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Abstract

The major histocompatibility complex (MHC) is a large genetic region with
many genes, including the highly polymorphic classical class I and II genes
that play crucial roles in adaptive as well as innate immune responses. The
organization of the MHC varies enormously among jawed vertebrates, but
class I and II genes have not been found in other animals. How did the MHC
arise, and are there underlying principles that can help us to understand the
evolution of the MHC? This review considers what it means to be an MHC
and the potential importance of genome-wide duplication, gene linkage, and
gene coevolution for the emergence and evolution of an adaptive immune
system. Then it considers what the original antigen-specific receptor and
MHC molecule might have looked like, how peptide binding might have
evolved, and finally the importance of adaptive immunity in general.
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INTRODUCTION

The major histocompatibility complex (MHC) is a genetic region that encodes a wide variety
of molecules, including the classical MHC class I and II molecules that are central to the adap-
tive immune response of jawed vertebrates. These classical MHC molecules present peptides to
thymus-derived (T) lymphocytes, and class I molecules are also recognized by natural killer (NK)
cells. The importance of T cells and NK cells for survival from pathogens and tumors, as well
as their role in autoimmunity and tissue graft rejection, has led to decades of investigation, dis-
cussed in numerous review articles and presented in all standard textbooks, revealing systems of
enormous complexity and richness of detail. However, key genes encoding the MHC class I and
II molecules, the αβ and γδ T cell receptors (TCRs), and B cell receptors (BCRs)/antibodies,
have not been found in the closest relatives of the jawed vertebrates (the jawless fish, also called
agnathans or cyclostomes) or in any invertebrate.

So, how did the adaptive immune system of the jawed vertebrates arise? Some important
insights have come from simply considering data from humans and biomedical models like mice.
Other insights have come from comparative immunologists, who initially examined animals with
functional assays like graft transplantation, mixed lymphocyte reaction, and immunization for
antibody production, and with immunoprecipitation to look at molecules. Really rapid progress
came with the application of molecular biology techniques to a wide variety of vertebrates, with an
explosion of discoveries that have led to many speculative hypotheses, for which evidence for or
against has been sought. However, among nonmammalian jawed vertebrates, there has been little
biochemical or functional examination, except in food animals like chicken and Atlantic salmon,
owing to their economic importance.

At this moment, there is much fragmentary data but little consensus on many aspects of the
evolution of the MHC and the adaptive immune system. This review focuses on the evolution of
the MHC, much of it with lessons from the class I system, because class II molecules and functions
in nonmammalian vertebrates have been examined far less. There are many other important issues
about the origin and evolution of the adaptive immune system for which there is no room in this
review to discuss. These topics include the details of transposons and recombination activating
genes (RAGs), new antigen receptors (NARs), IgM and IgW/IgD, the extra NAR-like V domain
on TCRs, germinal centers and affinity maturation, APOBEC and isotype switching, and innate
immune cells, for each of which there are many interesting papers and some excellent reviews.

WHAT IS AN MHC?

The MHC was originally described in mice (and then humans) as the genetic locus determining
the fastest rejection of tissue grafts between individuals within a species (that is, allograft rejection),
with the genes responsible being the classical MHC class I and II genes (1), now having been found
throughout the jawed vertebrates. These key genes encode heterodimeric glycoproteins that bind
protein fragments (peptides) inside the cell and bring them to the cell surface for recognition. The
heavy (α) chains of classical class I molecules, class II α chains (from A genes), and β chains (from B
genes) are encoded in the MHC; but the gene for β2-microglobulin (β2m), which associates with
the class I heavy chain, is located outside of the MHC in most jawed vertebrates. Classical class
I molecules present peptides originating from proteins in the cytoplasm and nucleus to cytotoxic
CD8 T cells (as well as NK cells), while classical class II molecules present peptides derived from
proteins in intracellular vesicles and the extracellular space to CD4 T cells. These classical MHC
molecules depend on complex pathways of biosynthesis, antigen degradation, translocation, and
peptide loading, for which some of the components are encoded by the MHC; these include
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the inducible proteasome components (LMPs or PSMBs), transporters for antigen presentation
(TAP1 and TAP2), and peptide editor and chaperone tapasin for class I molecules as well as peptide
editor and chaperone DM and inhibitor DO for class II molecules (1–4).

In addition to binding and presenting peptides, classical MHC molecules generally have high
allelic polymorphism and sequence diversity (1–3). This high polymorphism reflects a molecular
arms race between pathogens that evade recognition and hosts that can survive based on their
MHC molecules (5, 6). There is evidence for other selective pressures for polymorphism, such as
mating preference or reproductive success (7, 8).

Many other genes can be found near the classical MHC genes, including nonclassical MHC
class I and II genes that may or may not have immune function and generally are not highly
polymorphic (2, 3). Exceptional nonclassical class I molecules, such as MIC-A and MIC-B, are
polymorphic, presumably owing to an arms race with pathogens (9, 10). The classical MHC
genes appear to be ancient, with different nonclassical molecules appearing (and disappearing) at
different times in the evolution of jawed vertebrates (11).

The textbook view of the MHC (2, 12, 13) is based on the HLA region on human chromosome
6 (Figure 1, Supplemental Figure 1), divided into a class I region with classical and nonclassical
class I genes along with unrelated framework genes (including innate immune genes such as
TRIMs), and a class II region with classical and nonclassical class II genes along with genes
involved in class I antigen processing (TAP1 and TAP2, and LMPs/PSMBs) as well as a kinase
(RING3/BRD2). In between is a class III region with many different kinds of genes, including some
involved in immunity (such as complement components C4, C2, and factor B and cytokines of the
tumor necrosis factor family, TNFs). On either side are the extended MHC regions, with the class
I chaperone and peptide editor tapasin as well as many other kinds of genes (including the RXR and
Notch signaling receptors) in the extended class II region and butyrophilins, olfactory receptors,
and the nonclassical class I molecule HFE (involved in iron uptake) as well as other kinds of genes
in the extended class I region. The cohesiveness of this region could be questioned, but many of
these genes may have been part of a primordial immune region, with the descendent region still
containing as many as 40% of the original genes involved in some way with immunity (2).

