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All jawed vertebrates have highly diverse lymphocyte receptors,
which allow discrimination between self and nonself antigens as
well as the recognition of potential pathogens. Key elements of the
anticipatory recombinatorial immune system in jawed vertebrates
are the TCR, Ig, and MHC genes, but their ancestral genes have not
been found in more basal vertebrates. In this study, we extended
our analysis of the transcriptome of lymphocyte-like cells in the
lamprey to identify the TCR-like and CD4-like genes. The structural
features of these genes and their preferential expression in lym-
phocytes make them attractive candidates for ancestral TCR and
CD4 genes. The TCR-like gene contains both V (variable) and J
(joining) sequences in its first exon and exists as a single-copy gene
that is invariant. Thus, the TCR-like gene cannot account for the
receptor diversity that is required for the immune responses
reported for lamprey, but it could have been easily modified to
serve as an evolutionary precursor of modern TCR and Ig genes.

Specific adaptive immunity emerged during vertebrate evo-
lution as a new strategy for coping with an antigenic world

of infinite variety. This anticipatory immune system (AIS) in
jawed vertebrates is based on diverse lymphocyte receptors,
which are assembled by means of combinatorial rearrangement
of Ig V (variable), D (diversity), and J (joining) gene segments.
The recombination-activating genes, RAG1 and RAG2, catalyze
the joining of V(D)J gene segments to generate unique antigen-
binding regions of the B cell receptors and T cell receptors
(TCRs). The complementary arm of the AIS is provided by the
polymorphic MHC genes for class I and II molecules that present
antigenic peptides to TCR-bearing lymphocytes. The TCR, Ig,
and MHC genes are conserved in all jawed vertebrates that have
been studied, including representatives of the oldest extant
group of cartilaginous fish: the sharks, skates, and rays (1–3).

The evolutionary origin of the TCR, Ig, and MHC genes is still
unknown, but precursors of these key AIS elements would be
anticipated in ancestors of the jawed vertebrates. The chordate
phylum derived from urochordate ancestors, some of which
evolved into the cephalochordates. However, these basal chor-
dates lack identifiable orthologs of pivotal AIS genes. No AIS
genes were identified in genome of the tunicate Ciona intesti-
nalis, a urochordate representative (4, 5). In Amphioxus, which
is a cephalochordate representative, secreted VCBP proteins
consisting of two diverse V-type Igs and a chitin-binding domain
were found (6), as well as molecules containing one V domain
and a domain spanning the membrane five times (7), but these
molecules are unlikely to be direct precursors of the vertebrate
antigen-specific receptors. The first jawless fish appeared �550
million years ago (mya), and these early craniates diverged into
two lineages. One lineage included the ancestors of hagfish and
lamprey, and the other lineage included armored shell-skinned
fish (Ostracoderms), which were ancestors of the jawed verte-
brates that became extinct �400 mya (8–10). Hence, contem-
porary jawless fish are the closest surviving relatives of the early

jawed vertebrates and the best available candidates in which to
search for the molecular and cellular precursors of the combi-
natorial AIS.

The lamprey hematopoietic tissues and blood stream abound
with cells resembling mammalian lymphocytes (11–15). These
cells can undergo lymphoblastic transformation and prolifera-
tion in response to stimulation with antigens and plant mitogens
(16), and they have been implicated as key cellular elements in
adaptive immune responses that have been reported for these
jawless vertebrates (17), including rejection of second-set skin
allografts at an accelerated pace (17, 18) and delayed-type
hypersensitivity (19). Humoral immune responses include the
production of specific agglutinins in response to lamprey immu-
nization with particulate antigens (1, 17, 20, 21).

A previous survey of �8,000 ESTs from larval sea lamprey
(Petromyzon marinus) lymphocyte-like cells isolated from the
hematopoietic typhlosole yielded homologs of various genes
involved in vertebrate lymphocyte development, differentiation,
proliferation, signal transduction, activation, chemotaxis, and
innate immune responses (10, 22–27). However, the cardinal
elements of the combinatorial AIS, TCR, Ig, and MHC were not
identified (24). In this study, we analyzed 10,230 additional ESTs
of lymphocyte-like cells isolated from the hematopoietic tissues
typhlosole and anterior kidney and from blood samples of
lamprey larvae to identify other ancestral components of the
vertebrate AIS.

