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Introduction: not all vertebrates
have the same immune system

Many of the features of the immune sys-
tem that have been worked out in such detail
in mammals probably evolved by the time of
the bony fish, and the descendant tetrapod
lineages apparently all retain structural and
functional features of this “mainstream im-
mune system” (Du Pasquier, 1993; Kaufman
et al., 1990b; 1991). However, not all verte-
brate groups respond to antigenic challenge in
the same way. As Nick Cohen pointed out
years ago (Cohen, 1980), it has been relatively
easy for comparative immunologists to dem-
onstrate strong, rapid and specific immune
responses in mammals, birds, frogs and bony
fish, in stark contrast to reptiles, salaman-
ders, cartilaginous fish, and jawless fish.
What bases are there for the modest immune
responses in the latter four vertebrate groups?
Cartilaginous fish and jawless fish, diverging
from the early vertebrate lineages before or at
the same time as bony fish, may use defense
strategies that are in some senses alternative,
simple, incomplete, or primitive compared to
other vertebrates (McCumber et al., 1982).
Reptiles almost certainly do have the potential
for vigorous immune responses; the contradic-
tory reports about reptiles in the literature
can be reconciled by findings of an enormous
seasonal variation in immune responses, ap-
parently due to changes in the numbers of T
(and possibly B) lymphocytes and thymocytes,
which in turn may be due to endogenous cor-
ticosteroid levels (Zapata et al., 1992).

That leaves the salamanders as the only
animals in the postulated vertebrate “main-
stream immune system” that have subdued
immune responses compared to mammals.
We would like to understand what the im-
mune systems of salamanders fail to do com-
pared to mammals and most other verte-
brates, and what their immune systems do
instead to protect them from pathogens. To

put it simply, what is wrong with them and
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what is right with them? In this overview, we
briefly review certain features of mammalian
immune systems (covered in much more detail
in virtually any textbook of immunology),
summarize the evidence that salamanders
have a subdued immune system (based on
functional evidence mostly from the work of
Delanney, Cohen, Charlemagne, and Tourne-
fier), describe the unpublished data that we
and our collaborators have generated to show
that the axolotl has both a Major Histocom-
patibility Complex (MHC) and functional T
lymphocytes, and conclude with our present
interpretation of why the axolotl and other
urodeles have subdued immune responses.

What do we know about the
mammalian immune system?

In order to appreciate the interesting fea-
tures of salamander immune responses, one
needs to know something about immune sys-
tems in general and that of mammals in par-
ticular. Theoretically, there are two ways of
recognizing a molecule—recognition of fea-
tures that are not self (as is done by T and B
lymphocytes), and recognition of the absence
of features that are self (as may be done by at
least some Natural Killer cells). Experimen-
tally, the recognition of molecules by the im-
mune system has three important proper-
ties—diversity (many different molecules can
be recognized), specificity (each molecule is
recognized independently of the others), and
memory (the immune response towards a par-
ticular molecule is both faster and stronger
upon repeated encounters with that antigen).
The molecules recognized by the immune sys-
tem are often called antigens.

For a given individual, non-self molecules
are practically limitless. In order to be pre-
pared for any non-self molecule that might
come along, T and B lymphocytes rely on so-
called antigen receptors: T cell receptor (TcR)
and Antibody (also called Immunoglobulin: Ab
or Ig). These are cell surface glycoprotein
heterodimers that are composed of membrane
distal ends that have regions of variable se-
quence (the V domains) and membrane proxi-
mal ends that are relatively constant (the C
domains). The V domains bind antigen and
the C domains, among other activities, effect
the results (for instance, allow signaling to the
cell). Different variable sequences in the V
domains lead to different molecular shapes of

the antigen receptor that can bind different
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antigens. For the purpose of this discussion,
each lymphocyte has but a single antigen re-
ceptor (that is, there is only one version of the
variable sequences on the surface of that cell),
so that each cell should respond only to a lim-
ited number of antigens that bind to the sin-
gle antigen receptor on the surface of that cell.

Immunologists refer to the binding capa-
bility of a particular antigen receptor as the
“specificity,” presence of a single kind of anti-
gen receptor on each cell as “clonal distribu-
tion,” the collection of different receptors on a
population of cells as the “receptor repertoire,”
and the overall variability of the collection of
different receptors on a population of cells as
the “diversity.” Immunologists also speak of
“memory,” which is the faster and better re-
sponse of the immune system to an antigen
that is seen a second time. While it is yet un-
resolved (and differs depending on the type of
cell and antigen), the “secondary response”
may be a complicated mix of the expansion of
cells that participated in the “primary re-
sponse,” possibly with new properties, and the
recruitment of new cells with better affinity or
different properties.

A large repertoire of antigen receptors
with more-or-less random variable sequence
should generate enough disparate shapes to
bind to any antigenic shape; the difficulty is
that some of the antigens will be self mol-
ecules. There seem to be a number of ways to
avoid the subsequent autoimmune reactions.
For instance, the immature T cells (or “thy-
mocytes”) are selected so that those that bind
self molecules are deleted in the thymus; the
survivors are then allowed to emigrate to the
rest of the body (the “periphery” which in-
cludes the intestine and a major organ of ma-
ture lymphocytes, the spleen). As another ex-
ample, in order to respond to antigen, B cells
in the periphery generally require not only
antigen binding to the antigen receptor, but
also signals from certain T cells; if there are
no autoreactive T cells to “help” the B cells,
then under most conditions there is no im-
mune response.

