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In principle, the function of major histocompatibility complex (MHC) molecules is simple:
to bind a peptide and engage a T cell. In practice, placing this function within the context
of the immune response begs questions of population biology: How does the immune
response emerge from the interactions among populations of peptides, T cells, and MHC
molecules? Within a population of vertebrates, how does MHC polymorphism stamp
individuality on the response? Does polymorphism confer differential advantages in
responding to parasites? How are the pressures on the MHC reflected in turnover of
alleles? The role of mutation, recombination, selection, and drift in the generation and

maintenance of MHC class | polymorphism are considered.

Tissues of the vertebrate body are com-
posed of different cell types, each special-
ized for a particular function and collective-
ly forming an interdependent and sophisti-
cated society. Such complexity provides a
rich environment for plunder by parasites
(1), which themselves exist in various forms
and possess diverse strategies for subverting
particular cell types. Upon infection, the
community of vertebrate cells becomes as
vulnerable as its weakest member. Counter-
ing adversity are the cells of the immune
system, dedicated to suppressing infection
and maintaining tissue integrity (reviewed
in 2). Specificity, repertoire, and memory in
the immune response are determined by
families of antigen binding molecules: im-
munoglobulins, T cell receptors (TCRs),
and MHC class I and 1I glycoproteins. So-
matic rearrangement of their immunoglob-
ulin or TCR genes restricts individual B and
T cells to a single specificity for antigen, but
as a population the cells of the immune
system possess millions of specificities. Im-
munoglobulin receptors on B cells bind to
native protein antigens, whereas TCRs rec-
ognize short peptide fragments bound by
polymorphic MHC glycoproteins. Of all
structural polymorphisms, the alleles of
MHC class [ and II genes are most numer-
ous, divergent, and evenly distributed with-
in populations.

Because they lack wild-type alleles,
MHC class I and II genes cannot be de-
scribed in the simple manner that suffices
for monomorphic genes. Statistical methods
of population biology are required, some of
which have already proved useful in the
analysis of MHC structure and evolution
(3). Such approaches may find application
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in the description of peptide populations
presented by MHC molecules (4), the T
cell populations that survey them, and the
interactions among these populations—a
development that will require sufficiently
large sets of immunological data and ana-
lytical meéthods tailored to the peculiar
properties of the antigen binding molecules
of the immune system.

MHC Polymorphism

MHC polymorphisms elicit strong respons-
es when tissues are transplanted between
MHC-disparate individuals. Recognition of
this phenomenon, initially from experi-
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ments to propagate tumors in outbred mice,
stimulated study of the immunogenetics of
transplantation and the creation of inbred
strains of mice essential to modern immu-
nological research (5). Although model
studies in mice can selectively focus on the
small number of MHC types expressed by
the inbred strains, the importance of MHC
differences for clinical transplantation ne-
cessitated a more inclusive approach to the
study of human populations. Typing for
genes of the human MHC [the human leu-
kocyte antigen (HLAY region] is now rou-
tine at transplant centers throughout the
world, and includes typing of human popu-
lations of diverse geographical origin and
ethnicity (6).

As a result of HLA typing and matching
in clinical transplantation, knowledge of
the population genetics of the human MHC
far exceeds that of any other species (Fig.
1). For much of its 30-year history, HLA
typing was based solely on the cytotoxic
reactions of human alloantisera with live
lymphocytes (7). However, this approach
does not distinguish between all alleles, and
typing based on nucleotide sequences now
replaces serology. For HLA class Il genes
the transition is nearing completion, where-
as for class I genes it is just beginning (8).
Although population studies based on
DNA -typing methods are at an early stage,
it is already apparent that serological HLA
data sets (6) have systematically underesti-
mated population differences. The serolog-
ically indistinguishable HLA subtypes com-
monly mark populations or ethnic groups,
and an overall insensitivity to the antigens
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HLA class |l alleles

Locus Number of alleles
HLA-DRA 2
HAL-DRB 179
HLA-DQA 18
HLA-DQB 29
HLA-DPA 8
HLA-DPB 69
HLA-DMA 4
HLA-DMB 5
Total 314

HLA class | alleles

Locus Number of alleles
HLA-A 67
HLA-B 149
HLA-C 39
HLA-E 5
HLA-F 1
HLA-G 6
Total 266