Materials and Methods
Animals and Lymphocyte-Like Cells. Sea lamprey larvae from Lake
Michigan tributaries (Lamprey Services, Ludington, MI) were
cultured in 80-liter tanks, with 10 cm of bottom sand (Play Sand,
W. R. Bonsai, Charlotte, NC), 100–150 animals per tank at 16°C
and fed Brewer’s Yeast tablets (Walgreen, Deerfield, IL). Dissec-
tion of tissues from anesthetized larvae (0.5% MS222; Sigma) was
performed as described (15). Blood was collected from tail-severed
larvae, diluted 1:1 with 0.57� PBS (1� PBS per liter, containing 8 g
of NaCl, 0.2 g of KCl, 1.44 g of Na2HPO4, and 0.24 g of KH2PO4,
pH 7.4) and 30 mM EDTA. Buffy-coat peripheral blood lympho-
cytes were collected after a 5-min centrifugation at 50 � g and
sorted by using a MoFlo cytometer (Cytomation, Fort Collins, CO)
as described (15). Larvae sedated in 0.01% MS222 for 10 min were
injected i.p. with 75 �l of an antigen mixture containing 107 live
Escherichia coli BL21(DE3), 107 sheep erythrocytes (50% Alsever’s
mixture, Colorado Serum, Denver), 50 �g of phytohemagglutinin,
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and 25 �g of pokeweed mitogen (Sigma) four times at weekly
intervals, and blood cells were collected 3–4 days after the last
immunization.

Lymphocyte cDNA Library and Subtracted Libraries. A lymphocyte
cDNA library was constructed (Lambda ZAP Express cDNA
synthesis kit; Staratagene) from 4 � 108 cells isolated by
fluorescence-activated cell sorting from typhlosole (67%) and
pronephros (33%) of 150 unstimulated larvae. From the primary
phage library, 3 � 106 plaque-forming units were used for in vivo
excision of the phagemid pBK-CMV, and 10,368 colonies were
sequenced commercially with the T3 primer (SeqWright, Hous-
ton), resulting in 8,723 sequences.

The Super SMART PCR cDNA synthesis kit (BD Bio-
sciences) was used for cDNA synthesis from mRNA of large
blood lymphocytes, myeloid cells, and erythrocytes sorted from
blood of immunostimulated larvae. Activated blood lymphocyte
cDNA was subtracted in two separate reactions against cDNA of
myeloid cells or erythrocytes (PCR-Select cDNA subtraction kit;
BD Biosciences). Subtracted products were cloned in pGEM-T
Easy (Promega, Madison, WI). We sequenced 864 clones from
the subtraction against activated myeloid cells and 864 clones
from the subtraction against erythrocytes with the T7 primer
(SeqWright), resulting in 1,507 sequences.

Genomic Clones. A lamprey genomic DNA library in lambda
FIXII was screened as described (24) by using as probes the
cDNA molecules encoding the lamprey TCR-like and CD4-like.
Inserts from overlapping clones were restriction enzyme-
digested and blotted. Positive fragments were subcloned and
sequenced.

Virtual Northern and Southern Blot Analyses. Virtual Northern blot
analysis was prepared according to the manufacturer’s recom-
mendations (BD Biosciences). cDNA was synthesized from
mRNA of larval tail, liver, and sorted lymphocytes from blood,
typhlosole, and kidneys of unstimulated animals, or small and
large blood lymphocytes, myeloid cells, and erythrocytes sorted
from blood of immunostimulated larvae.

Genomic DNA was isolated from whole-larval carcass. DNA
from three larvae (10 �g per lane) was digested with BamHI,
EcoRI, or HindIII (Roche), electrophoresed in 0.7% agarose, and
blotted onto GeneScreen Plus hybridization membrane (NEN).