Even though TcR and Ab have very simi-
lar protein structures, organization of genes,
and mechanisms of generating diverse se-
quences, they bind very different kinds of an-
tigens and have very different effects. Ab have
fairly random repertoires, meaning that they
are not under much selection; as a result they
can bind all sorts of molecules with different
shapes and features, including carbohydrates,

proteins, nucleic acids, organic molecules,

and metals. B cells that bind antigen with Ab
on the cell surface and that receive signals
from helper T cells proliferate and differentiate
into so-called “plasma cells” that secrete Ab
with the same specificity as the Ab that was
on the cell surface. This soluble Ab can bind
antigen as well as a variety of other molecules
that are involved in the immune response. For
instance, Ab molecules can cover a virus (and
thus “neutralize” it so that it fails to infect
cells) and then bind to molecules on the sur-
face of macrophages, to be internalized for
degradation.

In contrast, the T cell repertoire (at least
for of TcR) is highly selected in the thymus of
a particular individual, so that the TcR binds
primarily peptide antigens associated with
certain molecules encoded in the Major Histo-
compatibility Complex (MHC) of that indivi-
dual. That means that (at least o) TcR only
recognize particular antigens on cell surfaces.
TcR have never been found as soluble mol-
ecules, so the TcR binds the antigen and the
attached T cell secretes collections of mol-
ecules, either various “cytokines” and “inter-
leukins” from a helper T cell (to regulate the
immune response), or “granzymes” and “per-
forin” from a cytotoxic T cell (to kill another
cell). To understand these T cells, it is impor-
tant to understand the MHC molecules.

The MHC was first described in mice as
the major genetic locus responsible for rapid
allograft rejection. We now know that this is
due to the polymorphic (that is multi-allelic)
members of two multigene families, the class I
and class II molecules. These are transmem-
brane glycoprotein heterodimers that are com-
posed of membrane distal ends that have re-
gions of variable sequence (the peptide-bind-
ing domains) and membrane proximal ends
that are relatively constant (the immunoglo-
bulin-like domains). The variability of antigen
receptors is between cells within one indi-
vidual, but the variability of MHC molecules
is, for this discussion, between different indi-
viduals of a population (that is, the individu-
als express different MHC alleles); within a
single individual, many or even most cells
express the same MHC molecules. Of course,
there are differences between the members of
the multigene family along a chromosome;
immunogeneticists refer to a combination of
alleles along one chromosome as an “allelic
haplotype” and two different haplotypes as
“allogeneic.”

The peptide-binding domains bind anti-
genic peptides, whereas the immunoglobulin-



like domains are involved in other aspects of
MHC molecule function, including transduc-
tion of signals. Different variable sequences in
the peptide-binding domains form pockets
that allow binding of peptides with different
sequences, but only a few residues of the pep-
tide are important for the binding, with much
of the peptide antigen exposed on the surface
of the MHC molecule. It is these complexes of
peptide and MHC molecules on the surface of
cells that are recognized by (at least off) TcR of
the T cells.

There are two kinds of MHC molecules;
they bind different kinds of peptides and are
recognized by different kinds of T cells. Class I
molecules on a particular cell bind peptides
produced by degradation of proteins synthe-
sized within that cell, so-called “endogenous
peptides.” Complexes of class I molecules and
endogenous peptides on a target cell are rec-
ognized by “cytotoxic T lymphocytes” (CTL)
and the target is then killed. (CTL in general
bear the so-called co-receptor CD8; this mol-
ecule binds to class I molecules interacting
with TcR.) The tissue distribution of class I
molecules is wide (said to be “ubiquitous”) in
keeping with functions including immune sur-
veillance—even a clever virus that fails to ex-
press viral proteins on the surface of such a
cell may be detected because of the endog-
enous peptides derived from viral cytoplasmic
proteins and the infected cell (a viral factory)
can then be destroyed.

On the other hand, class II molecules
bind peptides that are acquired from outside
the cell, so-called “exogenous peptides.” In
general, complexes of class II molecules and
exogenous peptides on cell are recognized by
helper (or regulatory) T lymphocytes; often the
result is stimulation of the target cell as well
as the helper T cell (chemotactic factors may
also be secreted to summon destructive cells,
as in delayed-type hypersensitivity or DTH).
(Helper T cells in general bear the so-called
co-receptor CD4; this molecule binds to class
II molecules interacting with TcR.) The tissue
distribution of class II molecules is relatively
narrow, mostly restricted to so-called “antigen
presenting cells” or APCs (including macroph-
ages, certain kinds of dendritic cells, B lym-
phocytes, and some others) in keeping with a
function of regulation of responses to exog-
enous pathogens. For example, bacteria that
invade the blood stream might be phagocy-
tosed by macrophages and degraded, some of
the bacterial peptides end up complexed with
class II molecules on the surface of the mac-
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rophage, the macrophage presents these anti-
gens to helper T cells with the correct TcR,
and both the macrophage and T cells are acti-
vated for a variety of effector functions as a
result. In the meanwhile, some B cells will use
their surface Ab to bind and ingest these bac-
teria, the bacteria will be degraded and some
of the bacterial peptides end up complexed
with class II molecules on the surface of the B
cells. These B cells will be recognized by the
activated T cells and stimulated to proliferate
and differentiate into plasma cells that secrete
soluble Ab directed to the bacteria. As the
bacteria are destroyed, there is less to pick up
by APCs, and therefore fewer helper T cells
(and macrophages) will be stimulated, and
finally fewer B cells turned into plasma cells.