The organization of the MHC in other species varies enormously (14) (Figure 1,
Supplemental Figure 1). Even in biomedical model species such as mice and rats (15, 16),
there are differences compared to humans, including classical class I gene(s) between the class II
and the extended class II regions, and several large families of nonclassical class I genes (many
with functions unlike those found in humans) in the extended class I region. Other important
differences are found in cattle, sheep, and pigs (17–19). There seem to be several organizations
among marsupials (20–24). In the gray short-tailed opossum (Monodelphis domestica) and the Tamar
wallaby (Macropus eugenii ), the class III region is outside of the MHC, whereas in the Tasmanian
devil (Sarcophilus harrisii ), the different regions appear to be duplicated. The class I and II genes
along with multiple copies of TAP and LMP/PMBS genes are interspersed in the opossum, giving
no single class I or II region. The framework genes that in placental mammals divide up the class
I region are found together in a single region in the opossum, but without class I genes. Most
surprisingly, the MHC of the wallaby has no classical class I genes, which instead are located at
the telomeres of several chromosomes.

In the largest group of birds, the passerines (which include songbirds among the perching
birds), there are generally large families of class I and II genes, whereas in the nonpasserines
there are many fewer genes in a region that is relatively small and simple (25). In most birds, the
current genomic assemblies are fragmented (26–33) and clear conclusions may be hard to reach
(compare the location of the class I locus in the zebra finch, Taeniopygia guttata; 26, 27). However,
in the chicken (Gallus gallus), the BF-BL region within the B locus was found to be simple and
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Figure 1
Only jawed vertebrates have an MHC, and the organization can vary significantly. This idealized phylogenetic tree shows the
relationships of some of the organisms discussed in the text, next to idealized representations of some of the genes in the MHC syntenic
region (and for some organisms, the equivalent MHC paralogous regions). Solid horizontal lines indicate contiguous sequences
(proven; inferred from homology of scaffolds, as in Xenopus; or inferred from mapping, as in the nurse shark); dotted horizontal lines
indicate considerable genomic sequences without MHC genes; question marks indicate uncertain linkage. Solid horizontal lines
indicate MHC class I and II genes (red, classical class I; pink, nonclassical class I; dark blue, classical class II; light blue, nonclassical class
II), as well as complement component genes ( green). Dotted vertical lines indicate antigen-processing and peptide-loading genes (red,
class I system; blue, class II system). Thin vertical lines indicate separation of defined regions, which are named only for the human
MHC (eII, extended class II region; II, class II region; III, class III region; I, class I region; eI, extended class I region). Brackets indicate
copy number variation. Data from References 2, 15, 16, 20, 23, 24, 32, 34, 39, 41, 45, 49, 53–60.

compact, with the class II B genes next to the DM genes, the TAP genes flanked by classical class
I genes and the class III region outside of the class I and class II regions, characterized therefore
as a “minimal essential MHC” (34). Since then, further work has described an extended class I
region with TRIM and BG genes (related to butyrophilins) on one side of the BF-BL region,
a region with the nonclassical CD1 genes located on the other, and a Y region of nonclassical
class I and II genes at a distance on the same chromosome and genetically unlinked owing to high
recombination (35–40). The equivalent of the BF-BL region in Japanese quail (Coturnix japonica) is
organized in a similar way as in the chicken, but with several duplications of genes (41) (Figure 1).

The genomic studies in reptiles are incomplete and poorly assembled, but they have been
interpreted to show various organizations of MHC genes (42–44). Like that of the chicken, the
MHC of Xenopus frogs is organized with the antigen-processing and peptide-loading genes next
to the classical class I gene, with the class III region on the outside (45), and with a region of
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nonclassical (XNC) class I genes located on the same chromosome but at some distance (46, 47)
(Figure 1). These XNC genes are recognized by T cells with semi-invariant TCRs, much like CD1
and MR1 are in mammals (48). Among salamanders, the Mexican axolotl (Ambystoma mexicanum)
is reported to have tens of class I genes and a single predominant class II gene pair (49, 50).

Unlike tetrapods (amphibians, reptiles, birds, and mammals), which apparently have a single
phylogenetic origin, fish represent several ancient lineages that have been separated for very long
periods of time (Figure 1). The largest group, teleosts (ray-finned fish), generally have classical
class I gene(s) along with TAP, tapasin, and LMP/PSMB genes in a single region, with several
lineages of nonclassical class I genes located outside of the classical class I region (51–54). Class
II genes are located in discrete regions on other chromosomes, and the class III region genes
are scattered throughout the genome, although some stay together (54–56). As a result, some
researchers use the term MH regions rather than MHC regions. The Atlantic cod (Gadus morhua)
and related fish have no class II genes but hundreds of class I genes, some of which are proposed
to take on class II function (57). Much less is known for other groups of fish, although poorly
assembled genome sequences give hints of surprises to come. At the base of the jawed vertebrates,
cartilaginous fish, as represented by the nurse shark (Ginglymostoma cirratum), have a single MHC
with many genes found in the tetrapod MHC, including classical class I and II genes as well as class
III genes such as the complement component C4 (58–60). However, unlike all other vertebrates,
the nurse shark β2-microglobulin (β2m) gene is located within the MHC (61).

With the inherent plasticity of genomes and the enormous spans of time involved, it is perhaps
not surprising that the MHC has undergone many changes resulting in the various organizations
found among jawed vertebrates. Perhaps it is more surprising that the MHC has held together
as well as it has. Some researchers perceive the possibility of a selective advantage in keeping
these genes together, while others attribute the apparent cohesiveness to relatively low levels of
nonhomologous recombination (2, 3). Some researchers consider all genes (including olfactory
genes and the class III region) as bone fide MHC genes, either because they may be important for
MHC-linked phenomena or because “MHC” is a convenient abbreviation (for instance, 38, 62).
In this latter view, any region with genes related to those found in the MHC might be called an
MHC region; for instance, the human MHC paralogous regions discussed below might be called
MHC-1, MHC-6, MHC-9, and MHC-19. In any case, there is value in considering genes that
may have been part of this region before class I and class II genes arose, allowing the evolutionary
history of the region to be followed.

So, what is an MHC? Based on the concept of coevolution (63, 64) discussed below, this review
considers classical class I and II genes, along with the genes located within the MHC that are
part of the antigen-processing and peptide-loading pathways, as biologically coherent units that
anchor the MHC based on function. Other genes are considered as part of the “MHC syntenic
region” (a genomic region of colocated genes), free to come and go in evolution without deeper
biological meaning. In this view, nonclassical class II genes that are involved in class II antigen
presentation, such as DM and DO, are part of the MHC, whereas nonclassical class I genes may
or may not be located in the MHC syntenic region.