The following 32P-labled probes were used. The IgV domain
in PmTCR-like was PCR amplified by using the following
primers: TCR-IgV.F, 5-TGGTGTAACAAATGAAGAGGC
(nucleotides 445–465 in AY686861); and TCR-IgV.R, 5-TTC-
CACTGTAAGTTGTGTTCC (nucleotides 719 –739 in
AY686861). The IgV domain in PmCD4-like was PCR amplified
by using the following primers: CD4-IgV.F, 5-ACAGTGTCT-
GGCTACCGTG (nucleotides 114–132 in AY686862); and
CD4-IgV.R, 5-CAAGTATATCTCCCCGCATC (nucleotides
326–345 in AY686862). GAPDH was amplified from clone
PmGAPDH (AY578058) with the following primers: GAP-
DH.F, 5-GAACATCGGCATCAATGGGT (nucleotides 71–
90); and GAPDH.R, 5-GAGGCCTTATCGATGGTGGT (nu-
cleotides 366–385).

Sequence Analysis. Stand-alone BLAST was downloaded from
(ftp.ncbi.nih.gov�blast�executables). Homologs of the PmTCR-
like were identified by using BLASTP with the IgV domain as
query. The highest score was with porcine TCR� (E � 0.003;
BAC66581). BLASTP with the entire PmCD4-like scored highest
with rabbit CD4 (E � 0.001; P46630). For detection of EST
homology to known GenBank sequences, a BLAST cutoff was set
at E � 10�5. CLUSTALX was used for multiple sequence align-
ments (28). Neighbor-joining trees with pairwise gap deletions
were drawn by using MEGA 2.1 phylogenetic and molecular

evolutionary analyses (29). Structural modeling was performed
by using the 3D-PSSM server (30).

Results
Transcripts from Lymphocyte-Like Cells in the Typhlosole and Kidney.
Typhlosole and kidney lymphocyte-like cells were isolated on the
basis of light-scatter characteristics, and their transcripts were
sampled by analysis of 8,723 ESTs. Search for homologs in the
GenBank database identified 339 (3.9%) candidate lamprey
immune-related molecules (see Table 1 and Supporting Text,
which are published as supporting information on the PNAS web
site, for categorized sequence analysis and a list of putative
immune system molecules). One group of the ESTs encoded 51
homologs of vertebrate lymphocyte surface receptors. These
receptors included one TCR-like molecule, one CD4-like mol-
ecule, and five additional transcripts encoding other Ig super-
family members.

Interestingly, 35 different homologs of genes that are charac-
teristically expressed by vertebrate hematopoietic stem cells and
progenitor cells (31) were identified among these ESTs. This
finding suggested that the lymphocyte-like population in the
lamprey typhlosole and kidney is enriched in hematopoietic stem
cells (32). Given this cell-lineage ambiguity, we turned to acti-
vated lymphoblastoid cells in blood, reasoning that these would
be more likely to express the genes that are responsible for AIS
responses. To activate their lymphocytes, lamprey larvae were
stimulated by weekly i.p. injections of a mixture of antigens and
mitogens (33). Blood cells from the immunostimulated larvae
were sorted into fractions of small and large activated lympho-
cytes and myeloid cells. Libraries enriched in messages of
activated lymphocytes were then constructed by subtraction
against cDNA from lamprey-activated myeloid cells and eryth-
rocytes, and 1,507 sequences were analyzed.

Lamprey TCR-Like and CD4-Like Molecules. A TCR-like sequence
was identified in three ESTs derived from unstimulated lamprey
and 10 additional sequences from the subtracted libraries, all of
which encoded the same polypeptide. The longest clone had an
insert of �3.5 kb, and the two shorter inserts of �2 kb were
missing 140 or 281 nucleotides from the 5� UTR. These se-
quences were assembled into a contig of 1,750 bp. The predicted
polypeptide of 328 residues (35.6 kDa) includes a signal peptide
of 20 residues, followed by an IgV region spanning residues
37–136, an IgC2 region spanning residues 149–222, a transmem-
brane region spanning residues 248–270, and a 57-residue cy-
toplasmic tail (Figs. 1A and 4A, which is published as supporting
information on the PNAS web site). The C-terminal part of the
IgV encodes a peptide, GGTQLTV, with similarity to the goat
TCR� J-segment sequence GGTRLSV (GenBank accession no.
AAK09314). Both of these sequences are slightly divergent
forms of the consensus TCR J sequence GXGTXLXV (34). Two
Tyr residues are present in the cytoplasmic domain. The first
residue, Tyr-299, is included in a VXYXXL motif that conforms
to the immunoreceptor Tyr-based inhibitory consensus (I�V�
L�S)XYXX(L�V). The second Tyr, Tyr-322, is found in a
degenerate immunoreceptor Tyr-based inhibitory motif with a
noncanonical terminal isoleucine residue, VXYXXI. Six exons
encode the TCR-like polypeptide, with the IgV domain being
encoded by exon 2 that also includes the J segment. Exon 3
encodes the IgC2 domain, a membrane proximal serine-rich
domain, a transmembrane region, and the first four residues of
the cytoplasmic tail (Figs. 1B and 4A). This membrane proximal
portion of the cytoplasmic tail consists of basic residues like
those found in the cytoplasmic tail of avian TCRs (Fig. 1 A).