Both CD8 and CD4 bearing T lympho-
cytes undergo two kinds of selection in the
thymus. The initial receptor repertoire is quite
broad (that is, there are many kinds of vari-
able sequences in the V domains, one to each
cell) and more-or-less shared by most indi-
viduals in a population. Only those T cells
that bind to an MHC molecule in the thymus
of a particular individual are positively se-
lected for survival, and those T cells that rec-
ognize self peptides bound to self MHC mol-
ecules in the thymus are negatively selected,
so that all T cells in the periphery of an indi-
vidual can recognize an MHC molecule in that
individual, but not bearing self peptides. Thus,
this “education” in the thymus may prevent
autoimmune recognition of some self mole-
cules. However, the T cells in one individual
are not selected with regard to the MHC mol-
ecules in another individual, so many T cells
may recognize self peptides complexed with
nonself MHC molecules. This is the common
explanation for the high level of alloreactivity
by T cells, leading to rapid allograft rejection
as well as strong proliferation in the “mixed
lymphocyte reaction” (MLR) in vitro.

MHC molecules are by far the most poly-
morphic molecules known in vertebrates; the
polymorphism is thought to be selected due to
their central role in the recognition of nonself
molecules and the fact that a particular MHC
molecule can bind many peptides but certain-
ly not all peptides. The general argument is te
imagine a population of individuals bearing
only one MHC gene with one allele (a “mono-
morphic” single gene MHC); a clever pathogen
that encoded only proteins with no peptides
that bound that MHC molecule would devas-
tate that population. By having multiple MHC

molecules, the individuals would be protected
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from multiple variants of the pathogen. One
way to protect all individuals is to have a large
number of MHC genes along a chromosome
(that is, a large multigene family). Unfortu-
nately, the more MHC molecules in an indi-
vidual, the more self peptides are bound by
these MHC molecules and the fewer T cells
survive negative selection in the thymus. As
the number of MHC molecules in an individ-
ual goes up, the number of TcR that are auto-
reactive goes up as well, finally reaching the
point at which the individual has no T cells
left. So the alternative is to have a few MHC
molecules with multiple alleles, so that any
particular individual may not survive a certain
pathogen variant, but some individual in the
population will.

A last important point is that this de-
scription of the immune system as composed
of Ab, TcR and MHC molecules, B and T lym-
phocytes, thymus and spleen is incomplete
and misleading for any number of reasons.
For example, there are many features of dis-
ease resistance that are due to molecular and
cellular systems lumped under the term “in-
nate immunity”; these contribute to the poly-
genic nature of disease resistance. Also, there
are the ¥d T lymphocytes that may represent T
cells which recognize antigen like Ab; there is
more and more evidence for their importance,
but most details are simply unclear. Finally,
there are the Natural Killer (NK) cells; these
have the effector machinery of a cytotoxic T
cell, but different receptors. There is evidence
that at least some NK cells recognize absence
of self, in this case the absence of self class I
molecules, as the stimulus to kill the target.
Since a virus may be ferreted out by CTLs that
recognize class I molecules bearing viral pep-
tide, one strategy of the virus would be to sim-
ply down-regulate the class I molecule (as in
fact happens with adenovirus and cytomega-
lovirus); NK cells that recognize cells with low-
ered class I levels would be a host adaptation
to such viruses. There are certainly other fea-

tures of the mammalian immune system, as
well as alternative strategies used by other
vertebrate groups, that await discovery.

Compared to frogs, salamanders
have a subdued immune system

In general, anuran amphibians (frogs and
toads) have immune responses that are quite
reminiscent of mammals, whereas the im-
mune responses of urodele amphibians (sala-
manders and newts) are somehow more sub-
dued. (The immune responses of the third
great group of amphibians, the legless sala-
manders or Caecilians, are not well studied.)

One very simple method for assaying the
immune response is the transplantation of
skin. For Xenopus (the clawed toad or South
African frog), skin grafts between outbred wild
animals are invariably rejected rapidly, indi-
cating a strong immune response against
polymorphic tissue antigens. In most defined
Xenopus families, the most rapid rejection
depends on a single genetic locus that en-
codes polymorphic MHC class I and class II
molecules; these MHC-disparate grafts are
rejected in 12-21 days (so-called acute rejec-
tion). In families that are the same at the MHC
but differ elsewhere in the genome (that is, in
so-called minor histocompatibility antigens),
the skin grafts are rejected in 21-31 days (so-
called “chronic rejection”). This allograft rejec-
tion depends on T cells, and is therefore de-
pendent on a thymus, and displays specificity,
diversity, and memory (Du Pasquier et al.,
1989; Du Pasquier et al., 1975).

