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Abstract
Viral pathogens play a prominent role in human health owing to their
ability to rapidly evolve creative new ways to exploit their hosts. As
elegant and deceptive as many viral adaptations are, humans and
their ancestors have repeatedly answered their call with equally im-
pressive adaptations. Here we argue that the coevolutionary arms
race between humans and their viral pathogens is one of the most
important forces in human molecular evolution, past and present.
With a focus on HIV-1 and other RNA viruses, we highlight re-
cent developments in our understanding of the human innate and
adaptive immune systems and how the selective pressures exerted
by viruses have shaped the human genome. We also discuss how the
antiviral function of cellular machinery like RNAi and APOBEC3G
blur the lines between innate and adaptive immunity. The remark-
able power of natural selection is revealed in each host-pathogen
arms race examined.
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INTRODUCTION
The battles played out between humans and their pathogenic viruses are some of the
most dramatic of all the conflicts studied by evolutionary biologists and ecologists.
Viral pathogens play a dominant role in human health in terms of both morbidity
and mortality and, as such, they represent one of the most potent selective forces
acting on human populations (Vallender & Lahn 2004, World Health Org. 2003).
Their habit of hiding within host cells, their large population sizes, rapid repro-
ductive rates, and, above all, high rates of mutation and recombination (Domingo
& Holland 1997, Worobey & Holmes 2001) make them especially formidable ad-
versaries. Viruses are masterpieces of nature: compact, streamlined, highly flexible
bundles of protein-coated genetic material with the audacious ability to hijack the
sophisticated biochemical machinery within their hosts’ cells.

It is becoming increasingly clear that humans (and their predecessors and rela-
tives) have risen to the evolutionary challenge posed by viral pathogens with some
elegant defenses and remarkably rapid immunological, genetic, and genomic changes
of their own, ones that reveal a long history of host-virus coevolution that holds valu-
able lessons for biologists and clinicians. How can giant, long-lived targets like human
beings defend against the asymmetric threat posed by viral pathogens? The answer
lies, in large part, in another evolutionary masterpiece: the vertebrate immune sys-
tem. This gives some of the most complex, slowly evolving organisms the ability,
at both the individual and population level, to keep up with pathogens that repre-
sent the other evolutionary extreme. Given that 23 of 94 vertebrate-specific gene
families and (conservatively) 1 out of every 30 human genes code for defense and
immunity proteins (Int. Hum. Genome Consort. 2001), it is clear that much of the
last 400 million years of our own evolutionary story has involved the battle with
pathogens.

Here, to bring into sharper relief what we believe might be the most crucial part of
that story, we attempt to answer the following questions: How have viruses shaped the
human immune system, our genes, and our genomes? Have they done so differently
than other pathogens, and, if so, in what ways? What evolutionary pressures have
humans and other vertebrates imposed onto viruses, and what are the consequences
of this feedback for them and us? To answer these questions we dissect a variety of
host-pathogen arms races and conflicts in light of recent advances in the understand-
ing of the human genome and virus-relevant innate and adaptive immunity, with an
emphasis on HIV-1. We also consider newly discovered antivirus defenses that do not
fit neatly within the conventional definitions of innate or adaptive immunity. These
include RNA interference, as well as intrinsic immunity, whereby constitutively ex-
pressed host gene products can poison viral genomes or otherwise disrupt viral life
cycles, even in the absence of virus-triggered signaling (Bieniasz 2004). Throughout,
we highlight how lessons learned at the intersection of evolution, ecology, genetics, vi-
rology, and immunology can contribute both to a better understanding of each of these
fields and to improving therapeutic and preventative control measures against viral
pathogens.
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INNATE IMMUNITY: THE FIRST LINE OF DEFENSE
The front-line component of the immune system, the innate immune response, has
extremely deep roots. Every multicellular organism has a complex innate immune
system that allows it to discriminate between self and nonself on the basis of a limited
set of more or less generic cues, molecular patterns normally present in the invader
but not the host (Beutler 2004). Receptors recognizing different classes of pathogens,
if activated, rapidly unleash anti-invader responses, such as the interferon response
that temporarily makes the body much less hospitable to viruses (Akira et al. 2006).
It is the interferon response that is behind the sore muscles, fever, and other flu-like
symptoms associated with so many viral infections.

The defining characteristic of the innate immune system is its ability to mount
rapid and effective responses to a wide variety of pathogens without the requirement
of previous exposure. However, recent findings demonstrate that the innate immune
system can operate with a previously underappreciated level of specificity. The Toll-
like receptors (TLRs) provide a good example.

The Toll receptor pathway was first identified in Drosophila for its role in estab-
lishing dorsal-ventral polarity in the developing embryo (Hashimoto et al. 1988), but
it was later hypothesized (Belvin & Anderson 1996) and confirmed (Lemaitre et al.
1996) to play an important role in innate immunity as well. A large, multigene family
of homologous proteins, known as Toll-like receptors, has since been identified in
vertebrates, including mammals (reviewed in Takeda et al. 2003).

TLRs are transmembrane proteins that distinguish self from nonself by detecting
pathogen-associated molecular patterns (PAMPs). Recognition of these ligands on
invading pathogens, by TLRs located on the surface of immune cells, triggers the
induction of genes responsible for the inflammatory (innate) immune response and
also contributes to stimulating the adaptive immune response (reviewed in Akira &
Hemmi 2003). Most mammalian genomes code for between 10 and 15 TLRs; 10
have been identified in humans (TLR1–TLR10).

Some TLRs can recognize a variety of viral and/or bacterial pathogens. On the viral
side, for example, TLR2 can identify PAMPs found on measles virus, cytomegalovirus,
and hepatitis C virus (HCV) (Bieback et al. 2002, Compton et al. 2003, Dolganiuc
et al. 2004). Others are more restricted: Respiratory syncytial virus and herpes simplex
virus are identified by TLR4 and TLR9, respectively (Kurt-Jones et al. 2000, Lund
et al. 2003). TLR3 is something of an all-purpose virus alarm, as it identifies double-
stranded RNA (dsRNA) (Alexopoulou et al. 2001), found in most viruses at some
point in their life cycle; it is the trigger for the interferon response.

A key point here is that, unlike the main players in the adaptive immune system—
for example, major histocompatibility complex (MHC) genes—although adept at
what they do, TLRs are not very evolutionarily flexible. Viral antigen recognition
mediated by MHC genes is characterized by an impressive amplification in the gene
family, unrivalled levels of polymorphism at each locus (Figure 1), and striking lev-
els of positive selection (MHC Seq. Consort. 1999). TLRs, however, represent the
opposite: a set of good, generic signal receptors, held in place by strong purifying
selection. The function and nucleic acid sequences of TLRs are highly conserved
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Figure 1
Human major histocompatibility complex (MHC) class I and II loci. This is a schematic
diagram (not to scale) of some of the key loci in the MHC class I and II regions. Included are the
nine classical human leukocyte antigen (HLA) loci, each of which is labeled with the number of
alleles found so far in the human population. Several other HLA loci exist, some of which are
shown here. Many non-HLA genes with immune function are also found in the MHC. TAPBP,
LMP, and TAP, which are involved in antigen processing by the proteasome and transport
of peptides to MHC molecules, are shown here as examples. C, centromere; T, telomere.

across vertebrates, and the TLR arsenal of extant vertebrates is remarkably similar to
that of the ancestral vertebrate, even down to the level of gene copy number, which
has typically remained at just one for each TLR (Roach et al. 2005). The PAMPs
targeted by TLRs are presumably not at liberty to evolve to avoid recognition: hence
the evolutionary stability (and the reliability) of TLRs (Smith et al. 2003).

