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Abstract
Comparative immunology has been revitalized by the integration of genomics approaches, which
allow a foothold into addressing problems that previously had been difficult to study. One such
problem had been the enigmatic finding of overt immune anatomical structures in the lamprey, yet
its apparent lack of bona fide immunoglobulin or T cell receptor molecules. The genomic
characterization of a novel extended locus that undergoes rearrangements to generate receptor
diversity and the subsequent implementation of this diversity in the immune system of lampreys have
generated considerable interest as well as new avenues for investigation. Here, we review the
anatomical structures of the lamprey that exhibit lympho-hematopoietic characteristics, with the
ultimate goal of reconciling these data with contemporary molecular findings. By integrating these
datasets we seek to better understand how an alternative adaptive immune system could have evolved.

Introduction
The lampreys are modern representatives of the jawless vertebrates, which, together with the
hagfishes, are thought to have appeared around 450–500 million years ago. These species are
considered keys to understanding the emergence of adaptive immunity because of their unique
position at the interface between the jawless and jawed vertebrates, that is, the transition from
jawless to jawed vertebrates bore not only the appearance of jaws but also other important
physiological innovations, including an adaptive immune system. Comparative immunologists
had struggled for years to try to understand the molecular underpinnings of the lamprey
adaptive immune system, which lacks the hallmark components necessary for adaptive
immunity in higher vertebrates, namely immunoglobulins (Ig) and T cell receptors (TCR)
[1]. Recent findings in the lamprey, however, have revealed that it possesses an alternative
immune receptor system that utilizes a Rag-independent strategy to recognize and facilitate
elimination of pathogens [2••,3••]. This system undergoes de novo genomic rearrangements
of leucine-rich repeat modules of the variable lymphocyte receptor (VLR) locus in order to
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generate immune receptor diversity that may rival that of the immunoglobulin system of
mammals [2••]. It is very important to note, however, that conventional histological
investigations on the lamprey had previously demonstrated the clear possession of tissues that
closely resembled lympho-hematopoietic structures of higher vertebrates, and these, together
with simple immune challenge experiments, predicted the existence of an anticipatory immune
system [3••,4,5]. Thus, the discovery of the VLRs, which are considered to be a parallel system
to the immunoglobulins, has resurrected interest in these immune structures in the lampreys,
and how they are involved in the ontogeny and immune regulation of the VLR system. In this
paper, we (i) summarize what is known about the major lympho-hematopoietic anatomical
structures in lampreys; (ii) briefly review key aspects of the lamprey adaptive immune system
with reference to the VLRs; and (iii) provide a backdrop for future investigations that seek to
reconcile the anatomy and ontogeny of the lamprey immune system with molecular
investigations on its adaptive immune system.

Anatomy and ontogeny of immune structures in the lamprey
The lympho-hematopoietic sites of lampreys change throughout the life cycle but occupy
niches that are histologically similar

Lampreys undergo numerous transformations throughout their life that affect the anatomy and
physiology of most tissues, including those concerned with blood cell formation and immune
responses [6]. After the larval (ammocoete) period, lampreys undergo a profound
metamorphosis that results in the formation of the oral sucker and eyes, and important
modifications of gills, endostyle, gut, and circulatory system as well as the degeneration of
larval opisthonephros and the appearance of the definitive adult opistonephros. As a
consequence the hematopoietic sites must concomitantly change throughout these
transformations, occupying sequentially those organs whose microenvironments provide the
adequate conditions for the housing and differentiation of the hematopoietic stem cells (HSCs).
Insofar as the earliest detectable blood-forming tissue that appears during the lamprey life
cycle, both typhlosole (an invagination of the intestinal epithelium) and the nephric fold
(including the larval opisthonephros and the associated adipose tissue) constitute the principal
hematopoietic organs at this stage of development (ammocoete).