The lamprey CD4-like molecule was identified in two ESTs, one
clone of 1,444 bp and the other missing 29 nucleotides from the 5�
UTR. The predicted polypeptide of 378 residues (42.2 kDa) consists
of a signal peptide of 20 residues, followed by an IgV region
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spanning residues 21–108, an Ig-like region spanning residues
131–208, a transmembrane domain spanning residues 274–296 ,and
a 77-residue cytoplasmic tail (Figs. 1C and 4B). The ectodomain in
the sea lamprey CD4-like molecule consists of only two Ig domains,
whereas CD4 molecules of mammals feature three Ig domains and
avian CD4 molecules consist of four Ig domains. Seven exons
encode the CD4-like polypeptide, with each Ig domain being
encoded by a separate exon (Figs. 1D and 4B). As in the case of the
lamprey TCR-like gene, the last exon of the CD4-like gene encodes
the C-terminal portion of the cytoplasmic tail, which is unrelated to
the sequence of CD4 in jawed vertebrates.

Phylogenetic analysis supports the classification of these lamprey
transcripts as prototypic TCR and CD4. A neighbor-joining tree of
TCR ectodomains places the lamprey TCR-like molecule in a
cluster with fish TCR, separated from the mouse CD166, which is
an Ig superfamily member cell-adhesion molecule (Fig. 2A). The
lamprey CD4-like ectodomain clusters with the two N-terminal Ig
domains of avian CD4 (Fig. 2B). Because the initial BLAST scores
used to identify the lamprey TCR-like and CD4-like molecules were
marginal (see Materials and Methods), we analyzed these sequences
by using the 3D-PSSM program, which is a bioinformatic tool that is
sensitive to structural protein similarities (30). The IgV domain

from the lamprey TCR-like was threaded on the crystal-structure
coordinates of mouse TCRV�, and the IgV domain from the
CD4-like molecule was threaded on the crystal-structure coordi-
nates of the N-terminal IgV in human CD4 (Fig. 2C). Alignment of
the lamprey TCR-IgV domain with mouse TCRV� (Fig. 2D)
revealed a statistically significant threading value (E � 9e � 7),
based on 25% amino acid identity and only a single three-residue
gap within the complementarity-determining region 3 (CDR3).
More gaps were required to align the lamprey CD4-IgV with the
corresponding domain from human CD4 (27% identity, E � 3e �
6), suggesting that it may be more closely related to the avian CD4
molecules (Fig. 2B), the structures of which have not been resolved.

Selective Expression of TCR-Like and CD4-Like Transcripts by Lympho-
cyte-Like Cells. Like their relatives in jawed vertebrates, the TCR-
and CD4-like transcripts were found exclusively in lymphocyte-
rich populations from the lamprey typhlosole, kidney, and blood
(Fig. 3A). Elevated levels of TCR-like messages were noted for
the large activated blood lymphocytes. The 3.5-kb band observed
among lymphocyte transcripts from the hematopoietic tissues
may represent alternatively spliced forms or differential utiliza-
tion of polyadenylation signals in the lamprey TCR-like mes-

Fig. 1. Multiple alignment of the lamprey TCR-like and CD4-like molecules with related vertebrate lymphocyte receptors. (A and C) Jawed vertebrate TCR�

and CD4 molecules. Approximate location of Ig and transmembrane (TM) domains as well as the location of the J region in TCRs are indicated. Arrowheads
indicate the positions of intron 4 in the lamprey TCR-like and intron 6 in the CD4-like. Cysteine residues are highlighted in red. Green, �80% identity and
similarity; yellow, 60–79% identity�similarity. Amino acid similarity groups are as follows: acidic, D and E; aromatic, F, W, and Y; basic, H, K, and R; hydrophobic,
A, I, L, M, and V; polar, N, Q, S, and T; and ungrouped, G and P. (B and D) Stick models of exons and introns in the TCR-like and CD4-like genes. The position of
introns was determined by sequencing genomic clones and are indicated by solid lines. SP, signal peptide; CP, connecting peptide. GenBank accession nos. for
the sequences shown in A are as follows: duck, AN3311A9; chicken, AAC98541; human, AAC14929; takifugu (Takifugu rubripes), AAF97794; zebrafish (Danio
rerio), AAL23935; and lamprey TCR-like, AY686861. GenBank accession nos. for the sequences shown in C are as follows: human, NP�000607; white whale
(Delphinapterus leucas), AAD23738; rabbit, P46630; mouse, NP�038516; rat, NP�036837; duck, AAK59279; chicken, NP�989980; and lamprey CD4-like, AY686862.
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sages, indicated by the two insert sizes found in our cDNA clones.
Interestingly, the longer variant was identified only in lympho-
cytes from hematopoietic tissues, which could suggest a devel-
opmental role for the extended 3� UTR. Expression levels of the
lamprey CD4-like messages were highest in lymphocyte-like cells
derived from the kidney. Southern blot hybridization with
lamprey TCR-like and CD4-like probes revealed a single band
for genomic DNA isolated from three individuals and digested
with three restriction enzymes (Fig. 3B). These results indicate
that each of these genes occurs in a single copy and that the
TCR-like gene does not undergo rearrangement.

Discussion
Whereas Ig superfamily members constitute approximately one-
third of the lymphocyte cell-surface receptors in jawed verte-
brates (35), they accounted for only 14% (7�51) of the putative
surface receptors that were identified in this analysis of lamprey
lymphocyte-like transcripts. Nevertheless, two of these mole-
cules have sequence and structural homology to the jawed
vertebrate TCR and CD4 coreceptor, and both molecules are
expressed exclusively by lamprey lymphocytes. The features of
the lamprey TCR-like gene fit the model proposed for an
ancestral TCR gene (36, 37). It is made up of one IgV domain
that includes a J motif, one IgC-type domain that is connected
to a membrane-spanning domain, and a cytoplasmic tail that
encodes one or two immunoreceptor Tyr-based inhibitory sig-
naling motifs. Furthermore, the transmembrane region contains
conserved antigen receptor transmembrane (CART) residues
(38). The cytoplasmic domain of the lamprey TCR-like protein
is much longer than the corresponding region of the TCR chains
in gnathostomes, yet evolutionary modification of this cytoplas-
mic tail by a single mutation could introduce a stop codon at the
end of exon 3 of the lamprey TCR-like gene to convert its C

terminus into a short cytoplasmic tail that characterizes the TCR
chains in jawed vertebrates.

Speculation about the function of the lamprey TCR-like mole-
cule is constrained by a lack of information about its ligand(s), its
ability to associate with itself or other cell surface proteins, and its
signaling capability. However, the available data indicate that it
cannot provide the lymphocyte receptor diversity that would be
required to explain the immune responses reported for lamprey.
Only a single TCR-like gene could be identified in the sea-lamprey
genome, and this gene did not have V(D)J gene segments with
flanking recombinatorial signal sequences. Also, only limited sin-
gle-nucleotide variations were found in the 13 TCR-like cDNA
sequences. Therefore, the function of the lamprey TCR-like mol-
ecule may depend on its interaction with a nonvariant ligand, either
of conserved pathogen epitopes or a self-antigen. Importantly, the
TCR-like ligand is unlikely to be an MHC molecule, given that none
of our �18,000 ESTs of lamprey lymphocyte-like cells correspond
to MHC class I or II molecules.

The question of whether the TCR or Ig genes came first has been
a topic of discussion since their discovery. Most immunologists
favor the idea that both genes were derived from a primordial gene
that encoded a TCR-like protein in the primitive lymphocyte (36),
and our data are consistent with this hypothesis. Although the fact
that we failed to find a counterpart antibody-like molecule in our
analysis of the lamprey lymphocyte-like transcriptome is notewor-
thy in this regard, the sequencing of the lamprey genome will be
required for final resolution of this issue.