INTRINSIC IMMUNITY: MUTATIONAL MELTDOWN
AND OTHER WAYS TO KILL A VIRUS WITHOUT EVER
KNOWING IT IS THERE
Our cells, it turns out, constitutively produce potent antiviral drugs. One of the most
dramatic examples of the evolutionary arms race between pathogens and their hosts—
one that no one knew about until just a few years ago—is the case of retroviruses (and
retroelements) versus the APOBEC gene family of Old World primates. One player in
this arms race, the HIV protein Vif (viral infectivity factor), has long been known to be
important; viruses with defective or absent vif genes (!vif ) are unable to replicate in
most human cell lines (Gabuzda et al. 1992). However, the reason why HIV needs Vif
in order to infect human cells remained largely obscure for over a decade. During this
same time period, HIV researchers also began coming across viruses that had a bizarre
mutational pattern. Their genomes had been hypermutated—fatally riddled with
G-to-A (guanine-to-adenine) mutations that resulted in defective progeny (Borman
et al. 1995). The solution to this small mystery would reveal a surprisingly broad new
line of defense against viruses.

The breakthrough came when Sheehy et al. (2002) compared gene expression in
human cell lines and identified a protein, APOBEC3G, present only in cell lines in
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which vif-defective viruses were unable to replicate. Zhang et al. (2003) and Mangeat
et al. (2003) independently drew the connection that it was APOBEC3G’s function as a
cytidine deaminase—a DNA-editing enzyme—that could explain both the necessity
of a functional Vif protein and the hypermutation of HIV genomes. During the
viral life cycle, APOBEC3G is incorporated into the viral capsid. Typically, it is
subsequently degraded by the virus’s Vif protein, which is effectively the antidote
to APOBEC3G. However, in the absence of a functional Vif, APOBEC3G is not
degraded; upon infection of a new host cell, it hypermutates the viral genome, via
deamination, while the virus is reverse-transcribing its RNA genome to DNA.

It is now known that APOBEC3G is actually one of many APOBEC proteins
that comprise a recently expanded part of a large gene family that includes AID
(activation-induced deaminase) (Conticello et al. 2005). AID is a protein responsible
for the somatic hypermutation that takes place in the immunoglobulin (Ig) genes
of cells that produce antibodies, allowing them to selectively fine-tune their antigen
recognition (Muramatsu et al. 2000). The common ancestry, and mechanism, of
APOBEC3G and AID is a shining example of how natural selection is a great
tinkerer—in this case co-opting a mechanism crucial to adaptive immunity and
shaping it into a totally distinct weapon.

The antiretroviral properties of APOBEC3G have been observed in other
viruses too, including HTLV-I (human T cell lymphotrophic virus), SIV (simian
immunodeficiency virus), and hepatitis B virus (HBV), as well as in retroelements
such as retrotransposons present in the human genome (Bogerd et al. 2006a, 2006b;
Muckenfuss et al. 2006; Turelli et al. 2004). Retroelements compose approximately
42% of the human genome (Int. Hum. Genome Consort. 2001), and it has been
suggested that their activity may sometimes provide an adaptive advantage to indi-
vidual hosts by helping to create new genes, including some with roles in adaptive
immunity (Agrawal et al. 1998, van de Lagemaat et al. 2003). However, retroele-
ment activity has demonstrably negative fitness effects as well, such as disrupting
the expression of crucial genes and causing malignancies and autoimmune disorders
(reviewed in Bannert & Kurth 2004). In addition, gene products encoded by some
retroelements may be toxic for the host organism (Boissinot et al. 2006). These el-
ements may have overall deleterious host fitness effects and could have selected for
the expansion and diversification of the APOBEC/AID gene family (Sawyer et al.
2004).

Several other members of the ABOBEC gene family have demonstrable antiretro-
viral activity; the radiation of this gene family has been accompanied by remark-
ably strong selective pressure, with some of the highest dN/dS ratios ever mea-
sured (OhAinle et al. 2006, Sawyer et al. 2004, Turelli & Trono 2005, Zheng
et al. 2004). Additional unrelated genes such as TRIM5α have also been highly
effective at restricting retrovirus propagation and, accordingly, also exhibit evi-
dence of extremely intense positive selection in both humans and other primate
species (Sawyer et al. 2005). TRIM5α appears to disrupt the uncoating of retro-
viruses, which leads to their death (Stremlau et al. 2004). This mechanism of ac-
tion implies that endogenous and exogenous retroviruses, rather than retroelements,
likely provided the selection for TRIM5α antiretroviral activity. Much of the most
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exciting research on intrinsic immunity proteins is focused on their potential use
as drug treatments for HIV and other retroviral infections (Mangeat & Trono
2005).

RNA INTERFERENCE AND GENE SILENCING: AN ANCIENT
VIRAL DEFENSE MECHANISM?
While the antiretroviral effects of the APOBEC genes likely resulted from the modifi-
cation of previously existing proteins functioning in the adaptive immune system, an
ancient, putatively antiviral mechanism called RNAi (RNA-mediated interference)
has been co-opted and modified to perform unrelated cellular functions: transcrip-
tional and posttranscriptional gene regulation. Surprisingly, it was these derived func-
tions of RNAi that led to its discovery. One of the first documented instances of RNAi
activity occurred not when researchers attempted to suppress viral infection but when
they introduced a second copy of a gene for purple pigment into a petunia plant with
the intention of producing more pigment. The result of this experiment was not the
production of more purple pigment, but less (Jorgensen 1995).

Gene silencing phenomena, whereby a specific gene could be suppressed by the
introduction of the homologous sequence, was subsequently observed in a variety
other organisms, but it was Fire et al.’s (1998) pioneering work on Caenorhabditis
elegans that first identified the role of dsRNA in RNAi and gene silencing. In addition,
they noted that owing to the small amount of dsRNA required to initiate gene
suppression, a catalytic protein cascade must be involved in this RNA-mediated gene
suppression.

A crucial part of RNAi activity is its specificity, which is achieved by using the
original dsRNA template as a guide for identifying all other copies of the gene of
interest. This template is created by the enzyme Dicer (Bernstein et al. 2001), which
cleaves the dsRNA into short (approximately 22-bp) RNA sequences known as small
interfering RNAs (siRNAs). Once the dsRNA is cleaved, the siRNA is incorporated
into the RNA-induced silencing complex. This protein complex then binds to and
cleaves other copies of the target RNA, which essentially suppresses all protein prod-
ucts that would have been produced from the original RNA sequence (reviewed in
Stram & Kuzntzova 2006).

Despite its recent discovery, RNAi is now understood to be an extremely im-
portant regulator of gene expression; however, the most parsimonious proposal for
the ancestral function of this RNAi machinery is defense against RNA viruses and
transposable elements, given the conservation of this function across the eukaryotic
spectrum (Cerutti & Casas-Mollano 2006). The antiviral effects of RNAi, owing to
its ability to identify and degrade homologous nucleotide sequences, are thus a good
example of tremendous specificity in organisms traditionally thought to have only
nonspecific innate immune responses.

Like the interferon response, RNAi is triggered specifically by dsRNA, albeit by
shorter nucleotide strands. Unlike the interferon system, which can result in a more
general response that upregulates a variety of antiviral functions such as proteasome
function and MHC class I production, the RNAi machinery specifically targets the
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gene of interest, allowing the rest of the cell to continue to function normally. More-
over, RNAi is a more general antiviral mechanism than interferon, as the latter is
expressed only in a limited range of cell types.

Note that although RNAi is still used as an antiviral defense in plants and inverte-
brates, it is possible that in mammals its antiviral function has been largely supplanted
by the interferon and adaptive immune responses (Cerutti & Casas-Mollano 2006).
Regardless of whether it survives only as a derived, gene-regulatory mechanism in
mammals, it can still induce potent antiviral responses. One of the most promising
avenues of biomedical research today involves the artificial induction of RNAi in
humans by introducing synthetic siRNAs designed to target specific genes, including
essential viral genes, which can lead to the suppression of viral replication within the
host cell. Encouraging results have been seen in a large group of viruses ranging from
single-stranded RNA viruses (influenza virus and SARS) to retroviruses (HIV-1),
hepadnaviruses (HBV), and even DNA viruses (herpesviruses). These studies are re-
viewed in Stram & Kuzntzova (2006), who note that RNAi may have an impact on
human health in the coming century comparable to that of antibiotics in the previous
century. Like antibiotic use, therapeutic RNAi represents the successful harnessing,
for medical purposes, of evolutionary adaptations devised by natural selection during
ancient host-pathogen arms races.