MHC PARALOGOUS REGIONS, GENOME-WIDE DUPLICATIONS,
AND THE BIG BANG

Many genes located outside of the MHC are similar to those found within the MHC, and some of
these are located more or less together in parts of the genome that have become known as MHC
paralogous regions. The appearance of these MHC paralogous regions (and many other such
regions) is generally attributed to genome-wide duplication (65–67), first suggested by Susumu

www.annualreviews.org • Evolution of the MHC 387



IY36CH15-Kaufman ARI 3 April 2018 12:21

Ohno some 50 years ago. He proposed that the appearance of duplicate genes (called paralogues,
or by some ohnologs) would allow new functions to evolve without losing the old functions (68). As
two rounds (2R) of these genome-wide duplication events occurred at the base of the vertebrates,
it was suggested some 20 years ago that the sudden appearance of many duplicate genes without
essential functions allowed a burst of evolution that led to the emergence of the adaptive immune
system (widely called the Big Bang; 69, 70). Since then, the hypothesis of genome-wide duplications
has become widely accepted, but many facts have emerged that modify or challenge the original
notions about the evolution of the adaptive immune system, so that the whole area remains rather
unsettled.

2R would yield four MHC regions, and initial observations from the human genome identi-
fied the MHC on chromosome 6 and MHC paralogous regions on chromosomes 1, 9, and 19
(Supplemental Figure 2). Genes from the MHC syntenic region have clear paralogues spread
throughout the MHC, from the class II region (like PSMBs and RING3/BRD2), the class III
region (like C4), and the extended MHC regions (like RXR and Notch). Many of these and other
MHC paralogous genes have been traced back to various invertebrate genomes, including those of
the protochordate Amphioxus, and as far back as a primitive multicellular organism, the placozoan
Trichoplax adhaerens (71, 72). The relative proximity of these genes in particular regions has been
used to support the notion of a proto-MHC syntenic region, proposed to be involved in stress
responses and innate immunity (72).

The current consensus is that 2R took place at the base of the vertebrates around 500 Mya,
with the lamprey genome currently interpreted to mean that both events happened before the
emergence of the jawless fish (73). In nearly all vertebrates, only one of the MHC paralogous
regions is responsible for graft rejection and other adaptive immune responses, encoding genes of
both class I and class II systems. As described above, the MHC in teleost fish is fragmented into
several regions, which fits with a third round (3R) in teleosts (and even 4R in salmonid fish around
80 Mya), followed by differential silencing or loss of genes in one or another of the paralogous
regions (74). More recent genome-wide duplication events have been studied, particularly in frogs
related to the laboratory model Xenopus laevis, from Xenopus tropicalis (considered basal diploids
among these amphibians) to the “dodecaploid” Xenopus ruwenzoriensis. A single MHC is found in
all these frogs except the dodecaploid (75, 76), consistent with the notion that there might be a
selective advantage to keeping MHC genes together in a single diploidized region.

The emergence of the adaptive immune system from paralogous genes free to take up new
functions is a seductive hypothesis, but it remains controversial. Sadly, no descendants of the
many fish groups present between the appearance of the jawless fish and the cartilaginous fish
have survived, leaving a gap of some 70 million years in molecular analysis. The fossil record
allowed the body plans of vertebrates through this time period to be assessed, but instead of
a rapid burst of evolution, only a gradual accumulation of changes is found (77). Since MHC
genes or molecules have not been identified in fossils, evolutionary changes must be inferred from
surviving contemporary genomes.

Various explanations for the presence of class I genes in MHC paralogous regions have been
proposed (Figure 2). The human class I genes include the classical class I genes (HLA-A, -B, and
-C) along with nonclassical class I genes (HLA-E, -F, and -G and HFE) in and around the MHC
syntenic region on human chromosome 6, nonclassical class I genes (CD1A, B, C, D, and E as well
as MR1) on chromosome 1, and the nonclassical class I gene FcRn on chromosome 19 (78–80).
Two models suggest that class I genes were present in the primordial MHC before 2R. However,
FcRn and MR1 orthologous genes have not been identified outside of mammals, nor CD1 genes
outside of mammals, birds, and some reptiles. Moreover, both CD1 genes in chickens are part of
the BF-BL region, which includes the MHC (37), although fragmentary reptile genome sequences
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Figure 2
Three models proposed to explain class I genes in MHC paralogous regions. Classical class I genes in red, CD1 genes in pink, other
genes in the MHC syntenic region (non-MHC genes) in green. The presence of CD1 genes on two chromosomes in crocodiles is
inferred from the location of similar genes in mammals; however, the scaffolds for all these genes may in fact be next to each other on
one chromosome. Figure modified from Reference 33 with permission.

might suggest several locations for CD1 genes (81). A third model suggests that the primordial
MHC genes appeared in one MHC paralogous region after 2R, and that some nonclassical class
I genes translocated near to other MHC paralogous regions in the lineage leading to mammals
(82, 83).

Thus far, the available evidence does not decisively reject any of these scenarios. A careful
consideration (33) shows that the MHC paralogous regions are vast (21 to 76 Mb) compared
to those of the MHC (3.4 Mb), with the paralogous genes located amid many genes that are
not obviously paralogous, and with the nonclassical class I genes located near the edges of the
paralogous regions (Supplemental Figure 2). It is conceivable the class I genes were moved from
the MHC to paralogous regions by homologous recombination involving flanking genes, but how
frequently such events might occur is unclear. Comprehensive examination of the paralogous
regions in a range of species would be helpful, and it also would be interesting to know whether
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the 20- to 70-Mb region centered around the MHC contains genes from the MHC paralogous
regions that at the moment are not identified as paralogues.

THE ANCESTRAL MHC AND THE APPEARANCE OF THE
MAMMALIAN MHC

A major mystery about the mammalian MHC has been the presence of a class III region in
between the class I and class II regions. Another mystery was the location of two LMP/PSMB
genes (encoding inducible proteasome components to cut up proteins in the cytoplasm) and
the two TAP genes (encoding the ABC transporter that pumps peptides into the lumen of the
endoplasmic reticulum) in the class II region, as well as the location of the tapasin gene (encoding
the dedicated chaperone and peptide editor) in the extended class II region, all far away from the
class I genes that they serve. One suggestion was that the original location of classical class I genes
was in between the extended class II and the class II region, as found for the mouse K and rat
RT1 regions, and therefore near to the TAP, tapasin, and LMP/PSMB genes (15). However, the
latest rat genomic sequences suggest that the RT1 region was a translocation from the other side
of the class III region in the lineage that led to rodents, followed by silencing of the classical class
I genes in the original class I region of rats (16).