The typhlosole emanates from a lamina of mesenchymal cells located between the dorsal aorta
and the upper intestine. These mesenchymal cells together with yolk-containing cells give rise
to the blood islands that house the first hematopoietic progenitors arising from either primitive
cells that lose their yolk, mesenchymal cells, or stromal reticular cells [7–9]. Accordingly,
classical studies recognized these blood islands to be the first (primitive) hematopoietic site in
embryonic or larval lampreys [10,11]. The typhlosole primordium is later embedded in the
dorsal wall of intestine growing toward the cloaca (Fig. 1a). In 20-mm larvae, blood cells appear
between the fat cells of the dorsal part of nephric fold and, in higher numbers, in the intertubular
spaces of larval opisthonephros (Fig. 1b) [10,12]. The supraneural body (also known as the
protovertebral arch or dorsal fat body) is organized initially from adipose progenitors coming
from the fibroblasts of the dorsal connective tissue sheath that surrounds the spinal cord and
the meningeal tissue. At the beginning of metamorphosis this loose connective tissue is
colonized by immature blood cells that form small clusters between the adipose cells, though
after metamorphosis (to free-swimming juveniles) the supraneural body, while still capable of
hematopoietic activity, no longer serves as the main hematopoietic organ of adult lampreys
(Fig. 1c).

Several years ago one of us (AZ) studied the ultrastructure of the lympho-hematopoietic organs
of lampreys with special emphasis on the relevance of microenvironments for determining the
presence or absence of hematopoiesis in the respective organs. These studies demonstrated
striking similarities between the stromal organization of the distinct hematopoietic organs that
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occur in the larval, pre-metamorphic, metamorphic, post-metamorphic, and adult lampreys. In
the typhlosole, as well as the nephric fold and the supraneural body, the lympho-hematopoietic
tissue occupies cell cords arranged among blood sinusoids. In the nephric fold and the
supraneural body the blood-forming tissue also appears between the renal tubules and the
adipose cells [13,14]. In the cell cords of all these organs there are numerous developing blood
cells belonging to different cell lineages, including erythroid, myeloid, and lymphoid cells,
arranged in a network of reticular cells and blood sinusoids (Fig. 1d). Monocytes, macrophages,
lymphocytes, and plasma cells, all morphologically similar to those of higher vertebrates, occur
in both the cell cords and the blood sinusoids [14]. The supraneural body from
hematopoietically stimulated lampreys also appears to be highly similar to ‘bone marrow’ in
higher vertebrates since all types of blood cells in all stages of maturity, as well as their
precursors, are present in this tissue [11]. This histological organization and cell content are
also similar to that found in the hematopoietic nets occurring in the intestinal submucosa of
the plexiform veins of hagfishes [15] and in numerous organs in cartilaginous and bony fishes
that are considered to be morphological and functional equivalents of the bone marrow [16].
It is important to note that the inferences regarding hematopoietic development in the lamprey
are based almost exclusively on histological and ultrastructural examination and by broad
comparisons with other vertebrate species; that is, stem cell reconstitution and lineage tracing
experiments have not as yet been attempted in this species for the hematopoietic lineage.

Lampreys have no histologically identifiable thymus
Classical studies by light microscopy had suggested that lymphoid accumulations occurring
under the pharyngeal epithelium of ammocoetes were thymus equivalents [5,17]. We [18] and
others [19] analyzed the ultrastructure of these pharyngeal accumulations and demonstrated
that they are indeed blood sinuses within the pharyngeal lamina propria that contain numerous
lymphocytes and macrophages (Fig. 2c). These structures appear to be involved in the uptake
of foreign materials (particulates) from the pharyngeal cavity [19], but on the basis of our
observations these clearly were neither a thymus nor a primordial precursor of such an organ.
The search for a thymus in the lamprey was based on a legitimate premise that all higher
vertebrates possess and require this structural innovation for immune function. While the
lamprey clearly lacks a thymus, the most parsimonious explanation for its absence is that it is
an invention within the lineage that led to the jawed vertebrates, thus raising healthy speculation
as to the factors that allowed its emergence and extreme specialization within the jawed
vertebrates.