ADAPTIVE IMMUNITY: EDUCATION BY PATHOGEN

What is Adaptive Immunity?

The vertebrate adaptive immune response is highly specific and extremely dynamic,
and it can recognize and respond to virtually any pathogen, including viruses within
infected cells. It mimics many of the features that make viruses dangerous, including
the ability to rapidly generate extensive genetic diversity through recombination and
mutation and select for successful variants.

Unlike in viruses, this selection in B and T cells takes place across somatic gen-
erations; successful variants possess a cell-surface receptor that physically binds with
high affinity to some foreign molecule (i.e., an antigen), allowing the immune system
to see an invading pathogen, to remember it, and to respond rapidly in the event of
subsequent encounters. B cell receptors are known as immunoglobulins. They search
for, and bind to, macromolecular antigens on foreign invaders. Daughter B cells then
secrete increasingly specific Ig (i.e., antibodies) that circulate throughout the inter-
cellular space. T cell receptors, however, bind specifically to smaller peptide regions
presented by special molecules encoded by class I and class II genes of the MHC
(Figure 2).

During development, human fetuses generate an extremely large population of B
cells and T cells, each one bearing a slightly different cell-surface receptor. Cells that
recognize antigen are culled at this point because only self antigens are present (Burnet
1959). An almost unlimited combinatorial explosion of receptor diversity is generated
through somatic recombination, whereby sets of gene segments drawn from a diverse
but finite pool are fused into unique, irreversible mosaics ( Janeway et al. 2005).
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degraded by
proteasome

Peptides are
transported

to ER

b

TCR

MHC class I binds
epitope and presents

it at cell surface

B cell Helper
T cell

MHC class II binds
epitope and presents

it at cell surface

Antigen is
engulfed

a

TCR
Ig binds antigen

Antigen is
degraded

Activates Kills

Figure 2
Antigen presentation by major histocompatibility complex (MHC) molecules. (a) B cells bind
viral antigen with their immunoglobulin receptors and engulf it. The antigen is then degraded
within vesicles into peptides 13 amino acids or greater in length. Peptides that bind MHC
class II molecules are then presented at the cell surface where the epitope/MHC complex can
be recognized by helper T cells with matching T cell receptors. If a match (binding) occurs,
the helper T cell activates the B cell (signals it to proliferate). (b) Cells infected with virus
degrade viral proteins found in the cytosol, via the proteasome. The resulting 8–10 amino acid
peptides are then transported to the endoplasmic reticulum (ER). Peptides that bind MHC
class I molecules are presented at the cell surface. Cytotoxic T lymphocytes (CTLs), whose
receptors bind the epitope/MHC complex, induce apoptosis in the virus-infected cell.

B cells further the refinement of Ig specificity via somatic hypermutation, driven by
AID (see above discussion of ABOBEC3G). It is the remaining pool of hundreds of
millions of circulating lymphocytes that is called upon when the host is challenged
by pathogens. One or more lymphocytes, by chance, might bear a receptor that is a
good fit for some antigenic region; the tighter the fit, the stronger the signal for the
lymphocyte to proliferate. The upshot, after several rounds of lymphocyte division,
is an adapted population of lymphocytes. The successful variant in the original pool
is amplified into a massive army of clones with the ability to home in on the pathogen
with great accuracy and precision, then kill or neutralize it. These cells remain ready
for quick action should the pathogen ever return.

Major Histocompatibilty Complex Molecules versus Viral Epitopes
Any attempt to understand how selection imposed by viruses has shaped the human
genome rests on an appreciation of the MHC (Figure 1). The MHC is an extremely
gene-dense region of chromosome 6, housing approximately 130 expressed genes,
almost half of which have immune system function (Meyer & Thomson 2001, MHC
Seq. Consort. 1999). These include the diverse and rapidly evolving MHC class I and
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II genes that broker the antigen recognition performed by T cells and B cells, as well as
many other genes with immune function. Without MHC molecules—better known
as human leukocyte antigen (HLA) in humans—there can be no effective neutralizing
antibody (NAb) response from B cells, of the sort that helps us eliminate influenza
virus (Figure 2a), and no cytotoxic T lymphocyte (CTL) response to destroy cells
infected with virus, of the sort that helps us fight HIV-1 (Figure 2b).

MHC class I molecules have a direct and special connection to viruses: They
play the central role in the task of alerting CTLs to cells that have been breached
by virus and are an unambiguous antivirus adaptation (Figure 2). Expressed by all
nucleated cells, class I molecules bind to and transport intracellular, cytosolic viral
peptides. These are derived from larger proteins that have been minced into short
fragments in the proteasome, a sort of meat grinder that cleaves any proteins found in
the cytosol into bite-size pieces for MHC molecules. They present these peptides on
the infected cell’s surface (physically bound in pockets or grooves) for inspection by
roving T cells; because of the specificity discussed above, a given T cell will recognize
only specific epitope/MHC complexes (Doherty & Zinkernagel 1975, Zinkernagel
& Doherty 1974). If a CTL binds to the peptide/MHC complex, it induces apoptosis
in the cell that presented the antigen. MHC delivers a constant efflux of cytosolic
peptides to the cell surface, allowing the immune system to effectively see what is
going on deep within almost every cell of the body and to respond accordingly.

MHC class II molecules, however, are involved in transporting and displaying
antigens derived from vesicles within the cell (Figure 2). These can be of two main
sorts. First, B cell–mediated responses, including the NAb response, require a go-
ahead signal from CD4+ helper T cells. This is where MHC class II genes come into
play. A successful antibody response to a viral pathogen begins with a helper T cell
recognizing a viral T cell epitope presented by the B cell: The B cell must capture
viral antigens with its Ig receptor, engulf them, degrade them into small peptides,
then spit out these minced up fragments onto its cell surface with the aid of MHC
class II molecules (Figure 2).

Second, there are vesicles in which pathogens such as Mycobacterium tuberculosis
seek intracellular refuge from immune attack. Class II molecules deliver antigen from
such invaders to the cell surface where it can be recognized by CD4+ T cells, which
command the infected cell to flood the vesicle with bactericidal poison (not shown).
This sort of antigen presentation, although not directly connected to viruses, is still
related: One of the reasons so many AIDS patients die from tuberculosis is that the
virus destroys the T cells that would normally recognize the M. tuberculosis–derived
epitopes bound to MHC class II molecules on the surface of an infected cell.

There is a large degree of specificity between the binding of MHC and viral
peptides, and this is a crucial point for understanding the evolution of both viruses
and humans. A given MHC/HLA variant will only bind one or a few short peptide
fragments, and changing just one amino acid can often obliterate binding (reviewed
in Frank 2002). This sets the stage for CTL epitope escape, on the part of viruses
(discussed below). But it also evidently puts tremendous selective pressure on hu-
mans to evolve and maintain a diverse array of MHC molecules. Heterozygosity at
HLA loci can lead to a powerfully diverse immune response (Carrington et al. 1999,
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Doherty & Zinkernagel 1975). Accordingly, HLA loci are by far the most polymor-
phic of any in our genome (MHC Seq. Consort. 1999). HLA-B, an MHC class I
gene, leads the way with 851 alleles, followed by HLA-A, another class I locus, with
506, and HLA-DRB1, a class II locus, with 476 (Figure 1) (Robinson et al. 2003;
http://www.ebi.ac.uk/imgt/hla/).

Most HLA polymorphism is also evidently generated de novo in each host species
(Shiina et al. 2006), contrary to earlier assertions that it represents ancient varia-
tion predating the origin of humans. Shiina et al. traced single-nucleotide variation
generated before and after human-chimpanzee speciation and showed conclusively
that trans-species diversity could account for only a small fraction of MHC class I
diversity in either humans or chimpanzees. This is important not only because it
illustrates the strong incentive for constant generation and maintenance of a diverse
HLA repertoire in response to a constantly evolving microbial antigenic repertoire,
but also because it finally puts the MHC in line with other evolutionary genetics data
that conclude that a narrow bottleneck occurred at the origin of our species (Hammer
1995).