The organization of the chicken BF-BL region with the class I region containing classical
class I genes and TAP genes in between the class II and class III regions led to a scenario for the
evolution from the primordial MHC in some long-lost ancestor to placental mammals. Key to
this scenario is the concept of coevolution between structurally unrelated genes in the antigen-
processing, peptide-loading, and peptide-presentation pathway. Evolutionary biologists have long
discussed this concept using terms like coadaptation and supergenes, but for immunologists, co-
evolution between genes that are not generally separated by recombination was first suggested
for class II A/B gene pairs, then found for rat TAP and classical class I RT1A gene(s), and finally
generalized from work with chicken TAP and class I genes (63, 84–86). In this view, a pathway
with polymorphic interacting genes can only work effectively over generations of individuals if
the polymorphic genes are closely linked in the genome (Figure 3). Conversely, unlinked poly-
morphic interacting genes give a variety of outcomes, as illustrated by the immunoglobulin-like
NK receptors (killer inhibitory receptors, or KIRs) encoded in the leukocyte receptor complex
(LRC) on human chromosome 19 that recognize classical class I molecules (HLA-A, -B and -C)
encoded in the MHC on chromosome 6, with unfortunate combinations leading to deleterious
outcomes for infection, autoimmunity and reproduction (8, 87).

Compared to rat genes, there is much stronger coevolution between chicken MHC genes that
leads to truly profound mechanistic and functional consequences (39, 64, 88). Even though there
are two classical class I genes in chickens, only the BF2 molecule is well expressed (Figure 4a),
with at least tenfold less RNA for the BF1 gene. Depending on the peptides presented by the
dominantly expressed BF2 gene, a chicken MHC haplotype will confer resistance or susceptibility
to a particular pathogen (89–91), leading to very strong genetic associations of the BF-BL region
with infectious disease (39, 40). The chicken TAP genes located in between the two class I genes
(and the tapasin gene nearby, located in between the two class II B genes) have high allelic
polymorphism with moderate diversity between alleles. The peptide-translocation specificity of
the TAP heterodimer is closely aligned with the peptide-binding specificity of the classical class
I molecule encoded by the BF2 gene (92, 93), specifying several peptide positions and with a
different specificity for each haplotype, with the poorly expressed BF1 molecule receiving few
peptides (Figure 4b). It is the rarity of recombination along the chicken MHC (the BF-BL
region) that allows this strong coevolution between the TAP genes, the tapasin gene (94), and the
well-expressed BF2 gene and leads to one particular peptide specificity for each MHC haplotype.
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Figure 3
Close genetic linkage is required to keep advantageous combinations of genes together, as illustrated with
class I and TAP alleles. Genes are represented by rectangles, with distance between rectangles representing
the amount of recombination (that is, closely linked genes are close together). TAP molecules, shown in blue
or yellow, pump peptides only for class I molecules drawn in the same color. Figure modified from
Reference 88 with permission.

In contrast to the chicken MHC, the MHC of most placental mammals has relatively weak
genetic associations with resistance and susceptibility to infectious pathogens, with monomorphic
TAP, tapasin, and LMP/PSMB genes located in the class II and extended class II regions able
to interact at some level with all alleles and loci of the classical class I genes located far away in
the class I region (39, 64). For instance, human TAP genes pump a wide variety of peptides, of
which some will be appropriate for any human classical class I molecule. As a result, each MHC
haplotype will have a multigene family of class I molecules (Figure 4a) that altogether confer more
or less resistance to most pathogens, which can explain why MHC associations with infectious
disease in humans appear relatively weak (certainly in comparison to autoimmune diseases) and
have taken decades to establish convincingly (3, 95). By contrast, poultry scientists found strong
genetic associations of the BF-BL region (or in many cases the larger B locus) with economically
important diseases, as large numbers of chickens lived or died (40).

Although the evidence is fragmentary, it seems likely that the salient features of the chicken
class I system are ancestral, being found in several key vertebrates outside of placental mammals
(63, 64). As mentioned above, the class III region is on the outside of the MHC in opossum,
wallaby, chicken, quail, and Xenopus frogs (20, 24, 34, 41, 45). At least some antigen-processing
and peptide-loading genes are located near the classical class I gene(s) in opossum, chicken, quail,
duck (Anas platyrhynchos), Oriental stork (Ciconia boyciana), Xenopus frogs, various teleost fish, and
sharks, and more than one allele (or diversified families) of these genes are reported for opossum,
chicken, duck, Xenopus frogs, and some teleost fish (20, 34, 41, 45, 51, 59, 92–94, 96–100). A
single classical class I gene or haplotypes with a single class I gene are found in opossum, zebra
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Figure 4
Coevolution to give a single class I molecule has important functional consequences. (a) Outside of placental
mammals, many jawed vertebrates express a single classical class I molecule at a high level, so a heterozygote
would express only two class I molecules. One of these two class I molecules would have to find a protective
peptide for the individual to survive, and the difference between life and death determined by the MHC
reads out as strong genetic associations. A typical placental mammal expresses a multigene family of class I
molecules, each with a different peptide-binding specificity. Altogether, this multigene family has a good
chance of finding a protective peptide, so most MHC haplotypes confer resistance to most pathogens,
reading out as weak genetic associations. (b) Coevolution between polymorphic TAP genes and closely
linked class I genes leads to a single dominantly expressed class I molecule, as illustrated by the B4 haplotype
of the chicken MHC. The dominantly expressed class I molecule binds peptides with three negative anchor
residues, and the TAP1-TAP2 heterodimer pumps such peptides. The poorly expressed class I molecule has
a different specificity and fails to bind many peptides; this class I molecule is therefore not often recognized
by T cells and eventually falls into disuse. Circles with plus signs indicate basic residues, circles with negative
signs indicate acidic residues, and empty circles indicate hydrophobic residues. Panel a modified from
Reference 178 and panel b modified from Reference 179, both with permission.

finch, Oriental stork, Xenopus frogs, Atlantic salmon (Salmo salar), and sharks, and a dominantly
expressed class I gene in chicken, quail, duck, and house sparrow (Passer domesticus) (20, 26, 45,
58, 88, 89, 94, 96, 97, 101–105). There are significant genetic associations of the MHC with
resistance to infectious pathogens in chicken, house sparrow, the lowland leopard frog (Lithobates
yavapaiensis), and Atlantic salmon (40, 103, 106, 107). The obviously different organizations such
as in Tamar wallaby, Atlantic cod, and Mexican axolotl may be examples of subsequent evolution
from the ancestral state.