Lymphocyte-like cells are present in lampreys
We and many other authors have reported cells morphologically similar to vertebrate
lymphocytes in histological sections or cytospin preparations of different lamprey and hagfish
tissues [5,20,21•]. These findings have been confirmed by electron microscopy [12,14,18,22,
23]. Lamprey lymphocytes have variable size (6–10 µm) with a very electron dense nucleus
and distinct amount of cytoplasm that contains numerous ribosomes but a scarcity of
membranous organelles. The functional identity of these cells is not clearly defined because
of the inability to culture these cells in vitro; however, cell sorting experiments on buffy coats
and subsequent EST analysis of the sorted population largely confirm a lymphocyte identity
[24•,25•]. Perhaps even more remarkable is the presence of morphologically identifiable
plasma-like cells in the lamprey lympho-hematopoietic organs [12,26]. These cells contain
numerous enlarged cisternae of rough endoplasmic reticulum showing a moderate electron
dense content, a typical feature of the plasma cells of ectothermic vertebrates (Fig. 2d).
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The lamprey adaptive immune system
Early hints of the generation of antibody-like agglutinins in the lamprey

Serum from the arctic lamprey Lampetra reissneri had been shown to contain natural
agglutinins that react, to different degrees, with the heterogeneous antigens of erythrocytes of
different species; however, lampreys that received sheep red blood cells (SRBC) for six weeks,
showed a dramatic increase in specific hemagglutination titers [27]. The induced agglutinins
were heat stable and displayed a high degree of specificity to SRBC antigens. Similarly, the
sea lamprey Petromyzon marinus possesses low titers of agglutinins to the H surface antigen
of human ‘O’ cells, but subsequent immunization resulted in an increase in titer of these
agglutinins [28]. Adult sea lampreys were also shown to produce agglutinins that were antigen
specific in response to weekly injections of human O-type erythrocytes (‘O’-RBC) [4,5,29],
those agglutinin-producing cells being mainly localized to the supraneural body [5,30]. Fujii
[23] demonstrated that the specific agglutinin-producing cells present in the lamprey typhlosole
corresponded morphologically to plasma cells.

Lamprey genes related to those found in the mammalian adaptive immune system
Relatives of genes of Spi-B, Ikaros, Ebf, Gata, Pax-2/5/8, and Bach2 transcription factors,
which are involved in mammalian lymphocyte development, can be found in the lamprey
[31], though they are probably not strictly orthologous to their mammalian counterparts. Genes
like CD45 transmembrane protein tyrosine phosphatase, SYK protein tyrosine kinase, Src
family members, and the HS-1 adaptor molecule, which are known mammalian lymphocyte
activators, are also expressed in lamprey lymphocytes [24•,25•]. Lamprey lymphocyte-like
cells also express BCAP (B-cell adaptor for phosphoinositide 3-kinase), CAST (CD3ε-
associated signal transducer), RACK 1 (receptor for activated PKC), CD98 (SLC 3A2) and
CD9, relatives of the chemokines and chemokine receptor, IL-17 receptor [24•,25•], and a
single copy of a TCR-like gene having divergent V and J type sequences [32]. A VpreB-like
gene expressed by lymphocyte-like cells was also identified in lampreys [33], and a family of
paired Ig-like receptor genes encoding transmembrane proteins with activating and inhibitory
potential has been reported in hagfish [34]. Although the identification of these genes in
lamprey might infer that its lymphocyte-like cells are potentially capable of mediating adaptive
immune responses, the numbers of gene homologs are comparatively low relative to that of
jawed vertebrates. The significance of these differences in the context of the development and
regulation of adaptive immunity per se is as yet unclear.

The VLR system
A subtractive EST survey from lymphoid cells of immunized ammocoetes led to the
identification of sequences encoding a particularly complex set of leucine-rich repeat (LRR)-
containing molecules, named variable lymphocyte receptors (VLRs) [3]. The basic
composition of lamprey ‘mature’ VLR includes a conserved signal peptide, an N-terminal LRR
(LRRNT), followed by up to nine variable and highly diverse LRRs, a connecting peptide, a
C-terminal LRR (LRRCT), and a conserved C terminus composed of a glycosyl-phosphatidyl-
inositol (GPI)-anchor site and a hydrophobic tail (reviewed in reference [2]). Sequences
encoding the LRRs are present in germline cassettes residing upstream or downstream of the
incomplete VLR locus. The VLR gene is subsequently assembled through an entirely novel
genomic mechanism in which large banks of LRR cassettes are used to build the ‘diversity’
region of the receptor molecules4 [37,38].