Fig. 1. HLA polymorphism. Linear diagram of the HLA region showing the relative positions of the major
loci involved in antigen presentation. TAP/LMP: are the genes encoding the transporter for antigen
processing (TAP), which transports peptides from the cytoplasm to the endoplasmic reticulum, and two
low molecular weight polypeptides (LMP) of the proteasome, which produce peptides in the cytoplasm.
The locations of the C4, C2, and factor B (Bf) complement loci and the tumor necrosis factor (TNF) genes
in the class Il region are also indicated. Tabulated beneath the class | and Il regions is the number of
alleles for each locus that are currently defined on the basis of nucleotide sequence (72). The definition of
class Il allelic sequences is more advanced than that of class |, and during the next few years the number
of class | alleles can be expected to exceed that of class II.
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of non-Caucasian populations exists be-
cause serological typing was developed pri-
marily with alloantisera and cells obtained
from Caucasians. The limitations of sero-
logical typing are apparent from a recent
study reporting one or more differences in
HLA-A, -B, and -DR antigen assignment
for 48.3% of individuals (total, 2308) for
whom independent typings were sought (9).
DNA typing has the potential for greater
sensitivity and precision and may soon offer
more incisive sets of HLA data to the pop-
ulation geneticist (8).

Generation of MHC diversity. Ever since
the identification of MHC molecules as
“transplantation antigens,” the mechanisms
that generate and maintain MHC diversity
have been debated (10). After the discovery
in the 1970s that MHC polymorphisms de-
termine the antigen specificity of T cells, it
was proposed that the benefits of MHC
polymorphism are obtained through het-
erozygosity, thereby increasing the number
of parasite antigens to which an individual’s
T cells can respond (11). The neutral the-
ory of molecular evolution (12), which
holds that most evolutionary change at the
molecular level is caused by random drift of
selectively neutral or nearly neutral muta-
tions, was also considered as a potential
explanation for MHC polymorphism. This
mode of evolution is now thought to apply
to those parts of the genome that do not
specify genetic information, including most
synonymous (silent or noncoding) substitu-
tions, which steadily accumulate with time.
Natural selection on nonsynonymous (cod-
ing) substitutions may therefore be detected
by comparison of the numbers of synony-
mous and nonsynonymous substitutions. If
certain sites within an MHC gene have
been selected for polymorphism of amino
acid residues, then an increase in nonsyn-
onymous substitutions within these sites,
relative to other sites, is expected.

Testing the null hypothesis of neutrality
requires knowledge of the nucleotide se-
quences for MHC alleles, which began to
accrue in the 1980s (Fig. 1). Inspection of
these sequences revealed regions in which
nonsynonymous substitutions were overrep-
resented (13), but understanding their full
significance awaited determination of the
three-dimensional structures for MHC class
I and II molecules (14). Elucidation of these
structures resulted in definition of the pep-
tide binding sites and the MHC residues
(sites) that interact directly with bound
peptide and the TCR. The ratio of nonsyn-
onymous to synonymous substitutions for
these functional sites was indeed found to
be higher than for other sites, showing that
natural selection has contributed to MHC
polymorphism (15). Further application of
this method revealed that the evidence for
selection and its statistical significance var-

68

ies with locus and species of origin (16).

Ewvolution of polymorphism. Investigation
into the mechanism whereby MHC poly-
morphism evolves has centered around the
events accompanying speciation. Within
the paradigm that new species are formed
from small populations of existing species
(17) (in the extreme case from two individ-
uals, as in Noah’s ark), most preexisting
MHC polymorphisms will be denied to the
new species, which then has to develop
polymorphism anew. Alternatively, if large
populations of existing species evolve into
new species, then much of the existing
polymorphism would be inherited by the
new species in a transspecies manner (18).
The critical difference between these two
models is that the former necessitates a
mechanism for the rapid evolution of MHC
genes, whereas the latter relies on the
steady acquisition of diversity through the
accumulation of substitutions as a result of a
normal rate of point mutation.

The first comparisons of MHC alleles in
different species were of humans and mice.
The lack of correspondence between indi-
vidual alleles in the two species (19) shows
that 80 million years of separation have
been sufficient to reconfigure all class I and
I1 alleles. Subsequent studies have concen-
trated on comparison of humans and higher
primates (20). The data show that closely
related species share a high proportion of
the nucleotide substitutions that form the
polymorphism and that the extent of shar-
ing decreases with increased time of separa-
tion. Invoking parsimony, the shared sub-
stitutions are assumed to have been present
in the alleles of a common ancestor and to
have been inherited in a transspecies man-
ner by the lineages that gave rise to the
modern species. Consistent with the theory
of transspecies evolution, the rate at which
new point substitutions are acquired is con-
sistent with normal rates of mutation (21).