Putting this all together, the simplest scenario for the evolution of the typical mammalian
MHC would involve an inversion within the ancestral MHC (92, 108). In this view (Figure 5),
the class III region swung into the middle of the MHC and the classical class I region swung to
the outside, but with the breakpoint such that polymorphic TAP, tapasin, and LMP/PSMB genes
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Figure 5
Textbook organization of the typical mammalian MHC can arise from the ancestral organization of
nonmammalian vertebrates by an inversion. Close linkage of antigen-processing and peptide-loading genes
with a single class I gene leads to coevolution with a particular specificity. After the inversion, increased
recombination selects for monomorphic promiscuous antigen-processing and peptide-loading genes that can
support a multigene family of class I molecules with different peptide-binding specificities. Genes are
indicated by filled rectangles, all colored black except for genes that are part of the class I pathway: inducible
proteasome components (low-molecular-weight proteins, LMP/PSMB), peptide transporter (transporters
associated with antigen presentation, TAP), dedicated chaperone (tapasin, Tpn), and class I genes. Colors
indicate specificity: red, green, and blue indicate highly specific (fastidious), while rainbow pattern indicates
wide specificity (promiscuous). Other genes include tumor necrosis factor (TNF), complement component 4
(C4), C2, and factor B (fB), and class II genes.

were left behind. With the class III region in between, the strong genetic linkage between the class
I gene(s) and the antigen-processing and peptide-loading genes was lost, and the coevolutionary
relationships could not be sustained. At this point, there was a strong selection for the TAP,
tapasin, and LMP/PSMB alleles that could function best with a wide variety of class I alleles,
no matter which one might appear by recombination. In fact, alleles of such promiscuous TAP
genes have been found in chickens (93). Once monomorphic genes that could work with a wide
variety of class I alleles were selected, then a multigene family of well-expressed class I loci could
be supported.

It appears that evolution between the two extremes of a single class I gene and a multigene
family can occur. In rats, the classical class I genes apparently were translocated into the extended
class II region close to the TAP genes and silenced in the class I region (16). This has allowed
two lineages of TAP genes to coevolve with two lineages of class I genes, specifying amino acids
in one peptide position (85, 86). Conversely, the class I genes in the Tamar wallaby have moved
out of the MHC to telomeres of several chromosomes (22–24), and it would not be surprising to
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find monomorphic TAPs and several well-expressed classical class I molecules. However, overall
the evidence is fragmented and not very detailed outside of a few species, so careful examination
in a range of animals may reveal surprises requiring additional explanation.

THE PRIMORDIAL MHC AND THE EVOLUTION OF THE
ADAPTIVE IMMUNE SYSTEM

The reason for the location of the TAP, tapasin, and LMP/PSMB genes is not obvious based on
the MHC of typical mammals, where they are monomorphic and located far away from the class I
genes that they serve. Being monomorphic, they could have been located elsewhere in the genome
(as is MECL1/LMP10/PSMB10; 66). The principle of coevolution can explain the location of
polymorphic peptide-loading genes next to the classical class I gene in chickens (and presumably
antigen-processing genes as well in many nonmammalian vertebrates), but it can also explain their
presence in the MHC of all jawed vertebrates (88, 92, 108).

Coevolution can lead to structurally unrelated genes working together to form a pathway, in a
similar way that coevolution can lead to alleles of different genes working together. The logic is
the same: Close linkage in a genome means that advantageous combinations of genes stay together
long enough to be selected as a group. In this way, a primordial NK receptor that did not bind
peptides, an ABC transporter that did not pump peptides for MHC class I molecules, and a po-
tential chaperone that did not hold the two together could coevolve in time to a peptide-binding
MHC molecule that could interact with a tapasin molecule, which in turn interacted with a TAP
heterodimer. If the genes encoding these proteins were located on different chromosomes, reas-
sortment at every generation would mean that the chance for the interacting variants to remain in
the same individual organism to allow selection would be slim. However, if these genes were located
next to each other in a primordial MHC, then there would be an opportunity for the individual
organism that bore them to be selected. Hence, it is likely that the pathway of antigen processing
and peptide loading emerged from coevolution of closely linked genes in a primordial MHC.

A more striking speculation arose from the unexpected discovery of a lectin-like NK receptor/
ligand gene pair in the chicken MHC, rather than in the NK complex (NKC) where orthologues
are found in mammals (34). The presence of these genes (called B-NK and B-lec in chickens,
but orthologues of NKR-P1/KLRB1 and LLT1/clr/CLEC2 in mammals) was taken to mean
that the MHC and the NKC shared a common ancestral region, the primordial MHC (33, 108,
109). Other examples of unexpected genes near the MHC have been reported, notably the XMIV
genes that have some similarities to TCRs being located in the Xenopus MHC and antibody light
chain genes being located next to the elephant shark MHC (45, 110). Moreover, various other
paralogous regions associated with the MHC have been proposed, including regions on human
chromosomes 3, 11, 12, 14, 15, 20, and 21, which encode the tapasin-related chaperone and peptide
editor TAPBPR, members of the JAM-nectin family, and the immunoglobulin-like NK receptors
encoded in LRC (72, 111–115).

Although more complicated explanations might be possible (in the same sense as CD1 and MR1
potentially translocating from an MHC to an MHC paralogous region), the simplest scenario is
that the primordial MHC contained both the antigen-specific receptor genes and the genes of their
ligands, which could coevolve into the antigen-presentation and recognition pathway of TCRs,
NK receptors, and MHC molecules (and ancillary pathways, such as antibodies) precisely because
they were present in the same genomic region. A striking discovery was the presence of syntenic
regions for the MHC, NKC, and LRC (based on genes not involved in adaptive immunity) found
side-by-side in the urochordate Ciona and the protochordate Amphioxus (113, 116), suggesting
that MHC molecules and their receptors evolved together in a primordial MHC that has been
falling apart ever since.
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Given the huge spans of time and the many different ways in which genomes can be broken up
and reformed, it is perhaps surprising that any trace of the ancient genomic organization could be
detected, but it is possible that the breakups explain some other features of contemporary adaptive
immune systems. For example, it might be considered puzzling that there are separate loci for
TCRβ and TCRγ gene segments, but a single intertwined locus for TCRα and TCRδ gene
segments (117, 118). One speculative explanation (Supplemental Figure 3) is that the ancestral
pair of antigen-specific receptor genes (say, TCRα and TCRβ) was present in the primordial
MHC, which gave rise to three other gene pairs in paralogous regions following rounds of genome-
wide duplication, and then silencing, loss, and divergence gave rise to one TCRβ locus, one TCRγ

locus, and one locus that kept both TCRα and TCRδ gene segments together (with antibody H
and L chain loci potentially in one or another of the paralogous loci). If 2R happened before
the emergence of the adaptive immune system of jawed vertebrates (as discussed above), then
gene region duplication followed by translocation, silencing, loss, and divergence would be an
alternative scenario.