In contrast, salamanders are generally
reported to reject grafts more slowly (Cohen,
1971; 1977; 1980; Manning and Horton,
1982), both for laboratory strains like the
Mexican axolotl (Ambystoma mexicanum,
Delanney, 1961; 1978; Delanney et al., 1975;
Jurd, 1985; Tahan and Jurd, 1978; Tourne-
fier, 1982) and the Spanish newt (Pleurodeles

Figure 1. Identification of axolotl class II molecules and class [ a-like chains in axolotls from different labora-
tories (ED, English dark; PA, Paris albino; HA, Hiibrecht albino; PB, Paris black; HM, Hilbrecht melanoid; PW,
Paris white; HW, Habrecht white). Erythrocytes were cell surface iodinated and class II molecules were immu-
noprecipitated with a rabbit antiserum. A. Inmunoprecipitates were analyzed by SDS gel electrophoresis un-
der reducing conditions with B chains (large arrowhead) and a chains (small arrowheads) of class II molecules
indicated for type a/a (lanes 2-8), b/b (lanes 7-9, 13) and a/b (lanes 1, 10-12}. Class I « chain-like bands are
indicated with an arrow (lanes 1, 4, 7-9, 13); other molecules were not identified. Triangular arrowheads indi-
cate standards (s, 70, 45 and 30 kD). B. Immunoprecipitates analyzed by SDS gel electrophoresis followed by
isoelectric focusing show class Il molecules of type a/a (PA, HA, PB), b/b (HM, PW) and a/b (ED, HW). Long
arrows under the isoelectric focusing gel indicate the direction of SDS gel electrophoresis and the length of the
strip from the first dimension; +, acidic end; -, basic end of the second dimension.
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waltlii, Charlemagne and Tournefier, 1974;
Fache and Charlemagne, 1975) and for field-
collected specimens like the Eastern spotted
newt (Notophthalmus viridescens: Cohen,
1969; 1971; 1980; Cohen and Horan, 1977)
and the European alpine newt (Trituwrus alpes-
tris: Plytycz, 1977; Tournefier, 1973). This
slow (“chronic”) graft rejection is mediated by
T lymphocytes of the immune system (Cohen,
1980), because it has the immunological prop-
erties of memory and specificity (that is, after
a first graft is rejected, there is a faster re-
sponse to a graft from the same but not from
a different individual, Cohen, 1971; Tahan
and Jurd, 1978), and is dependent on the thy-
mus (that is, appearance of the cells that me-
diate the response is abrogated by neonatal
but not adult thymectomy, Cohen, 1969;
Fache and Charlemagne, 1975; Tournefier,
1973; 1982).

Another way to analyze immune response
is with in vifro assays. The “mitogen reaction”
is an assay to measure the response of most if
not all T lymphocytes to a general stimulus;
cells including lymphocytes are cultured with
a plant lectin (the “mitogen”) that crosslinks
molecules (presumably including TcR) on the
surfaces of the cells. The “Mixed Lymphocyte
Reaction” (MLR) is an assay to measure the
response of those T lymphocytes (usually 1-
10% of T cells} that recognize a particular set
of nonself class II MHC molecules; two popu-
lations of cells (including lymphocytes) are
cultured. In both of these assays, the amount
of proliferation after some days is measured
by uptake of radioactive thymidine; a “Stimu-
lation Index” (S. 1.) indicates the fold increase
(or decrease) upon stimulation (the amount of
radioactive thymidine taken up after a specific
stimulus divided by the amount of radioactive
thymidine taken up with no specific stimulus).

The in vitro immune responses of urode-
les are also modest in comparison with those
of anurans. MLR cultures of MHC-disparate
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spleen or blood cells from outbred or inbred
Xenopus result in high specific incorporation
of *H-thymidine (S. I. from 6 to 20), which is
abrogated by early larval thymectomy (Du
Pasquier et al., 1975; 1989; Du Pasquier and
Horton, 1976). In contrast, the S. I. of axolotl
and Eastern spotted newt MLRs were gener-
ally below 3; these poor MLR responses do not
correlate with the speed of graft rejection
(Cohen, 1980; Cohen and Horan, 1977; Collins
et al., 1976; Collins and Cohen, 1976; Delan-
ney et al., 1975; Manning and Horton, 1982).
Xenopus lymphocytes respond to both the B
cell mitogen lipopolysaccharide (LPS) and T
cell mitogens like Concanavalin A (Con A) and
Phytohemagglutinin (PHA) (Du Pasquier et al.,
1989; Du Pasquier and Horton, 19786), where-
as lymphocytes of the two urodele species
were reported to respond to high doses of LPS
but not to Con A and PHA (Collins et al., 1976;
Collins and Cohen, 1976).

Finally, the in vivo antibody responses of
urodeles are subdued in comparison with
anurans. Immunization of Xenopus with ei-
ther soluble antigens (proteins like ovalbumin
or fowl gamma globulin) or particulate anti-
gens (like viruses or red blood cells) leads to
the rapid appearance of high levels (“titers”) of
specific antibody; the titers and affinities of
the IgM antibody increase after a second im-
munization. The appearance of the second
antibody isotype (IgY) is dependent on the
presence of T cell help (which is absent in
animals thymectomized as tadpoles) (Du Pas-
quier et al., 1989; Du Pasquier and Horton,
1982). In contrast, axolotls produce little spe-
cific antibody response to soluble antigens
and the antibody response to particulate anti-
gens are reported to display restricted diver-
sity. There is no reported secondary response
(that is, a faster appearance or increase in
titer of antibody, or a switch from IgM to IgY
isotype) (Charlemagne, 1979; 1987; Charle-
magne and Tournefier, 1977; Jurd, 1985;