Similar MHC alleles are found in differ-
ent species of higher primate and represent
lineages that existed in the common ances-
tor and have persisted over long periods of
time (up to 45 million years), being inher-
ited through successive speciation events.
Certain lineages are shared by humans and
Old World monkeys, but are not observed
in New World monkeys (20, 22). However,
in no instance has an identical allele been
found in two species, showing that the al-
leles are constantly undergoing modifica-
tion during their transspecies evolution.
The extent to which allelic lineages can be
traced varies with the locus; for examplé,
inspection of the class II locus HLA-DRB
and its orthologs reveals extensive relation-
ships among lineages (23), whereas for the
class I locus HLA-B, lineages are rarely
discerned (24).

Role of conversion. Comparison of the
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nucleotide sequences of HLA alleles reveals
many examples of two alleles that differ by
a short segment of sequence (rarely longer
than 100 nucleotides) that is itself identical
to the homologous sequence of a third allele
(23, 25, 26). This pattern (Fig. 2) implies
that recombination between alleles in a
conversion-like manner (interallelic con-
version) contributes to the formation of
new alleles. Less common are conversions
between alleles of different HLA loci (in-
tergenic conversions), although their role
in generating mutant mouse MHC class 1
genes provided the first evidence for con-
version (27). The role of conversion in
MHC polymorphism depends on the partic-
ular locus and is most apparent for HLA-B.
The large numbers of HLA alleles formed
by recombination (28) have persuaded
some investigators that recombination is a
significant player in the generation of MHC
diversity; others have yet to be convinced.

Most mathematical methods used to
study molecular evolution have assumed
that nucleotide substitutions within a gene
are accumulated in a stepwise manner
through point mutation (29). Such meth-
ods do not accommodate intergenic or in-
terallelic recombination of the type ob-
served for MHC genes. Because of differ-
ences in the evolution of individual MHC
loci, and of opinions regarding the impor-
tance of recombination, some investigators
have applied conventional methods to cal-
culate mutation rates and divergence times
for MHC alleles, and the size of the found-
ing human population (30). In contrast, on
the basis of MHC class I data, we have been
impressed with the importance of recombi-
nation and the need to incorporate its ef-
fects into the analysis (31, 32).

The result of the debate can be viewed as
either a compromise or a standoff. The rates
of point mutation for MHC genes are not
unusual, and extensive polymorphism results
directly from their accumulation over many
millions of years of transspecies evolution
(33). The recombinational mechanism of
conversion is superimposed upon this pro-
cess. Conversion cannot by itself generate
diversity, but once alleles have been built
through accumulation of point substitutions,
conversion can substantially increase their
numbers and extent of divergence (34).
Whether this mechanism for rapid genera-
tion of new alleles is a specific property of
MHC genes is unknown, because its detec-
tion is only likely for polymorphic genes that
have a high density of substitutions. For most
genes, conversion would have no phenotypic
effect, and in the absence of selection could
act to reduce polymorphism, as may occur for
the nonpolymorphic regions of some MHC
genes (28). Although most attention has
been focused on species with high MHC
polymorphism, species with low polymor-
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aggregate, HLA class I allotypes have a range
of class I peptide binding motifs that covers
the spectrum of peptide characteristics: acid-
ic, basic, neutral, and hydrophobic (44).

Balancing selection is thought to be re-
sponsible for MHC polymorphism and
stems from interactions of the immune sys-
tem with parasites (1, 15, 25, 26, 45). The
importance of different types of selection,
all of which act to expand the presentation
of antigens, has been the subject of debate,
and models, simulations, and statistical
analyses have yet to distinguish between
them (46). Two broad categories of selec-
tion, typified by overdominant selection
(heterozygote advantage) and frequency-
dependent selection, focus on immunolog-
ical problems that are, respectively, of a
general or specific nature and of long or
short duration, and represent issues of
thermodynamics (states at equilibrium) ver-
sus kinetics (reaction pathways between
states).