THE ORIGINS OF ANTIGEN-SPECIFIC RECEPTORS AND THE
EVOLUTION OF PEPTIDE BINDING

The emergence of MHC molecules must be linked to the evolution of their antigen-specific re-
ceptors, the TCRs (119). All antigen-specific receptors in jawed vertebrates are heterodimers of
proteins with immunoglobulin variable (V) domains in front of immunoglobulin constant (C)
domains, with the sequence variation that is important for antigen binding concentrated in three
loops called complementarity-determining regions (CDRs) located at one end of the V domain.
One diversification mechanism that is common to all the antigen-specific receptors in jawed verte-
brates is recombination (in somatic cells rather than germ line cells) that leads to rearrangement of
gene segments (Supplemental Figure 3). It has long been postulated that an ancient transposon
supplied the key features necessary for this mechanism of diversification: recombination signal
sequences (RSS, typically heptamer-nonamer repeats on the end of gene segments) acted on by
RAG1 and RAG2 molecules (120, 121). Such transposons have been identified, but they have also
been found in the genomes of invertebrates without obvious adaptive immune systems (122, 123),
so these features may be necessary but not sufficient. In any case, there seems to be little argument
that the gene organization of antigen-specific receptors in jawed vertebrates is due to an insertion
event by a transposon into the exon encoding a V domain in a V-C gene, followed by duplication
of that gene, and a second insertion event in one of the two duplicates, eventually encoding the
heterodimeric molecule (Supplemental Figure 4). Genes for such a heterodimeric molecule gave
rise to the antigen-specific receptors in jawed vertebrates, with three obvious models based on
which came first: antibody/BCR, γδ TCR, or αβ TCR.

One clearly articulated model is that αβ TCR came first, recognizing a monomorphic MHC
molecule with bound peptide (124). This model is based on two facts: Contemporary jawed verte-
brate receptors are diversified initially by gene rearrangements leading to variation only in CDR3
(Supplemental Figure 4), and many structures of TCR and MHC molecules show CDR3 inter-
acting primarily with bound peptide, whereas CDR1 and CDR2 interact primarily with the MHC
molecule (although there are exceptions; 119). To be clear, other loops in contemporary antigen-
specific receptors can have high levels of diversity, but this variation arises from the presence of
multiple V gene segments, or from subsequent somatic hypermutation, gene conversion, and other
mechanisms of diversification. In this model, the initial selective pressure was for gene rearrange-
ments that generated diversification to recognize a variety of peptides bound to a monomorphic
MHC molecule. These αβ TCR genes then duplicated, eventually giving rise to antigen-specific
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receptors that did not require recognition of an MHC molecule with bound peptide, presum-
ably first cell-bound γδ TCRs that recognize membrane-bound molecules, and later BCRs and
secreted antibodies.

An alternative view is that evolving an antigen-specific receptor to recognize a variety of molec-
ular shapes is a simpler process, and because the CDR3 loops are located in the center of the
antigen-binding site, a mechanism for diversity for that loop is the most important first step (for
instance, 125). A primordial BCR gene might give rise to γδ TCR genes and then αβ TCR genes.
A membrane-bound BCR with low affinity for soluble antigens but high avidity (multi-site binding
affinity) for antigens on other cells (such as self-cells, bacteria, or parasites) could give rise to a
soluble antibody with multiple binding sites still giving high avidity.

A primordial γδ TCR might be expected to have the same properties as suggested for a pri-
mordial BCR, with duplicates evolving to recognize MHC molecules as an αβ TCR on the one
hand, and secreted as antibody on the other. However, one might instead posit that a primordial
γδ TCR recognized specific cellular ligands, as do some contemporary γδ and αβ TCRs. For
instance, several waves of mouse T cells with semi-invariant γδ TCRs leave the thymus to popu-
late particular organs, and these semi-invariant T cells recognize members of the B7/butyrophilin
family (126, 127). The genes for many butyrophilin family members in mammals (and BG ho-
mologues in chickens) are located in the MHC syntenic region, and the BG genes show both
copy number variation and polymorphism (36, 128, 129). However, the fact that contemporary
semi-invariant TCRs are selected during development after great diversification makes it difficult
to understand the evolutionary selection for diversification of the first antigen-specific receptors
only to recognize invariant self-ligands.

If the model for αβ TCR first is correct, how could it have come about? In particular, what
could have been the ancestral molecule? One possibility is that TCR evolved from an NK cell
receptor (130) that originally recognized a stress molecule (also called danger-associated molecular
pattern, or DAMP) that was an ancestor of MHC molecules. In fact, NK cells are lymphocytes
with many properties in common with T cells, and as mentioned above, there is evidence that
originally the MHC, NKC, and LRC syntenic regions were together. Although NK cells were
originally understood as recognizing the lack of self-ligands (particularly MHC class I molecules),
the current view is that a balance of input from inhibiting and activating receptors on NK cells
determines the outcome, with the lack of MHC molecules seen as part of a wider indication of
cellular stress (or lack of homeostasis) (131).

If the MHC molecule was originally a stress ligand recognized by an NK cell receptor, how and
why did it begin to bind and present peptides? One speculation derives from the fact that stressed
cells change the start site of translation from acetyl-methionine to other amino acids, particularly
leucine (132). A primordial MHC molecule that bound newly translated (rather than proteolyzed)
proteins that began with leucine would signal stress (although the specificity also might include
transport from the cytoplasm to the lumen of the endoplasmic reticulum). Presentation of such
cryptic peptides by classical class I molecules to T cells, presentation of peptides with a particular
first residue (formyl-methionine) by the nonclassical class I molecule encoded by the M3 gene
(also called Hmt), and activation of NK cells by a peptide binding to Qa1 have all been described
(10, 133–135), lending experimental credence to such a model.

THE FIRST MHC MOLECULE

Classical MHC molecules all have a peptide-binding groove with two long α helices atop an eight-
stranded β sheet that is composed of two interlocking domains (encoded by separate exons), each
with four β strands followed by a long α helix. Both such domains are encoded in the class I α
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chain gene, with exon 2 encoding the α1 domain (with no disulfide bond) and exon 3 encoding
the α2 domain (with an intradomain disulfide bond), while the equivalent domains are encoded
by two class II genes, the α1 domain by exon 2 of the A gene and the β1 domain by exon 2 of the
B gene. Similar intron-exon and structural organizations are found for nonclassical class I and II
molecules, but not obviously in other known molecules (10, 136). So, where did MHC molecules
come from?