With respect to nonself antigens, MHC class I molecules are virtually totally
devoted to viruses, the only pathogens that normally replicate within the cytosol
(Janeway et al. 2005). It appears, once again, that it is this group of pathogens that
has driven our genes to the extremes of diversification. Viruses might even be one of
the ultimate causes behind some of our more pleasurable, proximate activities: MHC
gene products are aromatic, and we might unwittingly choose potential mates in part
by sniffing out good, complementary MHC alleles—ones that might tilt the odds in
favor of producing offspring with more robust immune systems (reviewed in Milinski
2006).

Natural experiments—cases where patients are born with defective MHC class
II antigen presentation—suggest that viruses might be the main selective agents at
class II loci as well: In one cohort of 10 children with MHC class II deficiency, 8 died
during the study; 6 deaths were attributed directly to viral infection, and an additional
death was likely due to complications arising from a viral infection (Saleem et al.
2007). This is an unsettling reminder of what lies just behind the veil of our immune
system.

The MHC is associated with more genetic diseases than any other region of the
genome (MHC Seq. Consort. 1999). This includes most autoimmune diseases, such as
rheumatoid arthritis and diabetes. It seems that a good deal of human genetic disease
has arisen via hitchhiking of deleterious mutations (MHC Seq. Consort. 1999), and
it is probably not a coincidence that hitchhiking diversity reaches its peaks in the
vicinity of the antigen-presenting HLA loci (Shiina et al. 2006). In other words,
the long-standing and continuing battle to generate HLA diversity, in response to
the Red Queen vicissitudes presented by pathogens, has been marked by a lot of
costly collateral genetic damage—yet another indication of the utmost importance
of our defenses against pathogens. The magnitude of debris dragged in the wake of
selection on MHC loci says a lot about the strength of the selection and, in turn, the
agents behind it.
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HUMAN-VIRUS BATTLEGROUNDS WITHIN,
AND BETWEEN, HOSTS

The Human Leukocyte Antigen Environment, Cytotoxic T
Lymphocyte Escape, and Persistent Viruses

MHC class I–mediated antigen recognition, which places viral epitopes in the
crosshairs of CTLs, puts strong selective pressure on viruses to alter those epitopes.
Typically, the number of viral peptides detectable by a host’s CTL population is,
at any given time, quite small. Often only two or three immunodominant epitopes
are detectable (Yewdell & Bennink 1999). This is why genetic variation (resulting
from high viral mutation and replication rates, and large population sizes) is so cru-
cial to viral persistence; a mutant virus with just the right amino acid substitution
becomes invisible by moving outside the highly focused spotlight of the prevailing
CTL response. Such CTL epitope escape mutations allow a few lucky variants to
reproduce without the risk of their host cells being killed off through CTL-mediated
damage control. This can allow the viral population to persist within the host for
long periods—years or decades in some cases—with successive rounds of selective
sweeps as viral epitopes are seen by CTLs, then altered by mutations that lead to
CTL escape, then seen again by a new set of CTLs, and so on.

In HIV-1, within-host population dynamics leads to distinctive ladder-like phylo-
genetic trees. When samples are collected across many time points, it can be seen that
the fate of most viral lineages within the host is to go extinct and that viral genetic
diversity is repeatedly pruned down to one or a few variants that, for a short time,
escape from immune responses. This is a nice illustration of the connectedness of
viral ecology (predator-prey population dynamics) and evolution (genetic changes)
and how aspects of both can be inferred from phylogenetic patterns. Grenfell et al.
(2004) have termed this unified view of ecological and evolutionary dynamics phylo-
dynamics. Interestingly, the phylodynamic patterns of HIV-1 at the population level
are very different, with little evidence for selective sweeps that would be indicative
of differences in host-to-host transmission fitness: The population-level phylogeny
is very bushy, not ladder-like. Influenza virus phylogenies at the population level,
however, look like within-host HIV-1 phylogenies. This pattern might reflect anti-
genic drift, whereby viruses that have mutated to escape previously infected hosts’
antibody responses enjoy a selective advantage because they can reinfect previously
exposed hosts (Bush et al. 1999). Recent findings, however, support a more nuanced
perspective on influenza phylodynamics, one that includes a bigger role for stochastic
effects than previously appreciated. Local introductions and extinctions of different
viral variants often appear to be due to chance rather than fitness differences (Nelson
et al. 2006), a finding that suggests that the ladder-like phylogenies of influenza virus
might not be completely due to the host’s population-level immune selection.

A similar ladder-like phylogeny has been inferred for Ebola virus isolates sampled
over the past 30 years across central Africa. Walsh et al. (2005) sought to determine if
the Ebola virus was endemic to the outbreak regions or if each outbreak represented
a new introduction of the virus to a geographical region. The inferred phylogeny
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indicated that the virus responsible for each new Ebola outbreak during this time pe-
riod was a descendant of a preceding outbreak elsewhere and therefore was a recent
introduction. Furthermore, these outbreaks followed a pattern of migration that was
reflected in the viral phylogeny. This example shows that spatial and temporal dy-
namics (wave-like spread)—in the absence of strong immune selection—can clearly
generate ladder-like phylogenies reminiscent of those shaped by immunity-driven
selective sweeps. It also demonstrates that phylodynamics can be used to predict the
future spread of emerging viruses.

The MHC class I alleles inherited from one’s parents determine the immune sys-
tem’s ability to present pathogen antigens to T cells. An individual’s HLA genotype
can have far-reaching effects on the outcome of a variety of viral infections and is pre-
dictive, for example, of whether HIV is likely to kill you quickly or slowly, should you
become infected. At a general level, Carrington et al. (1999) found that heterozygos-
ity for HLA-A, -B, and -C translated into significantly delayed onset to AIDS among
patients infected with HIV-1. More specifically, they also identified two deleterious
alleles—one HLA-B and one HLA-C—associated with rapid progression to AIDS
symptoms. Interestingly, they also noticed that the relative hazard of progression to
AIDS or death was two- to threefold higher for homozygosity at the HLA-B locus
versus HLA-A, a pattern that mirrors the higher polymorphism observed in HLA-B
in the population at large.

The class I locus HLA-B turns out to be particularly important in defining the
HLA environment that HIV-1 must adapt to in order to maintain a chronic infec-
tion (Bihl et al. 2006, Kiepiela et al. 2004). Kiepiela et al.’s study was a particularly
elegant demonstration that HLA-B plays the dominant role in influencing HIV dis-
ease outcome. Among hundreds of HIV-positive patients in a South African cohort,
a significantly greater number of CTL responses were HLA-B-restricted compared
with HLA-A, and expression of particular HLA-B (but not HLA-A) variants was as-
sociated with extreme disease outcomes (fast or slow progression to AIDS). This is
directly relevant to vaccine design because it suggests that artificial stimulation of
CTLs directed against epitopes presented by HLA-A might be much less protective
than ones designed for HLA-B, and that such CTL vaccines could be expected to
perform very differently in patients with distinct complements of HLA alleles.

This observation also suggests an answer to the riddle of why HLA-B is more
polymorphic in the human population than HLA-A, and why HLA-B has evolved
more rapidly at the molecular level as well (Kiepiela et al. 2004). With HIV, and
perhaps many other viruses, HLA-B is where the main action is in the battle be-
tween the pathogen and the host’s CTLs. Moreover, it has recently become clear
that the immune system’s most effective CTL responses against HIV-1 target Gag
polyprotein epitopes (Kiepiela et al. 2007, Zuniga et al. 2006). The gag gene, which
codes for important structural components of the virus, is one of the most conserved
in the entire HIV-1 genome. It is probably not a coincidence that the best place
for the CTL response to lock onto viral epitopes is in a region where the virus is
obviously under strong evolutionary constraints. Presumably, many potential CTLs
escape mutations in gag come with too high a cost to be selected. At any rate, the
battle within an HIV-1-infected host seems to be fought primarily between the Gag

526 Worobey · Bjork ·Wertheim

A
nn

u.
 R

ev
. E

co
l. 