Owerdominant selection. The general and
unchanging problem addressed by over-
dominant selection is that survival and re-
production of an individual, regardless of
time or place, requires effective immunity
against a wide range of parasites. That
MHC class I and II molecules have sites
with highly degenerate binding specificities
constitutes a basic solution to this problem
as it pertains to antigen presentation. By
driving the evolution of allotypes that bind
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Fig. 3. (A) Cartoon showing the class | pathway
for processing and presentation of peptide anti-
gens. (B) Functional subpopulations of HLA-A, -B,
and -C molecules are defined by the individual
peptides that are bound. For simplicity, the cell
shown is homozygous for the HLA region.
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increasingly nonoverlapping populations of
peptides, overdominant selection allows
heterozygotes to present up to twice the
number of peptides from a parasite as can
homozygotes—a difference that should re-
sult in a more potent T cell response. For
individuals, the benefits of heterozygosity
will depend on the allotypes they express
and will diminish according to the overlap
in the repertoires of peptides they present.
Overlap between pairs of allotypes varies
markedly, correlating roughly with se-
quence divergence within the peptide bind-
ing site. Overdominant selection is there-
fore expected to favor the formation of sets
of divergent peptide binding specificities
through accumulation of numbers of amino
acid substitutions—a trend that is evident
in the lineages of divergent MHC alleles
found within species (33). The effect is
pronounced in the six “families” of HLA-A
alleles, but no such divisions can be made in
the larger numbers of HLA-B alleles (47).
The vast majority of human beings are
indeed HLA heterozygous. Six populations
of class I molecules are expressed, each de-
fined by a specific HLA-A, -B, or -C heavy
chain allotype. Up to 250,000 copies of
each molecule are present at the cell sur-
face, the number varying with cell type.
The allotype-defined populations are fur-
ther divided into thousands of functional
subpopulations, each defined by a particular
peptide species (48) (Fig. 3B). This diver-
sity, which derives from incorporation of a
variable peptide subunit into the class I
molecule, enables a small number of class |
heavy chain allotypes to select a TCR rep-
ertoire estimated to be in the millions (49).
In principal, every structural gene within
the human genome can contribute to the
microheterogeneity of HLA class I mole-
cules and the T cell response. Similarly,
subpopulations of HLA class I molecules
defined by individual parasite-derived pep-
tides of infected cells can stimulate individ-
ual clones of cytotoxic T cells.
Frequency-dependent selection. Overdomi-
nant selection can be considered as a con-
stant force that is relatively indifferent to
individual parasites and the special demands
they pose. Populations faced with epidemic
disease and severe loss in numbers are under
strong selection pressure from a single para-
site; under these conditions any allele that,
by chance, provides better immunity against
that parasite will increase in frequency. The
increased frequency of B*3501 in the Gam-
bian population seems to be a direct result of
selection by the malarial parasite and the
disease it causes (50)—selection that is de-
pendent on time, place, and the parasite. An
individual episode of selection is transient
compared with the time frame of over-
dominant selection. Under certain condi-
tions, more persistent selection might in-
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crease the frequency of an allele to a point
at which it dominates the locus. However,
parasites can adapt to the MHC allotypes
of their host by mutation of the peptide
sequences to which the immune system
responds. Such adaptation is likely to be
directed at the most frequent alleles in the
host population, providing selective ad-
vantage for hosts that express rare alleles
(46, 51). This mode of selection, which
may underlie the association of HLA-
B*#5301 and HLA-DRB1#1302 with ma-
laria, is frequency dependent and by na-
ture transient: As the selected allele in-
creases in frequency, it becomes a more
likely target for parasite adaptation.

Recombination. Selection by parasites,
whether individually or as a group, is not
the only force determining the evolution of
MHC class I genes. Recombination is a
second important factor. The evolution of
single-copy genes occurs by stepwise accu-
mulation of point substitutions in a wild-
type allele. Point substitutions have been a
focal point of study in molecular evolution
and are perhaps epitomized by mitochondri-
al DNA, which mutates rapidly and does
not recombine (33). MHC class 1 genes,
however, do not obey these rules. A variety
of recombinational mechanisms serve to al-
ter the diversity beyond that arising from
point substitution (28, 32, 52). Unequal
crossing-over can serve to duplicate and
delete genes; recombination and gene con-
version reassort the substitutions that arise
separately in individual alleles and genes
(31, 53).

Population genetic models that incorpo-
rate unequal crossing-over and gene con-
version, in addition to natural selection,
mutation, and random genetic drift, have
been used to simulate the evolution of a
class I gene family (54). Whether selection
is applied to all or a subset of the loci,
diversity appears to be acquired rapidly
compared with acquisition at a single locus.
Furthermore, adjusting the rates of gene
conversion can result in markedly different
types of class I gene family, as are observed
in nature (38). By use of a model based on
the organization of class I genes in the
mouse, many features of the polymorphism
can be simulated with relatively weak selec-
tion per individual site at a level that is
“near neutrality” (55). The estimated selec-
tion coefficient for B*5301 in the Gambian
population (0.028) and calculations based
on estimated substitution rates in MHC
class I and II genes (56) are also consistent
with weak selection on MHC alleles.