Much of the previous discussion of how MHC molecules evolved the property of peptide
binding would be solved if peptide-binding domains were acquired intact. Such a model (137),
in which class I genes were derived from chaperones that bind unfolded proteins, was proposed
based on a low level of sequence similarity between the α1-α2 domains of the Xenopus class I
molecule and the C-terminal domain of HSC70 (which binds peptides in this chaperone), along
with the size and the analysis of predicted secondary structure, hydrophobicity, and other prop-
erties. The model proposed that exons encoding chaperone domains were translocated in front
of a β2m-like gene to form the first MHC molecule with a class I–like structure, and that class II
genes were formed by a subsequent transfer of one of the chaperone exons to another β2m-like
gene.

The notion that chaperones are the most likely origin for MHC molecules is repeated in
many papers, for example, in a recent review (138) citing the protein structure of an HSC70
homologue called inducible HSP70 (139), which is encoded in the class III region of most MHC
syntenic regions (2, 3). The HSC70 and HSP70 molecules contain two subdomains, one with
eight β strands and the other with two long α helices (139). It is possible to imagine that such
secondary structures could be rearranged during evolution to give an organization like that of
MHC molecules, with domains each encoding four β strands in front of a long α helix. However,
examination of the chaperone structures shows that the peptide is bound in the loops of the β

strands and is covered by an α-helical lid (139), so that the mode of peptide binding as well as
the interaction of the β strands and α helices are completely unlike those of contemporary MHC
molecules.

An alternative model is that class II molecules came first (108, 140, 141), originally based on
data from proteolysis, limited protein sequencing, and isoelectric focusing of protein domains in
human class II molecules, and on considerations of symmetry. In this view (Figure 6), a single
primordial gene encoded a class II β-like chain with two extracellular domains, which formed a
homodimer. Duplication of this gene followed by evolution of one of the duplicates to encode a
class II α-like chain led to a heterodimer much like contemporary class II molecules, with two
extracellular domains on each chain. A similar domain organization, but rearranged to give one
chain with three extracellular domains, was envisaged for class I molecules.

Subsequent protein, cDNA, and gene sequences as well as protein structures confirmed the
apparent domain organization, with intron/exon organizations allowing a model for the transition
from class II genes to class I genes (Figure 6). Class II molecules often are encoded by gene pairs
in opposite transcriptional orientation, and a single inversion with asymmetric breakpoints could
place the α1 exon of the class II α chain in front of the class II β chain gene. This inversion would
produce a class I gene as well as a β2m gene with a membrane-bound tail, from which soluble
β2m could be generated by subsequent evolution of a stop codon or a splice site mutation.

Other arguments have been made for a primordial class I molecule (137), based on the facts that
contemporary classical class I molecules have a wide tissue distribution, are ligands for recognizing
single-cell infections by both the innate immune system and the adaptive immune system (NK and
T cells, respectively), and are considered more plastic in evolution (that is, able to take on a great
variety of functions through the nonclassical class I molecules). By comparison, class II molecules
are constitutively expressed only in certain cell types and function only for antigen presentation
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Class II genes can give rise to class I and β2-microglobulin genes. (Left) Representations of molecules, with
cell membrane in blue, peptide-binding domains as squares, immunoglobulin domains as circles, and
intradomain disulfide bonds indicated as SS. (Right) Intron/exon organizations of genes, with rectangles
indicating exons, promoters indicated as P, lightning bolts marking breakpoints for inversion, and X
indicating mutation. Domains and exons originally from α chain (A gene) are in white and those from
β chain (B gene) are in gray, except 3′ untranslated regions (UTRs), in black. Figure modified from
References 141 and 180 with permission.

for the adaptive immune system (142). Moreover, certain fish, including the Atlantic cod, have
only class I molecules (57), which could be taken to imply that class I genes came first.

These arguments for a primordial class I molecule may be countered by the arguments that
a primordial class II molecule might have had a wider tissue distribution and fulfilled the same
functions as contemporary class I molecules, and only became specialized after the emergence of
class I molecules. Indeed, class II expression can be induced in a wide variety of cell types (143).
The lack of class II molecules in Atlantic cod is clearly due to gene loss, based on the presence
of gene fragments for proteins that interact with class II molecules, CD4 and invariant chain
(57). Moreover, TAPL, which is the closest relative to TAP genes and is found throughout the
animal kingdom, forms a homodimer that pumps peptides from the cytoplasm to the lumen of the
lysosomal system (144) and thus could have supplied peptides to primordial class II molecules. The
presence of the β2m gene in the nurse shark MHC is consistent with both models, but the fact that
the nurse shark β2m gene is located on a sequencing scaffold next to a RING3/BRD2 gene (61),
which is found in the class II region in tetrapods (2, 3), might be taken as evidence for emergence
in the class II region. Moreover, some of the major differences in peptide binding between class
I and II molecules are not as clear as they once were, including promiscuous peptide binding as
well as N- and C-terminal extensions of peptides outside of the groove of class I molecules (90,
91, 145–148). The functions of contemporary class II molecules may be restricted by both chains
being tied down at the membrane (with interactions between the transmembrane regions reported
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to be involved in conformational changes of the extracellular domains) (149, 150). The greater
evolutionary plasticity of class I molecules (10) might thus be explained by the presence of a single
transmembrane region in class I molecules allowing greater flexibility in function.

One experimental approach to choose between these two models would be a direct analysis of
MHC-like molecules outside of the vertebrates. Despite much examination, no such genes have
been identified in the genomes of jawless fish or protochordates (although some genes potentially
related to CD4 and TCR have been reported; 151). A sensitive bioinformatics method for interro-
gating genome sequences, which identified all known class I–like genes in mammals, chickens, and
Xenopus as well as many class I–like genes in jawed fish, failed to identify candidates in jawless fish,
other chordates, and invertebrates (152). A preliminary analysis for class II genes has given similar
results (A. Papenfuss, personal communication). Another experimental approach might be to look
in jawless fish, other chordates, and invertebrates for cell surface proteins that have bound (a variety
of ) peptides. The enormously sensitive mass spectrometry approaches (proteomics, immunopep-
tidomics) currently available provide the tools to examine membrane proteins for the functional
properties associated with presentation by MHC molecules. However, it must be borne in mind
that perhaps the primordial MHC molecule perished with the animals in the 70 million–year gap
between jawless fish and jawed vertebrates, and will never be found.