Ev
ol

. S
ys

t. 
20

07
.3

8:
51

5-
54

0.
 D

ow
nl

oa
de

d 
fro

m
 a

rjo
ur

na
ls.

an
nu

al
re

vi
ew

s.o
rg

by
 U

ni
ve

rs
ity

 o
f A

riz
on

a 
Li

br
ar

y 
on

 0
3/

02
/0

8.
 F

or
 p

er
so

na
l u

se
 o

nl
y.



ANRV328-ES38-21 ARI 24 September 2007 8:3

protein of the virus and the one or two HLA-B alleles available to carry Gag epitopes to
CTLs.

Evasion of adaptive immune responses is of course a crucial feature of other viruses
that can establish persistent infections. Specific HLA alleles with either negative or
positive associations with disease have also been found for HBV and HCV (Gaudieri
et al. 2006, Heeney et al. 2006, Thio et al. 2003). With respect to HCV, which
most often establishes a persistent infection, the HLA class II alleles DQB1∗0301
and DRB1∗11 are associated with self-limiting infection, predominantly in Caucasian
populations (Yee 2004). Individuals with these alleles can likely eliminate the virus via
an effective antibody response, triggered by a helper T cell population that binds
particularly well to HCV peptides presented by these alleles. Polymorphisms at
nonimmunity-related genes, such as CCR5, which codes for a cell-surface receptor
that mediates the entry of HIV-1 into cells, can also have dramatic consequences for
disease progression, including making some hosts effectively impervious to HIV-1
(see sidebar).

Kiepiela et al. (2004) found that HIV-1-infected infants in their Zulu/Xhosa study
population had a much higher frequency of deleterious HLA-B alleles (B∗18 and
B∗5802) and a much lower frequency of protective alleles (B∗57 and B∗5801) than
the population at large. This suggests that HIV-1 can be expected to cause rapid
changes in allele frequencies at HLA loci, especially HLA-B. It follows logically from
the mechanics of MHC-based antigen presentation, and the diverse array of viral
pathogens like HIV-1 and HCV-pulling antigen-recognition genes in many different

CCR5-!32: A VIRAL-RESISTANCE ALLELE

CCR5-!32 is a truncated CCR5 allele found at high frequencies in Europeans.
It leads to a defective cell-surface coreceptor, preventing HIV infection in
homozygotes and decreasing the risk of infection in heterozygotes (Liu et al.
1996, Samson et al. 1996). CCR5-!32 carriers also have a decreased likelihood
of contracting hepatitis B virus (Thio et al. 2007) and improved outcomes
during hepatitis C virus infection (Goulding et al. 2005).

The HIV/AIDS pandemic is too recent to account for current CCR5-!32
frequencies. Bubonic plague and smallpox have been proposed as selective
agents (Stephens et al. 1998, Galvani & Slatkin 2003), although recently it has
been argued that neutral genetic drift may better explain the current frequency
of CCR5-!32 (Sabeti et al. 2005).

Biomedical researchers are optimistic that development of CCR5-
antagonists (e.g., using RNAi) could lead to important therapeutic advance-
ments for the fight against HIV (Qin et al. 2003), although there could be
trade-offs. CCR5-!32 carriers are now known to be at an increased risk for
symptomatic West Nile virus infection (Glass et al. 2006) and are more sus-
ceptible to noninfectious diseases such as rheumatoid arthritis (Garred et al.
1998) and inflammatory bowel disease (Martin et al. 2001).
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directions, that the evolutionary outcome was both an amplification in the number
of HLA genes, and an accumulation of a diverse pool of allelic variants at these loci.

Viral Interference with Antigen Presentation, and the Host
Response: Natural Killer Cells
Viruses do not limit themselves merely to fleeing the CTL response by quick evolu-
tionary change. They also go on the offensive. They have evolved a suite of adaptations
that target the heart of the antigen-recognition system: the presentation of viral epi-
topes by MHC molecules. In the arms race between viruses and humans (Table 1), it
perhaps in this arena that host-virus coevolution has reached the most extraordinary
level of escalation.

In HIV-1, to take one well-studied example, the accessory protein Vpu actively
degrades the class I molecules, abrogating CTL responses (Kerkau et al. 1997). An-
other protein, Nef, downregulates MHC expression by the infected cell (Piguet &
Trono 1999). Patients with a rare, nef-deleted virus tend to have extremely slow
progression to AIDS (Deacon et al. 1995, Kirchhoff et al. 1995). In other words,
downregulation of MHC seems to make the difference between a killer virus and a
near-commensal virus. Other viruses have evolved similar techniques for interfering
with virtually every step necessary for antigen presentation by both MHC class I and
class II molecules (reviewed in Brodsky et al. 1999 and Ploegh 1998). MHC class
I interference by viruses is not unexpected, but the fact that so many viruses go to
the trouble of interfering with MHC II antigen presentation (Brodsky et al. 1999) is
further evidence that much of the evolution in this MHC class, too, is virus induced.

The arms race does not end there, however. Our immune system includes a special
set of cells, known as natural killer (NK) cells, which deal with MHC interference.
These cells do not attempt to recognize viral antigens themselves. Rather, they ex-
press cell-surface receptors, called killer Ig-like receptors (KIR), that bind to MHC
class I. Unless an interrogated cell can satisfy a curious NK cell that is free from
interference with antigen presentation, by binding its KIR receptors with MHC, it
is commanded to undergo apoptosis, just to be on the safe side. Incidentally, because
NK-cell receptors need to keep up with MHC gene evolution, they evolve extremely
rapidly (Khakoo et al. 2000) and have undergone amplification and exist as a large
cluster of related loci on chromosome 19 (Nolan et al. 2006). The innate immune
system, therefore, is not restricted to static solutions like TLRs, but can also display
rapid molecular and genomic change when called upon by viral selective pressure.

Not to be outdone, viruses have evolved mechanisms for avoiding the NK re-
sponse. The HIV-1 Nef protein, for instance, while downregulating the expression
of HLA-B and HLA-A, the class I loci most likely to be associated with a vigorous
CTL response, leaves HLA-C, which is much less likely to stimulate a strong CTL re-
sponse, to be expressed at high levels. In doing so, it hobbles the host’s CTL response
but leaves enough impotent MHC molecules on the cell’s surface to inhibit NK-cell
activity (Collins & Baltimore 1999). It is this sort of adaptation, whereby a virus with a
genome only 10 kb in length so subtly thwarts all of the intrinsic, innate, and adaptive
immunity weapons deployed against it, that justifies the use of the term masterpiece.
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Table 1 Key host-virus interactions and their consequences

Host-virus conflict/
interaction

Consequences for virus
(within and between hosts)

Consequences for host
(individual and population)

Toll-like receptors v.
PAMPs (innate immunity)

Potentially unavoidable recognition Rapid antiviral response

↓ replication Clearance or modulation of infection
↓ transmission Purifying selection on TLRs
selection to disrupt signaling
downstream of TLR binding

↓ susceptibility to cross-species transmission

RNAi v. viral dsRNA Potentially unavoidable recognition Specific antiviral response
↓ replication Clearance or modulation of infection
↓ transmission Tool for controlling gene expression
Selection to usurp host RNA silencing
to virus’s advantage

↓ susceptibility to cross-species transmission

APOBEC3G v. Vif
(intrinsic immunity)

Hypermutation of viral genome Automatic antiviral response without need for
recognition

↓ replication Prevention, clearance, or modulation of infection
↓ transmission Positive selection on APOBEC3G
Selection on vif to block APOBEC3G ↓ susceptibility to cross-species transmission

Antibodies v. viral epitopes
(B cell–mediated adaptive
immunity)

↓ replication Highly specific antiviral response
↓ transmission Prevention, clearance, or modulation of infection
↓ reinfection Selection for ↑ diversity of MHC class II molecules

(gene amplification, positive/balancing selection)
Positive selection for epitope escape
mutations within hosts (persistence)
and between hosts (reinfection)

Selection for glycan shield and other
antibody-avoidance tactics

CTLs v. viral epitopes
(T cell–mediated adaptive
immunity)

↓ replication Highly specific antiviral response
↓ transmission Prevention, clearance, or modulation of infection
↓ reinfection Selection for ↑ diversity of MHC class I molecules
Positive selection for epitope escape
mutations within and between hosts

Selection to respond to viral interference with
antigen recognition (NK cells)

Selection for interference with
MHC-based antigen recognition

Natural killer cells v. viral
interference with antigen
recognition (innate
immunity)

↓ replication Clearance or modulation of infection by
eliminating cryptic infected cells

↓ transmission Selection for ↑ diversity of KIR genes
Selection to deceptively upregulate
expression of ineffective MHC genes
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Within-Host Adaptations Can Be Costly: Cytotoxic T Lymphocyte
Escape Mutant Transmission, HIV-1 Attenuation, and the Glycan
Shield
In principle it is possible that selective pressures acting on viruses within hosts could
conflict with those acting at, or after, transmission from one host to the next. In the
case of HIV-1’s resistance to NAbs, such conflicting pressures might help explain why
the virus persists within humans and might expose a chink in the armor of HIV-1
through which vaccination strategies may be directed.