Figure 2. An F2 cross of laboratory axolotls shows that the class I a-like chain and both class II chains are
determined by the functionally-defined MHC. Axolotls from an F2 cross (a/b x a/b derived from PA and PB
axolotls) were typed by SDS gel electrophoresis (arrow indicates class I a-like chain, small and large arrow-
heads indicate class Il @ and B chains) with typing results next to the identification number of the animal.
Each axolotl shown was grafted with belly skin from all of the others with the results for this first graft indi-
cated as follows: R!, rejected by 20 d (rapidly); R, rejected by 30 d (normally); r, rejected by 80 d (slowly); a,
still tolerated at 160 d (accepted); blank, no data due to technical problems. Some grafts were repeated later
and the results for these second grafts indicated as follows: (R), rejected by 10 d; (1), rejected (white) at 50 d;
(a), tolerated at 50 d. The asterisks indicate the following technical notes. First grafts of animal 12 on animal
0 and vice versa were healthy, but showed thickened epithelium. All first grafts fell off of animal 4, except the
autograft and a small portion of the animal 3 graft, which was tolerated. All second grafts on animal 4 were
rejected, including the animal 3 graft. Second grafts of animal 0 on animal 3 and animal 3 on animal 12
showed edema and pigment cell contraction by 50 d, but were not yet rejected.
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Manning and Horton, 1982; Tournefier, 1982).
In axolotls, both larval and adult thymectomy
as well as hydrocortisone treatment are re-
ported to lead to slightly enhanced antibody
responses (Charlemagne, 1979; Charlemagne
and Tournefier, 1977; Tahan and Jurd, 1978;
Tournefier, 1982), as though T cell help is not
involved.

If the modest responses in urodeles all
have the same basis, it is likely to be in some
aspect of the helper T cell response to class II
molecules, since that is largely responsible for
MLR and allograft rejection as well as for the
antibody response to soluble antigens and the
secondary antibody response to particulate
antigens in mammals, chickens and Xenopus
(Du Pasquier, 1993; Kaufman et al., 1990b;
1991). Among the possibilities that have been
suggested to explain the modest urodele re-
sponses are the lack or incompetence of T
helper cells, presence of a strong suppressor
cell response, inappropriate culture condi-
tions (for the in vitro assays), minimal poly-
morphism (for the graft rejection and MLR) or
even a complete lack of MHC class II mol-
ecules (Charlemagne, 1979; Charlemagne and
Tournefier, 1977; Cohen, 1977; 1980; Collins
et al., 1976; Collins and Cohen, 1976). So it
becomes interesting to know whether sala-
manders have an MHC and T cells.

Axolotls have an MHC that encodes
oligomorphic MHC molecules

Many years ago, we began to use xeno-
antibodies to search for MHC-like molecules,
first in the frog Xenopus (with Louis Du Pas-
quier and Martin Flajnik), and then in repre-
sentatives of many vertebrate groups (Kauf-
man et al., 1985a; 1985b; 1990a; 1990c). In
1985, we found some rabbit antisera (and
later mouse monoclonal antibodies) to human
class II molecules that immunoprecipitated
axolotl molecules that had most of the struc-
tural features expected for mammalian class II
molecules (see fig. 1). Like mammalian class II

molecules, the axolotl molecules were {rans-
membrane glycoprotein heterodimers of
around 30 kDa with characteristic sequences
and there were size and charge variants in
different animals. Two-dimensional gels (an
SDS polyacrylamide gel separating by size
followed by an isoelectric focusing gel separat-
ing by charge) showed a number of spots for
class II molecules, indicating a multigene fam-
ily. We found only two allelic haplotypes—one
with an overall more acidic isoelectric point
and a 31 kDa a chain (the “a” or acidic
haplotype) and the other with an overall more
basic isoelectric point and a 33 kDa « chain
(the “b” or basic haplotype).

Subsequently, we found rabbit antisera
directed to human class I molecules that
would immunoprecipitate a molecule from
some axolotls (see fig 1); this molecule had
some of the features of a mammalian class I a
chain in the absence of B, -microglobulin: a
transmembrane glycoprotein of 45 kDa that
was protease sensitive. [As a technical aside,
we have found these cross-reactive reagents
generally recognize buried determinants;
separation of the PBDs in class I molecules
leads to separation of the two chains whereas
in the class II molecules the two chains stay
together presumably due to the transmem-
brane regions (Kaufman et al., 1990a; 1990c).
Therefore, the only class I molecules that we
could identify are separated from B,-micro-
globulin]. Two-dimensional gels showed a
single array of charge species for the class I,
suggesting only a single gene product. We
found only two alleles—the single array of
spots and a null allele (with either no class I
a-like chain or one that failed to react with
our antisera).

