with an overrepresentation of
dominant TCR Vα rearrangements.
The availability of XNC10-deficient transgenic animals com-

bined with an XNC10 tetramer as well as efficient technology to
generate tetramers and transgenic clones with loss of function
for other class Ib genes will contribute to furthering our un-
derstanding of the ontogeny and functions of iT cells.

Materials and Methods
Experimental Animals. Outbreed and inbreed J strains of X. laevis were from
the Xenopus laevis Research Resource for Immunology at the University of
Rochester (http://www.urmc.rochester.edu/smd/mbi/xenopus/index.htm). Trans-
genic X. laevis was generated as described in SI Materials and Methods. All
animals were handled under strict laboratory and University Committee on
Animal Resources regulations (100577/2003–151), and discomfort was minimized
at all times.

Production of b2m-XNC10 Tetrameric Complexes. The X. laevis b2m-linker-
XNC10 recombinant protein was produced in a eukaryotic expression
system using protocols modified from ref. 18 as described in SI Materials
and Methods.

Flow Cytometry and Immunofluorescence Staining. All anti-X. laevismAbs were
from the Xenopus laevis Research Resource (https://www.urmc.rochester.edu/
mbi/resources/Xenopus/). For flow cytometry, cells (0.25 × 106) were stained

with 5 μg XNC10-T-allophycocyanin (APC) for 30 min at 4 °C followed by in-
cubation with mAbs as described in SI Materials and Methods. Splenocytes
were FACS sorted (F-Aria-18; BD Bioscience). For microscopy, cells were fixed
and stained with 5 μg XNC10-T-phycoerythrin plus DNA dye Hoechst-33258,
mounted in antifade medium, and visualized with a Leica DMIRB inverted
fluorescent microscope.

qPCR, RT-PCR, and 5′-RACE. RNA and cDNA, SMARTer RACE, and qPCR were
performed using standard protocols as described in SI Materials and Meth-
ods. All primers used are described in Table S7.

FV3 Infection. FV3 (Iridoviridae) was grown as previously described. Trans-
genic tadpoles (stage 53) and age-matched dejellied controls from the same
parents were i.p. infected with 1 × 104 pfu, and cumulative mortality was
monitored daily over a 30-d period.

TCRα Repertoire Sequence Analysis. RNAs from FACS-sorted splenic CD8+,
CD8dim, and CD8− populations of 167 pooled stage 50/51 inbred J tadpoles
were used for 5′-RACE analysis using unique bar-coded primers and se-
quencing using a GS Junior Sequencer (Roche). The resulting 454 GS junior
reads were screened for the Cα anchoring region using BLASTn and clustered
using uSEarch version 6.0.307 with a >85% cutoff as described in SI Materials
and Methods.

Statistical Analysis. All quantitative data were analyzed using a one-way
ANOVA and the Vassar Stat software (www.vassarstats.net).
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