Thus far, attempts to develop an effective HIV-1 vaccine have been spectacularly
unsuccessful. Essentially, researchers are hoping to use a vaccine to induce an im-
mune response more effective than the body’s own natural response. Although the
human immune system can raise NAb against the HIV Env glycoprotein (the only
viral protein exposed to the external environment), the virus has proven extremely
successful at avoiding it (Albert et al. 1990). It is not just the rapid rate of muta-
tion that helps HIV escape NAb; many of these mutations lead to the development
and/or rearrangement of N-glycosylated sites, special amino acids where host sugar
molecules can attach to the protein. Under NAb-driven selection, N-glycosylated
sites accumulate, leading to a glycan shield that obscures the viral Env protein behind
a layer of host-derived sugars (Wei et al. 2003).

This glycan shield seems like an impenetrable barrier behind which HIV should be
free to replicate and transmit without worry of an NAb response. A ray of hope comes
from a study of discordantly infected heterosexual couples (where one member of a
presently monogamous couple is infected with HIV). Derdeyn et al. (2004) noticed
that the HIV variants transmitted between these partners were significantly more
likely to be ones with diminutive sugar shields. They hypothesized that while the
glycan shield may be advantageous for HIV within a chronically infected host, it is
a hindrance during transmission to a naı̈ve host with no HIV-1 antibodies and likely
must be lost and then re-evolved within each newly infected host. A vaccine directed
at raising NAb may be more effective during this transmission event, when the glycan
shield is absent, and might therefore be able to block HIV transmission.

As promising as this may be, a second study looking at homosexual male discordant
couples did not find the same pattern of loss of the glycan shield upon transmission
(Frost et al. 2005). Note that these patients were infected with a strain of HIV-1
that is distantly related to the strain studied in the heterosexual couples. It is not
clear if this, or the different mode of transmission, explains the different glycan
shield dynamics observed in the two studies. Clearly, more research is needed on
the selective forces that govern the glycan shield formation/loss and how this relates
to HIV transmissibility and future vaccine design.

While antibody-neutralization-sensitive variants might be selectively transmitted
between hosts, there is no evidence for such selective transmission of HIV-1 CTL
escape mutants (Frater et al. 2006). However, even if they are transmitted at back-
ground frequency, escape mutants clearly do sometimes move from one host to the
next. What is the consequence of this for the host and virus? That depends upon the
HLA environment within that host. Escape mutants must sometimes arrive in new
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hosts with similar HLA to the host in which they evolved, putting the new host at
an immediate disadvantage. But because of the standing HLA diversity in the human
population, most often escape mutants simply go extinct because the new host has a
different MHC environment (Goulder et al. 2001, Kiepiela et al. 2004, Phillips et al.
1991). There is little evidence that CTL responses within hosts are rapidly leading
to a situation where most strains of HIV-1 are CTL escape mutants.

Ariën et al. (2005) found evidence that HIV might be attenuating over time: When
competed against each other in head-to-head assays, strains from the 1980s exhibited
significantly higher replicative fitness than strains circulating 20 years later. In other
words, the later strains appeared to have lost some of their ability to infect new host
cells, at least when competing directly against early strains in these tightly controlled
experiments. Ariën et al. (2005, 2007) speculate that this drop in replicative fitness
might be the result of the series of population bottlenecks experienced by HIV-1
each time it enters a new host, and might result in the evolution of milder strains of
virus that take longer to progress to AIDS. The idea is that, despite the observation
that replicative fitness actually increases throughout chronic infection within a host
(Troyer et al. 2005), the genetic bottleneck that occurs when the virus is transmitted
from one host to the next could obliterate and even reverse any fitness gains achieved
within the first host. Moreover, if the genetic environment of the newly infected host
is different, in particular at HLA loci, that will further penalize the newly transmitted
virus: Its hard-won CTL escape mutations might no longer be beneficial because
mutations that provide a cloak of invisibility in one host might have the opposite effect
in the next host. With each such transmission between genetically mismatched hosts,
the virus must evolve to escape the T cell responses of the new host; such evolution
appears to come at the cost of replicative fitness (Martinez-Picado et al. 2006). It
remains to be seen whether a decline in replicative fitness is a general feature of the
unfolding HIV-1 pandemic and, if so, whether it has a real connection to intrinsic
virulence, a property about which it is extremely difficult to make reliable predictions.

What Factors Prevent or Permit Viral Emergence?
Successful between-host transmission—involving hosts from different species—is one
of the landmarks that every new emerging infectious disease agent must pass, and it
pays to consider how it might, or might not, occur. The existence of intrinsic immu-
nity genes that restrict viral host range may help explain why humans have acquired
so few retroviruses from the many other infected primate species (Worobey 2007).
Experimental evidence suggests that human APOBEC3G and its orthologs in Old
World monkeys can restrict the ability of viruses to jump into new species. For exam-
ple, human APOBEC3G blocks SIV from the African green monkey from infecting
humans; the monkey homolog of APOBEC3G, in turn, blocks HIV. Surprisingly,
the ability of these proteins to restrict viruses from other species is determined by a
single amino acid substitution, which presumably prevents mismatched Vif protein
from degrading APOBEC3G (Bogerd et al. 2004, Mangeat et al. 2004, Schrofelbauer
et al. 2004). But for that single amino acid, there might be no human AIDS pandemic,
at least as we know it.
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Single amino acids can also make the difference on the viral side. Anishchenko
et al. (2006) found that Venezuelan equine encephalitis virus, a mosquito-borne RNA
virus that sometimes emerges out of its rodent reservoir and establishes outbreaks
in horses and humans, requires just a single change in its envelope glycoprotein to
do so. In this case, the main barrier to cross-species transmission might thus be
ecological (rare opportunities for viruses to encounter abnormal host species) rather
than evolutionary. More often, though, moving from one fitness peak to another (in a
new host) might require multiple mutations, and such jumps are presumably difficult
even for rapidly evolving viruses (Holmes 2006).

What is remarkable, and reassuring, is how effective our defenses must be: For
every new pathogen that has become established in human populations, how many
more must have died out after having infected just one or a handful of individuals?
And for every hopeful cross-species transmission event where at least one human
individual became productively infected, how many other exposures must have failed
to even cause an initial infection, with host-restriction elements or innate immunity
responses eliminating the pathogen before it gained a foothold in the host?

CONCLUSION
Clearly, a large proportion of the human genome is given over to genes that help
shield us from pathogens. At some of the loci known to be directly involved in viral
defense, we see allelic diversity that is unrivalled by other types of genes. We also see
some of the most rapid molecular evolution and strong balancing and directional pos-
itive selection. Moreover, the genome itself may have experienced its most dynamic
changes in response to viruses. Segmental duplications across the genome generally
tend to be enriched for immunity genes (Gonzalez et al. 2005), and virus-relevant
gene families such as MHC class I and II, KIR, and APOBEC are well represented in
the top ranks of amplified loci. In the landscape of the human genome, the MHC is
the richest biodiversity hot spot, and viruses are likely the main reason for this.