Jacques Charlemagne and Annick
Tournefier had an old F2 family of axolotls
(white/dark x white/dark), so we analyzed the
class II and class I a-like chains by SDS and
isoelectric focusing gels at the same time that
they examined skin graft rejection between
eight animals (see fig. 2). We found that there
were no heterozygotes left in this old family—

Figure 3. The appearance of class Il molecules on hemopoietic cells is developmentally regulated in the axo-
lotl. Blood cells (virtually all erythrocytes) in the top panel, Ficoll density gradient-purified spleen leukocytes
in the middle panel, and thymus cells in the bottom panel were stained with a cross-reactive monoclonal anti-
body to class II molecules (and for spleen cells, double-stained with a biotin-coupled monoclonal antibody to
axolotl light chain) followed by a fluorescein-coupled second antibody of sheep anti-mouse Ig absorbed with
axolotl spleen and blood cells (and for spleen cells, rhodamine-coupled strepavidin), and then was analyzed by
flow cytometry. Each point represents a pool of individuals of a particular family in the 1989 experimental
series; the size of the pool depended on the size of the animals at that stage (for instance, pools of 100 ani-
mals were used at 7 weeks after hatching). P, propidium iodide to gate out dead cells.
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Figure 4. Proliferation by purified populations of Ig and Ig* spleen leukocytes stimulated with Con A or SEB.
Spleen leukocytes from E31 and D8 axolotls were isolated by A-Ficoll density gradient centrifugation, and
stained with a monoclonal antibody to axolotl antibody light chain and fluoresceine-coupled sheep anti mouse
Ig. The stained cells were sorted under sterile conditions using a FACstar Plus gated on small lymphocytes,
giving cells of greater than 99% purity upon reanalysis. Equal numbers of cells before staining, after staining
but before sorting, and after sorting were cultured with either 5 pg/ml Con A or with 2.5 pg/ml SEB (Sigma)
in IMDM adjusted to amphibian osmolarity , and then analyzed for *H-thymidine incorporation on day 6.
Means of S. L. from triplicate cultures {bars), SE (error bars) are shown.

16



only animals with a/a class II molecules and
no class I a-like chains and animals with b/b
class II molecules and a class I a-like chain.
Jacques and Annick found that the a/a ani-
mals accepted grafts from a/a animals, the b/
b animals accepted grafts from b/b animals,
but the a/a animals rejected grafts from the
b/b animals and vice versa. This shows that
the class II B, class II a and class I a-like
chain all co-segregate with the locus that de-
termines the most rapid graft rejection in this
family. Thus the axolotl has an MHC (a Major
Histocompatibility complex) that encodes
MHC molecules just as in mamimals.

However, the level of polymorphism came
as a complete surprise—for both class I and
class II molecules, there were only two alleles
in all the animals that we tested (see fig. 1).
These included animals from laboratories in
Europe and the United States (including F1 of
laboratory animals crossed at the IU Axolotl
Colony with wild animals brought from Lake
Xochimilcho). Sometimes the class I array
would be found with the class II acidic haplo-
type and sometimes with the basic haplotype,
as though there is occasional recombination
in the MHC (as is found with mammals). One
explanation for this low number of MHC
haplotypes might be that the axolotl popula-
tion underwent a genetic bottleneck (due to
few founders in the lakes around Mexico City
or to few founders of the neotenic population),
but isoenzyme electrophoretic polymorphisms
are in the normal range for amphibians
(Shaffer, 1984). This suggests that only the
MHC has unexpectedly low levels of variability
in the axolotl.

The tissue distribution of axolotl
MHC molecules is developmentally
regulated and unusual

Another surprise was the tissue distribu-
tion of the axolotl MHC molecules—adult
axolotls have the widest class II tissue distri-
bution and the narrowest class I tissue distri-
bution yet reported (Volk, 1990). We should
point out that in those vertebrates carefully
examined, the expression of MHC molecules is
developmentally regulated, and the precise
tissue distribution of the adults is not a very
stable feature between species.

Most salamanders, including many of the
genus Ambystoma, metamorphose from an
aquatic juvenile with a broad finny tail and
external gills to a terrestrial adult with a thin
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tail and no external gills. The axolotl appar-
ently makes too little of the thyroid hormone
thyroxin to undergo this metamorphosis, but
still switches from fetal to adult globin expres-
sion at the appropriate time (around 3-4
months) in a so-called “cryptic metamorpho-
sis” (Armstrong and Malacinski, 1989;
Ducibella, 1974a; 1974b). We found that the
expression of MHC class II molecules on blood
cells is also developmentally regulated (see fig.
3), but lymphocytes bearing class II molecules
appear before cryptic metamorphosis: B cells
before 7 weeks after hatching, thymocytes
around 7 weeks, T cells around 10 weeks, and
finally, erythrocytes around 12 weeks, along
with the change in globin.

We have not determined whether class II-
negative mature cells in the periphery directly
become class II positive or are replaced by
new cells originating from class II-bearing pre-
cursors. Waves of T cells are known to popu-
late and exit the thymus in mammals and
birds; it may be that a wave of class II bearing
thymocytes first replaces the earlier class II-
negative thymocytes, and then emigrates to
the periphery where they replace the class II
negative T cells. The replacement of juvenile
erythrocytes with adult erythrocytes is known
in many vertebrates, so it may be that the
class II negative erythrocytes bearing fetal
globin are replaced with class II positive-
erythrocytes bearing adult globin. We have
found that both the transition from juvenile to
adult globin and the appearance of hemato-
poietic cells with class II molecules are not
affected by drugs such as sodium perchlorate,
thiourea, methimazole or 1-methyl imidazole;
these data suggest that the production of low
levels of thyroxin are unlikely to play a role in
these changes (contrary to the conclusions in
Ducibella, 1974b).

The class I a-like chain does not appear
until later; thus far we have only detected it
on erythrocytes. This may mean that the ex-
pression of this molecule is restricted to eryth-
rocytes; alternatively, only on erythrocytes
does enough class I o separate from f,-micro-
globulin to be detected by our reagents.