4It should be noted that both lampreys and hagfish have two different VLR loci (VLRA and VLRB); however, most of the experiments
have been performed with the VLRB genes [2••,3••,35••,36••].
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The mechanism of rearrangement of the VLR locus is the subject of intense investigation. One
recent study suggested that the assembly of the VLR gene probably involves the use of short
regions of nucleotide homology that prime the copying of donor LRR-encoding sequences into
the recipient locus through a recombination process called ‘copy choice’ [36••]. The genomic
organization of the VLR locus permits copying from any LRR-encoding module for generating
various hybrid LRRs (see Fig. 1 of Litman et al., this issue). The diversity of VLRs is thus
generated by copying LRR segments in diverse combinations and the use of multiple sites in
an LRR module for priming. In another study, the mode in which the rearrangements are
inferred to occur invokes a stepwise and reiterative gene-conversion mechanism [2••], perhaps
utilizing AID-APOBEC type molecules that have been cloned out of the lamprey and shown
to exhibit in vitro mutagenesis and recombination activities in surrogate cellular assays
[35••]. Both of the mechanisms may be valid in that empirical sequencing data of the VLR
transcriptomes are not necessarily incompatible with one or the other model.

Investigation into the immune mechanisms utilized by the VLR system is not as advanced as
that for genomic rearrangement, though the problems are equally compelling. Ammocoetes
immunized with anthrax spores responded with the production of soluble antigen-specific
VLRs, indicating that they use their VLRs for specific recognition of particulate and soluble
protein antigens in a humoral response [2••]. On the basis of its known sequence diversity, its
inferred three-dimensional structure, and by implication to other known LRR-containing
proteins (such as Toll-like receptors) the ectodomains of the VLRs are assumed to be capable
of binding a wide range of pathogen specificities. Plasma samples from lamprey ammocoetes
immunized with human or mouse erythrocytes specifically agglutinate erythrocytes from the
donor species [2••]. Moreover, the agglutinins are removed by adsorption with a monoclonal
antibody against the VLR stalk region, indicating that lymphocytes release into the circulation
VLR proteins that recognize carbohydrate and protein antigens. While immunohistochemistry
using the VLR monoclonal antibody on unimmunized ammocoetes has shown broad
expression within the typhlosole regions (unpublished data), the extent to which the expression
patterns change after immunization is as yet undetermined. Given that immunization of
lampreys results in marked increase in hematopoietic cellularity, one would predict to see a
concomitant increase in VLR expression. The VLR-based immune system also raises several
related questions, including those regarding the nature of immune activation, binding
specificity, tolerance mechanisms, allelic exclusion, and monoclonality, and whether the VLR
response is analogous to a T-independent response (as in mammalian B1 cells, for example).

Ontogeny and development of the VLR system
The finding that the VLRs are presumably used in lieu of immunoglobulins in the lampreys
raises many questions with regard to its development and transcriptional regulation within the
lympho-hematopoietic tissues described above. RT-PCR has been used to show that the VLRs
are rearranged and expressed in various lympho-hematopoietic tissues of ammocoetes as well
as adults (e.g. larval typhlosole, opistonephros, supraneural body, blood) [3••]; however, a
systematic study of the expression of VLRs in non-lymphoid tissue types or during earlier
developmental stages has not been done. The latter is particularly important in terms of defining
the earliest rearrangements of the VLR genes and understanding whether these rearrangements
are purely stochastic or deterministic, as in the Ig locus. The former is important as we do not
know whether the VLR is strictly an immune invention or whether it is utilized in a more
general sense.