MHC/HLA genomic and allelic diversity represents one of the human population’s
most valuable genetic endowments, and the diversity of HLA alleles in the human
population has no doubt buffered us from extinction. Nonrandom distributions of
HLA alleles in different populations most likely echo local battles with pathogens
that have come and gone. The overall diversity observed is all the more remarkable
in light of the fact that periodic selective sweeps have probably been a feature of this
history. The resulting MHC and other immunity-related genetic diversity presents
both challenges and opportunities for therapies and immunization. We cannot, for ex-
ample, expect vaccines designed to elicit beneficial T cell responses to work uniformly
across patients because different individuals bring to the table different complements
of antigen-recognition alleles. In the short run, this complicates matters; in the long
run, we can look forward not only to drugs tailored to individual genomes, but perhaps
also vaccines.

We believe the observations brought together in this review argue strongly in
favor of viruses being the dominant agents shaping vertebrate and human defense and
immunity, both present and past. Other ideas, such as that adaptive immunity might
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have evolved in vertebrates because of a need to recognize and manage beneficial gut
microbial communities (McFall-Ngai 2007), seem at odds both with the virus-driven
genetic and genomic patterns inherent in the MHC and other immunity genes. The
unparalleled levels of polymorphism and deleterious genetic diversity associated with
the virus-specialized class I HLA loci, plus the fact that individuals with defective
antigen-presentation genes die rapidly and almost exclusively of overwhelming viral
infection, suggest that viruses have been, and remain, more important selective agents
than bacterial and eukaryotic pathogens.

Viruses have shaped our battle-worn genotypes and phenotypes and may be
an impetus behind many characteristics that seem far removed from pathogens,
from complex gene regulation, to diabetes and arthritis, to mate choice and sex-
ual reproduction. They are among the most important forces in human evolution,
and future insights into human-virus interactions will likely play a key role both
in controlling their emergence and spread and in understanding our own genetic
heritage.
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Ariën KK, Vanham G, Arts EJ. 2007. Is HIV-1 evolving to a less virulent form in
humans? Nat. Rev. Microbiol. 5:141–51

Bannert N, Kurth R. 2004. Retroelements and the human genome: new perspectives
on an old relation. Proc. Natl. Acad. Sci. USA 101(Suppl. 2):14572–79

Belvin MP, Anderson KV. 1996. A conserved signaling pathway: the Drosophila toll-
dorsal pathway. Annu. Rev. Cell Dev. Biol. 12:393–416

Bernstein E, Caudy AA, Hammond SM, Hannon GJ. 2001. Role for a bidentate
ribonuclease in the initiation step of RNA interference. Nature 409:363–66

Beutler B. 2004. Innate immunity: an overview. Mol. Immunol. 40:845–59
Bieback K, Lien E, Klagge IM, Avota E, Schneider-Schaulies J, et al. 2002. Hemag-

glutinin protein of wild-type measles virus activates toll-like receptor 2 signaling.
J. Virol. 76:8729–36

Bieniasz PD. 2004. Intrinsic immunity: a front-line defense against viral attack. Nat.
Immunol. 5:1109–15

Bihl F, Frahm N, Di Giammarino L, Sidney J, John M, et al. 2006. Impact of HLA-B
alleles, epitope binding affinity, functional avidity, and viral coinfection on the
immunodominance of virus-specific CTL responses. J. Immunol. 176:4094–101

Bogerd HP, Doehle BP, Wiegand HL, Cullen BR. 2004. A single amino acid differ-
ence in the host APOBEC3G protein controls the primate species specificity of
HIV type 1 virion infectivity factor. Proc. Natl. Acad. Sci. USA 101:3770–74

Bogerd HP, Wiegand HL, Doehle BP, Lueders KK, Cullen BR. 2006a. APOBEC3A
and APOBEC3B are potent inhibitors of LTR-retrotransposon function in hu-
man cells. Nucleic Acids Res. 34:89–95

Bogerd HP, Wiegand HL, Hulme AE, Garcia-Perez JL, O’Shea KS, et al. 2006b.
Cellular inhibitors of long interspersed element 1 and Alu retrotransposition.
Proc. Natl. Acad. Sci. USA 103:8780–85

Boissinot S, Davis J, Entezam A, Petrov D, Furano AV. 2006. Fitness cost of LINE-1
(L1) activity in humans. Proc. Natl. Acad. Sci. USA 103:9590–94

Borman AM, Quillent C, Charneau P, Kean KM, Clavel F. 1995. A highly defective
HIV-1 group O provirus: evidence for the role of local sequence determinants
in G→A hypermutation during negative-strand viral DNA synthesis. Virology
208:601–9

Brodsky FM, Lem L, Solache A, Bennett EM. 1999. Human pathogen subversion of
antigen presentation. Immunol. Rev. 168:199–215

Burnet FM. 1959. The Clonal Selection Theory of Acquired Immunity. London:
Cambridge Univ. Press

Bush RM, Fitch WM, Bender CA, Cox NJ. 1999. Positive selection on the H3
hemagglutinin gene of human influenza virus A. Mol. Biol. Evol. 16:1457–65

Carrington M, Nelson GW, Martin MP, Kissner T, Vlahov D, et al. 1999. HLA
and HIV-1: heterozygote advantage and B∗35-Cw∗04 disadvantage. Science
283:1748–52

Cerutti H, Casas-Mollano JA. 2006. On the origin and functions of RNA-mediated
silencing: from protists to man. Curr. Genet. 50:81–99

534 Worobey · Bjork ·Wertheim

A
nn

u.
 R

ev
. E

co
l. 

Ev
ol

. S
ys

t. 
20

07
.3

8:
51

5-
54

0.
 D

ow
nl

oa
de

d 
fro

m
 a

rjo
ur

na
ls.

an
nu

al
re

vi
ew

s.o
rg

by
 U

ni
ve

rs
ity

 o
f A

riz
on

a 
Li

br
ar

y 
on

 0
3/

02
/0

8.
 F

or
 p

er
so

na
l u

se
 o

nl
y.



ANRV328-ES38-21 ARI 24 September 2007 8:3

Collins KL, Baltimore D. 1999. HIV’s evasion of the cellular immune response.
Immunol. Rev. 168:65–74

Compton T, Kurt-Jones EA, Boehme KW, Belko J, Latz E, et al. 2003. Human
cytomegalovirus activates inflammatory cytokine responses via CD14 and Toll-
like receptor 2. J. Virol. 77:4588–96

Conticello SG, Thomas CJ, Petersen-Mahrt SK, Neuberger MS. 2005. Evolution of
the AID/APOBEC family of polynucleotide (deoxy)cytidine deaminases. Mol.
Biol. Evol. 22:367–77

Deacon NJ, Tsykin A, Solomon A, Smith K, Ludford-Menting M, et al. 1995. Ge-
nomic structure of an attenuated quasi species of HIV-1 from a blood transfusion
donor and recipients. Science 270:988–91

Derdeyn CA, Decker JM, Bibollet-Ruche F, Mokili JL, Muldoon M, et al. 2004.
Envelope-constrained neutralization-sensitive HIV-1 after heterosexual trans-
mission. Science 303:2019–22

Doherty PC, Zinkernagel RM. 1975. A biological role for the major histocompati-
bility antigens. Lancet 1:1406–9

Dolganiuc A, Oak S, Kodys K, Golenbock DT, Finberg RW, et al. 2004. Hepatitis C
core and nonstructural 3 proteins trigger Toll-like receptor 2-mediated pathways
and inflammatory activation. Gastroenterology 127:1513–24

Domingo E, Holland JJ. 1997. RNA virus mutations and fitness for survival. Annu.
Rev. Microbiol. 51:151–78

Fire A, Xu S, Montgomery MK, Kostas SA, Driver SE, Mello CC. 1998. Potent and
specific genetic interference by double-stranded RNA in Caenorhabditis elegans.
Nature 391:806–11

Frank SA. 2002. Immunology and Evolution of Infectious Disease. Princeton: Princeton
Univ. Press