The identification of a lamprey CD4-like cDNA provides an
ancestral candidate for another important T cell molecule that
serves an important role as coreceptor for the TCR in modern
vertebrates. Likewise, the CD4-like gene is preferentially expressed
in lamprey lymphocyte-like cells. The predicted lamprey CD4-like
molecule has only two extracellular Ig domains, an IgV and an

Fig. 2. Phylogenetic and structural analysis of the lamprey TCR-like and CD4-like molecules. (A) Neighbor-joining trees of the two N-terminal Ig domains of
the TCR� and TCR� chains are shown for the following: takifugu, residues 1–234; tetraodon (Tetraodon nigroviridis), residues 1–232 (GenBank accession no.
CAC86241); zebrafish, residues 1–226; damselfish (Stegastes partitus), residues 1–256 (GenBank accession no. AAG46047); Atlantic cod (Gadus morhua), residues
1–239 (GenBank accession no. CAB39549); Rainbow trout (Oncorhynchus mykiss), residures 1–238 (GenBank accession no. AAK63017); Bastard halibut
(Paralichthys olivaceus), residues 1–254 (GenBank accession no. BAB82597); Horn shark (Heterodontus francisci), residues 1–230 (GenBank accession no.
AAA61563); human, residues 1–228; chicken, residues 1–235; duck, residues 1–237; lamprey, residues 1–243; mouse CD166, residues 1–239 (GenBank accession
no. Q61490). (B) Neighbor-joining trees of the two N-terminal Ig domains of the CD4 coreceptors are shown for the following: human, residues 1–201; whale,
residues 1–201; rabbit, residues 1–206; mouse, residues 1–205; rat, residues 1–204; duck, residues 1–213; chicken, residues 1–217; and lamprey, residues 1–208.
(C) Structural 3D model of the N-terminal IgV domains from the lamprey TCR-like and CD4-like molecules (color) threaded on the crystal-structure coordinates
(black) of the mouse TCRV� (PDB ID code 1B88) and human CD4 N-terminal IgV (PDB ID code 1CDY) created by using the 3D-PSSM program. (D) Sequence and
structural alignments of the lamprey TCR-like and CD4-like Ig domains used for the 3D-structure modeling. SS, secondary structure (helix, red; strand, green; coil,
blue); PSS, predicted structure; CORE, measure of burial and contacts (0, unburied).
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Ig-like domain, whereas mammals and birds have three or four (39,
40). This difference suggests duplication and diversification of these
Ig exons, the evolutionary timing of which may become apparent
when CD4 genes are characterized in fish, amphibians, and reptiles.
The predicted lamprey CD4-like molecule has an exceptionally long
cytoplasmic tail comprised of a C-terminal portion encoded in the
last exon that is unrelated to jawed vertebrate CD4, but a single
mutation introducing a stop codon at the end of exon 5 would
generate a short cytoplasmic tail with residues characteristic of
avian and mammalian CD4 molecules. One potentially important
evolutionary pressure to modify this CD4-like gene would have been
the appearance of MHC class II genes because their protein
products serve as CD4 ligands.

Although this extended survey of the lamprey lymphocyte-like
transcriptome reveals many of the ancestral genetic components
of the lymphocyte-based AIS of jawed vertebrates, our findings
reinforce the conclusion that this agnathan representative lacks
a recombinatorial immune system based on Ig gene segments.
However, we have very recently identified lamprey variable
lymphocyte receptors (VLRs) that are composed of diverse
leucine-rich repeat (LRR) motifs. Mature VLR genes are as-
sembled by somatic rearrangement of LRR cassettes that flank
an incomplete germline VLR gene. The resultant highly diverse
mature VLR genes are expressed in lymphocytes in monoallelic

fashion. The VLR proteins may exist either as glycosylphos-
phatidylinositol-anchored surface receptors or as circulating
agglutinins after glycosylphosphatidylinositol-specific phospho-
lipase release from the cell surface. In this way, the lamprey
VLRs could potentially mediate both cellular and humoral
immune responses (33). Ancient components of innate defense
proteins from both animals and plants, the LRR motifs are
logical building blocks for the construction of a combinatorial
immune system. A more difficult question is where the imme-
diate evolutionary precursors of the jawed vertebrate rearrang-
ing Ig receptors are. The answer to this question could lie in the
agnathan ostracoderm species, which unfortunately, we can
know only by their paleontological remains.
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