Furthermore, linkage disequilibria are
formed between sets of substitutions that
tend to be converted en bloc, producing a
patchwork pattern that is characteristic of
MHC alleles (31). These simulations indi-

cate that interaction among diversifying se-




lection, gene conversion, and random drift
is important for the acquisition and main-
tenance of polymorphism in MHC class [
gene families. In particular, relatively mild
selection at individual sites within the pep-
tide binding site is effective for enhancing
polymorphism under gene conversion (54,
55). This process resembles the formation of
complementary blocks of linked genes in
Franklin and Lewontin’s (57) simulation
experiments. As a way of conceptualizing a
problem of population genetics, they pro-
duced a model of linked overdominant loci
and found that co-adapted gene blocks are
formed under the joint effects of overdomi-
nance, limited recombination, and random
genetic drift—a process that might be
termed crystallization, but that requires fur-
ther investigation because of the abundance
of interactive systems in biology.

Studies of Native American
Populations

The Americas, in contrast to the other
continents, were colonized relatively re-
cently (~10,000 to 40,000 years before
present) by small, human populations mi-
grating from Asia across the Behringian
land bridge to Alaska (58). By southward
migration their progeny populated much of
North and South America, where they
evolved in relative isolation until the arriv-
al of Europeans in the 16th century. Evi-
dence from archeology, linguistics, and ge-
netics is consistent with this scenario (59)
and is further supported by the distribution
of HLA class I alleles in modern Amerin-
dian populations (60). Owing to the man-
ner of the colonization and its time frame,
study of modern Amerindian populations
has revealed unique insights into the evo-
lution of HLA class I polymorphism in hu-
man populations (Fig. 4).

Amerindian populations have much
smaller numbers of HLA-A, -B, and -C
alleles (representative numbers being three,
eight, and five respectively) than the urban
populations studied by most HLA typing
laboratories (60). Furthermore, the alleles
found in Amerindian populations are iden-
tical or else evolved recently from four
HLA-A, nine HLA-B, and seven HLA-C
alleles that are shared with European and
Asian populations and that probably repre-
sent alleles present in the founding popula-
tion. However, there are notable differences
between Amerindian populations in North
and South America. For modern North
Amerindian populations, almost all HLA-
A, -B, and -C alleles are identical to one of
the founding alleles. In contrast, South
Amerindian populations express many
“new” alleles that derive from founding al-
leles either by point mutation or interallelic
conversion. A marked feature is the large

number of recombinant B alleles, which for
South American populations can constitute
a majority of the HLA-B alleles (61). In
contrast, HLA-A is represented mainly by
founding alleles together with a small num-
ber of recombinants. HLA-C also exhibits
relatively few “new” alleles (62).

On the basis of these comparisons, sev-
eral observations emerge: (i) Over a com-
parable period of time, the cohort of HLA
class I alleles of a population may remain
constant, as in North America, or may
change, as in South America. (ii) The
HLA-A, -B, and -C loci have evolved in
America at a different rate and with differ-
ential use of interallelic conversion. (iii)
Recombination generates new alleles at a
substantially greater rate than point substi-

Proposed founding alleles

HLA-A HLA-B HLA-C
A*0201 B*1501 Cw 0102
A*2402 B*27052 | Cw*0304
A*31012 | B*3501 Cw*0401
A*68012 { B*39011 | Cw*0702

B*40012 | Cw*0801
B*4002 | Cw*1502
B*4801 Cw*02022
B*5101

B*5102

ABEwa
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tution. These conclusions are not unique to
Amerindian populations, because compari-
son of all known HLA-A, -B, and -C alleles
reveals evidence of similar evolutionary
patterns (25).

Despite the presence of new HLA class I
alleles, the total number of alleles in South
Amerindian populations has not increased
relative to those found in North Amerin-
dian populations or that of the hypothetical
founding population. Thus, there is no ev-
idence that selection increases the number
of alleles relative to that present in the
founding population, and it may therefore
be erroneous to perceive the “small” num-
ber of alleles present in the founding pop-
ulation as disadvantageous. For scientists
and clinicians used to wrestling with the

HLA-A HLA-B HLA-C
A*0201 B*1501 B*4022 Cw*02022
A*2402 B*1507 B*4005 Cw*0304
A*31012 | B*27052 B*4801 Cw*0801

B*3501 B*5101 Cw*1502
B*39011 B*51012
B*40012 B*5103

3old 10 old 4 old

0 new

HLA-A HLA-B HLA-C
A*0201 B*1501 B*3903 Cw 0102
A*0204 B*1504 B*3905 Cw*0303
A*0211 B*1505 B*39061 | Cw*0304
A*0212 B*1507 B*3907 Cw*0401
A*0217 B*1520 B*3909 Cw*0702
A*2402 B*1522 B*4002 Cw*0803
A*31012 | B*3501 B*4003 Cw*1502
A*68012 | B*3504 B*4004 Cw*1503