THE IMPORTANCE OF ADAPTIVE IMMUNITY

Screening for genes upregulated in lymphocytes from jawless fish during an immune response
identified families of variable lymphocyte receptors (VLRs) that were reported to be clonally
distributed (153, 154). Instead of being based on immunoglobulin-like domains found in the
antigen-specific receptors of jawed vertebrates, the extracellular regions of these VLRs are based
on leucine-rich repeats (LRRs), like Toll-like receptors (TLRs) and NOD-like receptors (NLRs)
of the innate immune system. Moreover, instead of diversification by the RAG genes found in
jawed vertebrates, the VLR genes are diversified from nearby pseudogenes by a gene conversion
mechanism (conceptually similar to diversification of chicken antibody genes; 155) using cytidine
deaminases (CDA1 and CDA2) related to AID and APOBEC (153, 154).

This jawless fish system initially appeared to be analogous, rather than homologous, to the
adaptive immune system of jawed fish, but closer examination showed that the two systems were
functionally similar and had common cellular ancestors (156). Three kinds of VLRs have been
described, each produced by a different genetic locus (157, 158). VLR-B is found on the surface of
one population of lymphocytes and also secreted into the bloodstream; VLR-B molecules could
bind soluble antigens with extremely high affinity, just like antibodies. Moreover, transcriptomic
analysis showed that the VLR-B-bearing lymphocytes express many genes similar to those ex-
pected for jawed vertebrate B cells. In contrast, VLR-A and -C are found only on the surface of
lymphocytes, which express many genes expected for jawed vertebrate T cells, with VLR-A genes
in the blood (like αβ T cells) and VLR-C in epithelia (like γδ T cells). Moreover, the tips of
the gill arches (now named thymoids) were found to express genes expected for the thymus of
jawed vertebrates and to contain VLR-A- and VLR-C-bearing lymphocytes that actively expressed
CDA1 (159). The repertoire of VLR-A molecules has been shown to change as a result of residing
in the thymoids (160), but what kind of education might be occurring is as yet unknown, particu-
larly since no molecules analogous to MHC molecules have been identified. However, it has been
reported that VLR-B molecules from unimmunized hagfish recognize a polymorphic leukocyte
alloantigen, NICIR3/ALA, which has an immunoglobulin-like V-C extracellular region (161).

If the different lymphocyte populations that gave rise to T and B cells were already in existence
in the lineage that led to both jawless fish and jawed vertebrates, then was the original molecular
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system based on LRRs or on immunoglobulin domains? It might be helpful to remember that
the NK cell system also has receptors based on two gene superfamilies, immunoglobulin like and
lectin like, used to different extents in different vertebrate taxa. Mice and rats use almost exclusively
lectin-like NK receptors, humans use predominantly immunoglobulin-like NK receptors, some
vertebrates use a mixture of both, and others have few if any active NK receptor genes (162,
163). Moreover, NK receptor–like genes have been described in jawed vertebrates, jawless fish,
and protochordates (125, 164). It may be that immune evasion by pathogens can become so
intense that a particular gene family loses effectiveness and a switch in molecules used by the host
becomes strongly selected. Such a receptor switch might have occurred in the lineages leading to
the jawless and jawed vertebrates. Evidence for both VLR and TCR-like genes in the lamprey,
and for VLR-like genes in the protochordate Amphioxus, has been reported (151, 165).

The independent emergence of different molecular systems for adaptive immunity is not so far-
fetched, given that there are other examples of somatically diversified molecular systems proposed
as adaptive immune systems in invertebrates (166). The fibrinogen-related proteins (FREPs) found
in snails, clams, and other mollusks are cell surface and secreted molecules that are highly diversified
by point mutation, with some evidence that these molecules confer resistance to the schistosome
parasite in snails (167). The Down syndrome cell adhesion molecule (DSCAM) of arthropods is
expressed in the peripheral nerves of insects, highly diversified by alternative splicing and with
much evidence for nervous system patterning in juveniles, but it is expressed in hemocytes and
the fat body of adults, with some evidence that these molecules confer resistance to the malarial
parasite (168). However, there is no consensus that these molecular systems actually function as
antigen-specific receptors (169).

Not all invertebrates may have an adaptive immune system, and it may not be necessary. At
least some invertebrates have large multigene families of what in vertebrates would be considered
molecules of the innate immune system. For instance, echinoderms (like sea urchins, starfish,
and sand dollars) have hundreds of expressed TLR, NLR, and scavenger receptor genes, giving
rise to the notion that it is the diversity of the receptors that matters, rather than the way in
which that diversity arises (170). In this view, diversity can arise from multigene families at one
end of a spectrum to somatically diversified single genes at the other end (171), and with mixed
strategies (as may have happened in the zebrafish, a teleost fish; 172). Another approach might
be to have adaptive immunity that is not anticipatory (that is, not having produced receptors for
any conceivable challenge), but dependent on recent infection history. For example, most bacteria
(apparently all known archaebacterial and about half of eubacteria) employ clustered regularly
interspaced short palindromic repeats (CRISPR), in which the nucleic acids of infectious pathogens
such as bacteriophages are incorporated into the genome, expressed as oligonucleotides, and used
to cut up the DNA of invading pathogens (173). While the CRISPR system protects single-
celled clonal bacteria, the parallels with the RNAi/PIWI systems of multicellular eukaryotes are
intriguing (174, 175).

Finally, pathogens must also struggle to survive. One point to consider is that hosts employ
a large number of overlapping immune defense mechanisms, and a host will be protected from a
particular pathogen even if only one of the many systems of immunity is successful. In contrast, a
pathogen must overcome every kind of immunity erected by a host, in general with considerably
less genetic material than the host (176). A second point is that pathogens reliant on their host(s) for
survival would face a bleak existence if they were so virulent as to deplete the populations of their
hosts, so the virulence of such pathogens may be selected to allow hosts to coexist at a reasonable
level (177). Thus, the pathogens of vertebrates with adaptive immunity are not better or stronger
than the pathogens of invertebrates with only innate immunity, but they may be different, focused
on the particular immune barriers erected by their hosts. As a corollary, pathogens that survive
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must overcome any new kinds of immunity that might evolve in their hosts, and the evolution of
adaptive immunity may merely and temporarily (on the scale of evolutionary time) up the ante for
the pathogens.

CONCLUSION

As set out in the introduction, there is much unfinished business to understand the origin and
evolution of the MHC and the adaptive immune system of jawed vertebrates. What needs to be
done? There has been enormous value in determining the genomes of a variety of animals, but
many of these genomes are so fragmentary as to be almost a hindrance rather than a help in
resolving the issues about the adaptive immune system. Complete and well-assembled genomes
anchored on chromosomes in many animal species will be very helpful. Even more important
(and much more difficult) are steps to go beyond the genomes to biochemistry and to function
at the levels of cells, organisms, and populations. It is particularly important to examine natural
populations of hosts and their natural pathogens in the field, in order to unite our understanding
of genomic organization with the biological phenotype that is really under selection.
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