The axolotl has functional T cells
but they do not recognize
allogeneic cells very well

Once we knew that axolotls have MHC
molecules, it seemed likely that they would

have functional T cells to recognize them. It
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Figure 5. Kinetics of proliferation by spleen leukocytes cultured with 2 pg/ml Con A (panel A} or with alloge-
neic cells in the presence or absence of 6 pg/ml protein A-purified monoclonal antibody to class Il molecules
(checkerboard two-way MLR, panel B). The E17 family siblings were typed for class II alleles by iodination of
erythrocytes and immunoprecipitation followed by SDS and isoelectric focusing gels. Triplicate cultures of A-
Ficoll gradient-purified spleen leukocytes in IMDM adjusted to amphibian osmolarity were analyzed for *H-

thymidine incorporation on days 3-8.

was already known that the slow (“chronic”)
graft rejection found in salamanders depended
on an intact thymus early in life, indicating
that thymocytes were educated in the thymus
giving rise to functional T cells in the periph-
ery. Leukocytes from mammals, birds, frogs
and bony fish respond strongly in in vitro as-
says that mimic graft rejection. In contrast,
salamander leukocytes failed to respond
strongly to allogeneic cells; one possible rea-
son was that the salamanders tested were the
same MHC type. However, salamander leuko-
cytes also failed to respond strongly to general
stimuli, so it was possible that they were
somehow nonfunctional.

We wanted to use in vitro assays to mea-
sure the ability of salamander T cells of de-
fined MHC type to respond to antigenic stim-
uli, both to a general stimulus and to MHC
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molecules. We got nowhere with this approach
until we made the fortuitous observation in
1989 (Volk, 1990) that axolotl spleen cells put
in culture directly ex vivo without stimulation
gave a higher level of thymidine incorporation
in media completely lacking fetal bovine se-
rum and axolotl serum. We then found that
the plant lectins Con A and PHA stimulated
spleen leukocytes to incorporate a lot of thy-
midine. Of a number of commercial and per-
sonal serum-free media, the so-called “Iscove’s
modified Dulbecco’s modified Eagle’s minimal
medium” (IMDM) adjusted to amphibian mo-
larity gave by far the best results, with the
lowest background and the highest specific
incorporation. We used monoclonal antibodies
to axolotl antibodies to separate B lympho-
cytes from presumptive T lymphocytes by
fluorescence-activated cell sorting (see fig. 4),



and found that T cells rather than B cells re-
sponded strongly to Con A and PHA (as well
as weakly to preparations of Staphylococcus
enterotoxin B, a T cell specific superantigen).
Juvenile animals do not seem to respond to
the mitogens under these conditions, and
some adult animals respond much more
strongly than others, with S. L. ranging from 3
to 50 (see fig. 5); the reasons are not clear.
We examined both mitogen responses
and MLR in F2 families that were typed for
class II molecules (see fig. 5). The mitogen
responses were much stronger than the MLR
responses and peaked a day or so earlier. The
MLR responses were only a little stronger in
IMDM than in other media, but they followed
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the class II typing much better in IMDM than
other media. We tested many other condi-
tions, including adaptation to warmer than
normal temperatures, without further im-
provement. Pooling many experiments (see fig.
6), we found that the S. I. of two MHC haplo-
type differences (an allogeneic combination;
a/a cells + b/b cells) was significantly above
all others, that the S. I. of one MHC haplotype
difference (a semi-allogeneic combination; a/b
+ a/a or a/b + b/b) was equivalent to differ-
ences in background only (a syngeneic combi-
nation, a/a + a/a,. b/b +b/bora/b + a/b
using different animals), and that the S. L. of
no genetic difference (that is, a mixture of self
cells) was significantly lower than the rest.

[ day 4
day 6
2.01 H days 3-8

I

1.07

mean S.

0.0

0 0
autologous nonautologous

1 2

number of MHC haplotype differences

Figure 6. Pooled data from four MLR experiments with animals from F2 families typed for class II alleles. S. L.
values from multiple MLR experiments were pooled according to the number of MHC haplotype differences
between the two cell populations in culture {autologous with 0 MHC differences, nonautologous with 0 MHC
haplotype differences, semi-allogeneic withl MHC haplotype difference and fully allogeneic with 2 MHC
haplotype differences); the S. 1. value for each MLR before pooling was the mean of triplicate cultures. Means
of S. I. values (bars) with SE values (error bars) are shown for day 4 (18 autologous, 8 nonautologous with no
MHC difference, 20 semi-allogeneic and 4 fully allogeneic combinations), day 6 (18, 8, 20, 4 combinations)

and days 3-8 (52, 20, 56, 12 combinations).
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This indicates that there are T cells, but most
of them do not respond to molecules deter-
mined by the genetic region that we assess by
typing the class II molecules.

What is wrong with the immune
systems of salamanders compared
to mammals?

There is still much to learn about the
way in which salamanders recognize foreign
antigen, and so there are many possible ex-
planations for their modest immune re-
sponses, which fall into three classes. First,
most salamanders actually do not have sub-
dued responses and there is something
unique about the ones that have been exam-
ined, particularly the axolotl. Second, most
salamanders have subdued responses, and
there is a common basis. Third, most sala-
manders have subdued responses, but for
many different reasons.