B*3505 B*4005

B*3506 B*4801

B*3507 B*4802

B*3510 B*5101

B*3511 B*5104

B*39022 B*52012
6 old 5old 5 old
2 new 23 new 3 new

Fig. 4. Sketch map showing the route by which humans first colonized the Americas by migration from
eastern Asia. The boxes next to North and South America show, respectively, the HLA-A, -B, and -C
alleles that have been detected in four North Amerindian and six South Amerindian populations (67, 62).
Alleles in bold type are those not detected in non-American populations. All the novel HLA-A and -B
alleles are recombinants, whereas the novel HLA-C alleles appear to have arisen by point mutation. The
box next to eastern Asia contains a hypothetical set of founding alleles that could account for all the alleles
present in modern Amerindian populations. The outlines of the continents are adapted from (77).

SCIENCE ¢ VOL. 272 + 5 APRIL 1996

4l



Ll el e s e s e e o e e e e et e e e

complexity of HLA type characteristic of
urban populations, the subset of HLA al-
leles present in Amerindian populations
may seem unusually small in number and
has been proposed as an explanation for
the vulnerability of this population to dis-
eases brought from Europe and Africa dur-
ing the post-Columbian colonization of
America (51). However, the number of
alleles in Amerindians is comparable to
those present in indigenous populations
from other continents (63) and may more
accurately represent those arising histori-
cally in human populations under natural
selection by parasites.

Cities are a relatively recent product of
human civilization, and only in the last 150
years have they managed to sustain their
populations (64). In the process of urban-
ization, migrants drawn from rural areas
become assimilated through commerce,
competition, and conflict. South Amerin-
dian populations have revealed the intrinsic
capacity for generating new HLA class I
alleles, although in these traditional com-
munities the total number of alleles remains
constant. If the various South Amerindian
populations became assimilated into a sin-
gle population, in a process approximating
that historically involved in the formation
of urban populations, then the total number
of HLA class I alleles in the resulting ad-
mixture would be much greater than that of
any of the contributing populations. Such a
thought experiment [performed for other
markers by Neel (65)] suggests that the
large numbers of HLA class | and II alleles
found in modern urban populations are pre-
dominantly the result of admixture bringing
together alleles that evolved under natural
selection in previously separated popula-
tions (66). With the invention of faster and
more economical methods of transporta-
tion, the catchment areas for cities have
continually expanded. In the last 500 years,
cities in the United States have provided
destinations for tens of millions of people
arriving from an area encompassing much
of the world. As a result, these urban pop-
ulations have an unprecedented diversity of
HLA type that presents unique challenges
for transplant clinicians seeking to type and
match for HLA. This diversity, however,
has as much to do with pressures of econo-
my as with those from parasites.

In Amerindian populations, the ascen-
dancy of new recombinant HLA-B alleles is
accompanied by the loss of founding alleles.
A striking example of such turnover is pro-
vided by the Guarani population of south-
ern Brazil, for whom all eight HLA-B alleles
are new recombinants (62). Comparison of
HLA-A, -B, and -C alleles with their or-
thologs (Patr-A, -B, and -C) from the com-
mon chimpanzee (Pan troglodytes) demon-
strates the tendency to modify and turn
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over class [ alleles. The ~5 million years
since divergence from a common ancestor
(67) has not led to appreciable differences
in the number, organization, and identity of
the MHC class I genes. However, no single
HLA-A, -B, or -C allele is shared by human
and chimpanzee populations, although nu-
merous similarities in lineage, polymorphic
motifs, and individual substitutions can be
discerned (20). The differences always in-
clude changes in the peptide binding site
and, consistent with the rate of evolution in
human populations, the B alleles of the two
species are most divergent (22). Thus, few if
any of the MHC class [ alleles present in
the common ancestral population have sur-
vived unmodified to the present day. A
time frame of ~5 million years is therefore
sufficient to produce complete turnover of a
population of MHC class I alleles, but not
to produce changes of gene organization of
the type that distinguishes humans and
mice (38).