We have begun to address these questions by focusing on the early ontogeny of the VLR system.
Whole mount in situ hybridization and histology is very informative for gaining a broad
perspective on the global expression patterns of the VLR genes. A somewhat surprising finding
to emerge from these studies is that VLR is highly expressed in the pharyngeal regions of larval
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(and embryonic) lampreys (Fig. 3). The predominant expression is in the oral tentacles and the
gill filaments (Fig. 3b and c). The lamprey pharyngeal arches and gills are certainly complex
structures that contain many cell types, including lymphoid aggregations [39–42]. While some
of the stained structures probably represent lymphoid cells as would be predicted, there is also
staining in what appears to be structural elements per se in the pharyngeal arches as well as
epithelioid structures. The identity of these structures and the role that VLRs play in their
development await further investigation. The implication from these findings, however, is that
the VLRs could be involved in some level of developmental patterning in addition to their role
in the immune system. Or, perhaps, the VLRs are utilized in these other cell types for
recognition of particulate antigens in some sort of innate immune defense mode, though its
protein structure does not reveal an overt cytoplasmic signaling tail.

Concluding remarks
The presence of an adaptive immune system in the lampreys had been posited back in the 1960s
and 1970s on the basis of anatomical structures that resembled lympho-hematopoietic tissues
as well as simple immune challenge experiments. Identification of the VLRs as an alternative
immune recognition strategy in the lampreys has rekindled interest in this area, and also
fostered completely new avenues for immunological and genomic investigation. In the broadest
sense, it is necessary to reconcile the historical findings on the immune anatomy of the lamprey
with the contemporary molecular findings in order to better understand how this alternative
form of adaptive immunity arose and evolved.
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Figure 1.
Immune structures in the sea lamprey, Petromyzon marinus. (a) Lympho-hematopoietic tissue
in the typhlosole of an ammocoete. Note the masses of developing blood cells around the central
blood vessel, CBV that constitutes the axis of typhlosole. (b) Hemato-lymphoid aggregations
between the renal tubules of the larval opisthonephros (semi-thin section). Three renal tubules,
RT, are denoted; a few hemato-lymphoid aggregations are indicated by arrows. (c) Groups of
hematopoietic cells (arrows) in the adipose tissue of the supraneural body of a post-
metamorphic sea lamprey. SB, supraneural body; SC, spinal column; NC, notochord. (d) A
thin section of larval opisthonephros observed via transmission electron microscopy (TEM).
Different developing and mature blood cells, including macrophages (M) and lymphocyte-like
(L) cells, occur between renal tubules, RT.

Amemiya et al. Page 10

Curr Opin Immunol. Author manuscript; available in PMC 2008 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Immune structures in the sea lamprey, Petromyzon marinus. (a) Typhlosole in regression of a
metamorphosing lamprey. A few, small groups of lympho-hematopoietic cells occur in lamina
propria (arrows) that accumulate an increasing amount of dense connective tissue. CBV, central
blood vessel. (b) Thin section of a typhlosole of metamorphosing lamprey (TEM). Fibrocytes
and large masses of collagenous fibers have supplanted the loose connective tissue of the larval
typhlosole resulting in the disappearance of lympho-hematopoietic tissue. (c) Larval
pharyngeal epithelium (gill region). A labyrinth of dense connective tissue walls (CTW) and
sinusoidal blood vessels containing numerous circulating blood cells occur closely associated
with the pharyngeal epithelium of ammocoetes. L, lymphocyte-like cells; E, erythrocytes.
(d) TEM of a mature plasma cell in the sea lamprey. Note the abundant, enlarged cisternae of
rough endoplasmic reticulum and the lateral disposition of the nucleus in this cell type.
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Figure 3.
Expression of VLR in a sea lamprey larva. An antisense VLR riboprobe was used for whole
mount in situ hybridization to a 45-day ammocoete. (a) Intact specimen (anterior half) is shown.
The blue staining represents hybridization of the VLR probe (which was designed to the highly
conserved and non-repetitive portion of the VLR-B sequence). Staining is seen particularly in
the pharyngeal region. The eye spot is denoted by ES. (b) Same specimen as in (a) but after
partially sectioning the specimen sagitally using a cryostat in order to remove the overlying
skin and muscle. The cutaway view allows better visualization of the gill filaments, GF, and
oral tentacles, OT, both structures being specifically hybridized with the VLR probe. (c) A 10
µM sagittal cryosection of the same specimen as in (a and b) showing individual gill filaments
that were hybridized by the VLR probe. The identity of the stained structures is under
investigation.
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