Are the modest responses general for all
urodeles? Of all salamanders, the axolotl has
been the subject of much of the work on graft
rejection, and virtually all of the work on lym-
phocyte responses in vitro, antibody responses
in vivo, and the biochemistry and molecular
biclogy of MHC molecules, TcR and antibod-
ies. Since the axolotl is a neotenic (also called
“nontransforming”) salamander, remaining
juvenile in appearance due to insufficient pro-
duction of the thyroid hormone thyroxin, it is
not impossible that some of the subdued im-
mune responses are normal characteristics for
a juvenile salamander. We think that this is
unlikely for two reasons. First, most other
salamanders tested (including transforming
salamanders) show the same slow (“chronic”)
graft rejection as the axolotl. Second, adminis-
tration of thyroxin to axolotls leads to full
anatomical metamorphosis, but no measured
change in the immune response (Armstrong
and Malacinski, 1989; Ducibella, 1974a;
1974b; Jurd, 1985; Vilk, 1990). The reason
for this is probably that changes have already
occurred—despite the lack of anatomical
metamorphosis in normal axolotl develop-
ment, many biochemical and hemopoietic
changes occur [sometimes referred to as
“cryptic metamorphosis”(Ducibella, 1974a;
1974b)] that are likely unconnected with the
thyroxin-dependent developmental program.
These changes include hemoglobin, serum
proteins, erythrocyte structure, expression of
class II molecules, and most importantly, lev-
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els of certain immune responses (Ducibella,
1974a; 1974b; Jurd, 1985; Valk, 1990).

What features of the axolotl immune sys-
tem could be responsible for the modest re-
sponses? As mentioned above, there are a
host of suggestions already in the literature,
some blaming the experimenter (for instance,
poor culture conditions for the MLR, use of
animals with the same MHC for graft rejection
and MLR, dogged insistence on investigating
an unusual animal) and others blaming the
axolotl (lack or incompetence of T helper cells,
presence of a strong suppressor T cell re-
sponse, lack of MHC molecules); Jacques
Charlemagne and Annick Tournefier have also
mentioned in conversation that they think
that there is a defect in antigen processing
and presentation. To us, the likeliest explana-
tion was that there is something awry with the
response of helper T cells to class II molecules
(since this is important for MLR, allograft re-
jection, antibody response to soluble antigens
and secondary antibody response to particu-
late antigens).

We have found MHC class II molecules
and a class I a-like chain that are determined
by the same locus that determines graft rejec-
tion and the modest MLR, so an axolotl MHC
exists with some functional attributes. Along
with Nick Cohen (Koniski and Cohen, 1992},
we have shown that Ig-negative lymphocytes
exist that respond to T cell mitogens, and
Julien Fellah and Jacques Charlemagne have
shown that there are expressed TcR [ genes in
the axolotl (Fellah, et al., 1998), so apparently
functional T cells exist as well. We have
shown that typed animals respond weakly but
with some specificity in both graft rejection
and MLR, so that modest response is not due
to using the MHC identical animals. Of
course, we can not rule out some of these ob-
jections conclusively (for instance, we may
appropriate culture conditions for mitogen
response but not for MLR), but they seem in-
creasingly unlikely.

So, at the moment, our favorite explana-
tion is that there is nothing wrong with the
axolotl T lymphocytes or MHC molecules, but
that most of the axolotl T cells simply are not
directed to recognize the MHC molecules that
we have described. This might explain the low
polymorphism and funny tissue distribution
of axolotl MHC molecules—since they are not
used very much, they are not under much
selective pressure to diversify or to be ex-
pressed with particular cell distributions. It

seems very unlikely that we have simply



missed the boat, that is, that there is some
other highly polymorphic MHC that deter-
mines graft rejection and MLR; we have much
data from F2 families showing that our oligo-
morphic MHC molecules are determined by
the same locus that determines the modest
graft rejection and MLR. Of course, we still
have to determine that exact number of T cells
that respond to a particular allogeneic MHC
molecule, but to our minds, it is really more
important to determine what the majority of
axolotl T do recognize. There are a lot of possi-
bilities—T cells that recognize the “medial his-
tocompatibility antigens,” which are minimally
polymorphic nonclassical class I molecules
(like TL, Qa, Hmt and CD1 molecules), ¥ T
cells that may recognize antigen without
MHC-like molecules, or perhaps NK cells of
one kind or another. And there is the strong
possibility that something new and unex-
pected may be discovered.

Is there a common basis for the modest
responses in all urodeles? As mentioned
above, most investigations report slow (or
“chronic”) skin graft rejection in salamanders,
both among individuals in laboratory strains
and individuals in wild outbred populations.
The reports of faster rejections are of uncer-
tain significance, since they are all from wild
populations and are anecdotal in the sense
that they have not been repeated nor have
attempts been made to understand them in
detail. Still, it is possible that there are differ-
ences in the level of immune response be-
tween salamander species.

Nick Cohen has made the point that all
relevant data is compatible with only a few
strong histocompatibility alleles within each
population of salamanders (Cohen, 1980).
This is quite reminiscent of the finding of two
class II alleles in axolotls, and could have the
Same meaning—most salamander populations
have few MHC alleles because most of their T
cells don’t recognize classical MHC molecules
and thus they have subdued immune re-
sponses. This is another interesting direction
for future investigation.
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