Selection Versus Drift:
A Synthesis

The participation of recombination in the
generation of HLA diversity is apparent at
different levels. Sexual reproduction pro-
duces new combinations of HLA haplo-
types for each generation, and meiotic re-
combination creates new haplotypes. Dur-
ing the lifetimes of species, conversion cre-
ates new alleles; unequal crossing-over does
the same for the loci, but on a longer time
frame. Recombination has the potential to
produce rapid diversification, but requires a
preexisting accumulation of nucleotide sub-
stitutions that can only be achieved over
tens of millions of years. The evolutionary
interplay between mutation and recombi-
nation varies with MHC locus, and even for
subregions within a gene (23). Statistical
analysis of allelic sequences reveals the ac-
tions of selection as well as differences be-
tween loci and species (15, 16). The statis-
tical approach, however, does not assess the
selective advantages conferred by the indi-
vidual events of gene conversion or point
substitution that create new alleles.
Analysis of the immune response empha-
sizes the functional differences between
MHC alleles: differences in the populations
of the peptides bound, the T cell repertoire
selected, and the T cells activated in re-
sponse to specific antigens. The combina-
tion of HLA alleles possessed by an individ-
ual stamps a uniqueness upon the immune
system that determines the fine specificity ‘of
the immune response to a particular patho-
gen, tumor or transplant. However, from
work in the field (46, 50), correlations of
HLA type with susceptibility to a particular
infectious disease are conspicuous by their
rarity, suggesting that the persistent and en-
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during selection on MHC genes has favored
presentation of a peptide repertoire that pro-
vides coverage of all pathogens. This argu-
ment reflects basic aspects of protein struc-
ture, rather than disease-specific characteris-
tics, and is consistent with an overdominant
selection: the evolution of multiple loci hav-
ing divergent alleles with complementary
peptide binding specificities.

Diseases tend to be episodic and in the
short term can have a profound impact on
both individuals and populations (64). In
this instance, rare alleles (of which one new-
ly formed is the rarest) can be advantageous
if they provide patterns of antigen presenta-
tion to which the disease-causing parasite
has not accommodated. Only four HLA class
[ alleles differing by novel point substitutions
have been found (25), indicating that point
mutation has played a negligible role in di-
versifying HLA function during the history
of the human species. This hypothesis is
consistent with estimates of 2 million years
to fix a point mutation in an MHC gene and
is the nub of transspecies evolution of MHC
polymorphism (18). In contrast, gene con-
version has produced over 80 new HLA-A,
-B, and -C alleles during the lifetime of
human populations, and many more should
be discovered once DNA typing has been
applied to the understudied populations of
Africa and Asia. At some time and place,
each of these recombinants could have had a
selective advantage in raising immunity
against a specific parasite. In this context,
the studies of malaria and HLA-B*5301 set a
precedent (46, 50). HLA-B*5301 is the
product of a single gene-conversion event
that occurred in West Africa, and currently
it has the edge over the common and wide-
spread B*3501 allele from which it derived,
in its ability to protect against malaria. The
edge is slight, as evidenced by the estimated,
selection coefficient of 0.028 (46), and could
easily be lost once the malarial parasite
adapts to evade antigen presentation by
B*5301. Such an adaptation seems to have
taken place in an East African population in
which HLA-B*5301 offers no measurable
protection to malaria (46). Furthermore, the
protection afforded by DRB*1301 in West
Africa has been lost in East Africa, where
protection is conferred by another DR allele
(46). The duration of such disease-specific
selection can be short-lived, but its impact
on HLA allele frequencies will be felt over
much longer periods of time. The ephemeral
nature of the protection offered by HLA
alleles against malaria in Africa today illus-
trates how independent episodes of disease
in the tribal populations of South America
could have produced frequency-dependent
selection for rare recombinant alleles, a con-
sequent loss of older alleles, and a continuing
process of allele turnover.

HLA homozygotes are generally healthy.



sl b e

Such observations have indicated that the
benefits of MHC polymorphism are subtle
and not omnipresent. The low selection co-
efficient estimated for the protective effect
of the B*5301 recombinant is consistent
with this hypothesis, as are the simulations
showing that gene conversion in combina-
tion with weak selection is sufficient to pro-
duce and maintain MHC polymorphism
(54). For the time frame spanning the histo-
ry and future of human populations, gene
conversion is probably the dominant mech-
anism producing new and functionally dis-
tinctive HLA alleles. Conversion involves
the reassortment of clusters of substitutions
that have been tested by prior selection and
is thus intrinsically more efficient than point
mutation in producing functionally viable
but distinctive products. Recent data indi-
cate that the rate of conversion is also much
higher than that of point mutation (68).
Pairs of HLA class 1 subtypes that are
related by gene conversion can have dis-
tinctive or similar peptide binding specific-
ities (69). The latter type may correspond
to conversions that are selectively neutral
or nearly neutral. Populations can lose old
alleles and fix new ones through the action
of genetic drift, an effect that increases with
decreasing population size. Thus, the com-
bined action of gene conversion and genet-
ic drift could have contributed to the turn-
over of alleles at the HLA-B locus in South
Amerindian populations. When alleles are
lost through genetic drift, homozygosity in-
creases. The frequency of rare alleles can
then increase (under overdominant selec-
tion, rather than parasite-specific selection,
which in these circumstances becomes a
form of frequency-dependent selection) and
contribute to allele turnover. Thus, the ef-
fects of specific parasites, genetic drift, and
overdominant selection can reinforce each
other to turn over the recombinant alleles
formed by gene conversion. Comparison of
humans and chimpanzees shows that in the
long term such turnover is relentless. The
temporary stability of North Amerindian
populations compared with those of South
America is likely to stem both from differ-
ences in their exposure to parasites and in
the histories of their population structure.
Future progress in the population biol-
ogy of antigen presentation will require
application of mathematical. approaches
that incorporate gene conversion, drift,
and the selection by parasites. Simulation
of the history of the human MHC in the
indigenous people of America would seem
to be a rich but manageable system for
testing such models. Greater knowledge of
the distribution of HLA alleles in human
populations should facilitate matching of
donors and recipients for transplantation,
particularly through international cooper-
ation, and also facilitate tracing of the

history and origins of human populations
(70). The more ambitious and long-term
goal will be to characterize the interac-
tions among populations of peptides,
TCRs, and MHC molecules in order to
predict and manipulate the immune re-
sponse to current and future parasites.
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Population Dynamics of
Immune Responses to
Persistent Viruses
Martin A. Nowak and Charles R. M. Bangham

Mathematical models, which are based on a firm understanding of biological interactions,
can provide nonintuitive insights into the dynamics of host responses to infectious agents
and can suggest new avenues for experimentation. Here, a simple mathematical approach
is developed to explore the relation between antiviral immune responses, virus load, and
virus diversity. The model results are compared to data on cytotoxic T cell responses and
viral diversity in infections with the human T cell leukemia virus (HTLV-1) and the human

immunodeficiency virus (HIV-1).

Molecular techniques have provided fun-
damental insight into the fine detail of the
immune system. But many biologically im-
portant questions are not primarily con-
cerned with the molecular mechanisms of
immune recognition but with the popula-
tion dynamics of the immune response.
Such questions usually cannot be answered
by experimental methods alone but require
the help of mathematical models.

These questions arise particularly in the
dynamics of host-parasite interactions (I).
In HIV infection, for example, mathemati-
cal models have been devised to describe
the slow decline in the numbers of CD4
cells over many years, the interaction be-
tween HIV and other opportunistic infec-
tions, the emergence of drug-resistant virus-
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es, and the consequences of antigenic diver-
sity and viral evolution during single infec-
tions (2, 3). In HIV and hepatitis B virus
(HBV) infection, mathematical models of
drug treatment dynamics have provided es-
timates for the turnover rates of infected
cells and free virus (4, 5).

The strategy of successful mathematical
modeling is akin to Ockham’s razor: start
with the smallest number of essential as-
sumptions and follow the implications rig-
orously to their logical conclusions. An el-
egant model can often have greater intrin-
sic value than an accurate one overloaded
with detail. Mathematical models differ
from verbal theories in giving a precise and
explicit connection between assumption
and conclusion. The act of formulating a
model forces one to ask questions that are
often overlooked (6). Here a simple, but
general mathematical framework is present-
ed for viral replication and immune re-
sponses. We explore the basic dynamics of
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virus—host cell interaction and the conse-
quences of immune responses on virus load
and antigenic diversity.

Parameters That Influence
Infection Dynamics

Viruses are intracellular parasites that de-
pend on the host cell to survive and repli-
cate. The host cell can be damaged either
directly by the virus or by immune respons-
es to the virus; the balance of good and
harm done by the antiviral immune re-
sponse depends on the amount of virus
present, the tissues infected, and the chro-
nicity of the infection (7).

The abundance of virus—that is, the
virus load—is an important determinant of
the outcome of infection with many viruses:
for instance, in HIV-1 and other lentivirus
infections, virus load is correlated with
pathogenicity, disease stage, and progres-
sion of disease (8, 9); in HTLV-1, a large
provirus load is associated with chronic in-
flammatory conditions (10); in HBV, the
level of viremia is correlated with the risk of
chronic infection (I11); in cytomegalovirus
infection, the amount of tissue damage is
related to virus load (I12); and in Lassa
fever, mortality is correlated with the level
of viremia (13).

Antibodies, cytokines, natural killer cells,
and T cells are essential components of a
normal immune response to a virus. But in
most virus infections, cytotoxic T lympho-
cytes (CTLs) play a critical part in antiviral
defense by attacking virus-infected cells. It is
believed that they are the main host immune
factor that limits the extent of virus replica-
tion in vivo and thus determines virus load.
The clearest evidence for the role of these
cells comes from passive transfer of immune

CTLs to mice and humans (14). Using hu-