Frater AJ, Edwards CT, McCarthy N, Fox J, Brown H, et al. 2006. Passive sexual
transmission of human immunodeficiency virus type 1 variants and adaptation
in new hosts. J. Virol. 80:7226–34

Frost SD, Liu Y, Pond SL, Chappey C, Wrin T, et al. 2005. Characterization of hu-
man immunodeficiency virus type 1 (HIV-1) envelope variation and neutralizing
antibody responses during transmission of HIV-1 subtype B. J. Virol. 79:6523–
27

Gabuzda DH, Lawrence K, Langhoff E, Terwilliger E, Dorfman T, et al. 1992.
Role of vif in replication of human immunodeficiency virus type 1 in CD4+ T
lymphocytes. J. Virol. 66:6489–95

Galvani AP, Slatkin M. 2003. Evaluating plague and smallpox as historical selective
pressures for the CCR5-!32 HIV-resistance allele. Proc. Natl. Acad. Sci. USA
100:15276–79

Garred P, Madsen HO, Petersen J, Marquart H, Hansen TM, et al. 1998. CC
chemokine receptor 5 polymorphism in rheumatoid arthritis. J. Rheumatol.
25:1462–65

Gaudieri S, Rauch A, Park LP, Freitas E, Herrmann S, et al. 2006. Evidence of viral
adaptation to HLA class I-restricted immune pressure in chronic hepatitis C
virus infection. J. Virol. 80:11094–104

www.annualreviews.org • Pathogenic Viruses and their Human Hosts 535

A
nn

u.
 R

ev
. E

co
l. 

Ev
ol

. S
ys

t. 
20

07
.3

8:
51

5-
54

0.
 D

ow
nl

oa
de

d 
fro

m
 a

rjo
ur

na
ls.

an
nu

al
re

vi
ew

s.o
rg

by
 U

ni
ve

rs
ity

 o
f A

riz
on

a 
Li

br
ar

y 
on

 0
3/

02
/0

8.
 F

or
 p

er
so

na
l u

se
 o

nl
y.



ANRV328-ES38-21 ARI 24 September 2007 8:3

Glass WG, McDermott DH, Lim JK, Lekhong S, Yu SF, et al. 2006. CCR5 deficiency
increases risk of symptomatic West Nile virus infection. J. Exp. Med. 203:35–40

Gonzalez E, Kulkarni H, Bolivar H, Mangano A, Sanchez R, et al. 2005. The in-
fluence of CCL3L1 gene-containing segmental duplications on HIV-1/AIDS
susceptibility. Science 307:1434–40

Goulder PJ, Brander C, Tang Y, Tremblay C, Colbert RA, et al. 2001. Evolution and
transmission of stable CTL escape mutations in HIV infection. Nature 412:334–
38

Goulding C, McManus R, Murphy A, MacDonald G, Barrett S, et al. 2005. The
CCR5-!32 mutation: impact on disease outcome in individuals with hepatitis C
infection from a single source. Gut 54:1157–61

Grenfell BT, Pybus OG, Gog JR, Wood JL, Daly JM, et al. 2004. Unifying
the epidemiological and evolutionary dynamics of pathogens. Science 303:327–
32

Hammer MF. 1995. A recent common ancestry for human Y chromosomes. Nature
378:376–78

Hashimoto C, Hudson KL, Anderson KV. 1988. The Toll gene of Drosophila, required
for dorsal-ventral embryonic polarity, appears to encode a transmembrane pro-
tein. Cell 52:269–79

Heeney JL, Dalgleish AG, Weiss RA. 2006. Origins of HIV and the evolution of
resistance to AIDS. Science 313:462–66

Holmes EC. 2006. The evolution of viral emergence. Proc. Natl. Acad. Sci. USA
103:4803–4

Int. Hum. Genome Consort. 2001. Initial sequencing and analysis of the human
genome. Nature 409:860–921

Janeway CA, Travers P, Walport M, Schlomchik MJ. 2005. Immunobiology: The Im-
mune System in Health and Disease. New York: Garland Sci.

Jorgensen RA. 1995. Cosuppression, flower color patterns, and metastable gene ex-
pression states. Science 268:686–91

Kerkau T, Bacik I, Bennink JR, Yewdell JW, Hunig T, et al. 1997. The human
immunodeficiency virus type 1 (HIV-1) Vpu protein interferes with an early step
in the biosynthesis of major histocompatibility complex (MHC) class I molecules.
J. Exp. Med. 185:1295–305

Khakoo SI, Rajalingam R, Shum BP, Weidenbach K, Flodin L, et al. 2000. Rapid evo-
lution of NK cell receptor systems demonstrated by comparison of chimpanzees
and humans. Immunity 12:687–98

Kiepiela P, Leslie AJ, Honeyborne I, Ramduth D, Thobakgale C, et al. 2004. Dom-
inant influence of HLA-B in mediating the potential coevolution of HIV and
HLA. Nature 432:769–75

Kiepiela P, Ngumbela K, Thobakgale C, Ramduth D, Honeyborne I, et al. 2007.
CD8+ T cell responses to different HIV proteins have discordant associations
with viral load. Nat. Med. 13:46–53

Kirchhoff F, Greenough TC, Brettler DB, Sullivan JL, Desrosiers RC. 1995. Brief
report: absence of intact nef sequences in a long-term survivor with nonprogres-
sive HIV-1 infection. N. Engl. J. Med. 332:228–32

536 Worobey · Bjork ·Wertheim

A
nn

u.
 R

ev
. E

co
l. 

Ev
ol

. S
ys

t. 
20

07
.3

8:
51

5-
54

0.
 D

ow
nl

oa
de

d 
fro

m
 a

rjo
ur

na
ls.

an
nu

al
re

vi
ew

s.o
rg

by
 U

ni
ve

rs
ity

 o
f A

riz
on

a 
Li

br
ar

y 
on

 0
3/

02
/0

8.
 F

or
 p

er
so

na
l u

se
 o

nl
y.



ANRV328-ES38-21 ARI 24 September 2007 8:3

Kurt-Jones EA, Popova L, Kwinn L, Haynes LM, Jones LP, et al. 2000. Pattern
recognition receptors TLR4 and CD14 mediate response to respiratory syncytial
virus. Nat. Immunol. 1:398–401

Lemaitre B, Nicolas E, Michaut L, Reichhart JM, Hoffmann JA. 1996. The dorsoven-
tral regulatory gene cassette spatzle/Toll/cactus controls the potent antifungal
response in Drosophila adults. Cell 86:973–83

Liu R, Paxton WA, Choe S, Ceradini D, Martin SR, et al. 1996. Homozygous defect in
HIV-1 coreceptor accounts for resistance of some multiply-exposed individuals
to HIV-1 infection. Cell 86:367–77

Lund J, Sato A, Akira S, Medzhitov R, Iwasaki A. 2003. Toll-like receptor 9-mediated
recognition of Herpes simplex virus-2 by plasmacytoid dendritic cells. J. Exp.
Med. 198:513–20

Mangeat B, Trono D. 2005. Lentiviral vectors and antiretroviral intrinsic immunity.
Hum. Gene Ther. 16:913–20

Mangeat B, Turelli P, Caron G, Friedli M, Perrin L, Trono D. 2003. Broad antiretro-
viral defence by human APOBEC3G through lethal editing of nascent reverse
transcripts. Nature 424:99–103

Mangeat B, Turelli P, Liao S, Trono D. 2004. A single amino acid determinant
governs the species-specific sensitivity of APOBEC3G to Vif action. J. Biol.
Chem. 279:14481–83

Martin K, Heinzlmann M, Borchers R, Mack M, Loeschke K, Folwaczny C. 2001.
!32 mutation of the chemokine-receptor 5 gene in inflammatory bowel disease.
Clin. Immunol. 98:18–22

Martinez-Picado J, Prado JG, Fry EE, Pfafferott K, Leslie A, et al. 2006. Fitness cost
of escape mutations in p24 Gag in association with control of human immuno-
deficiency virus type 1. J. Virol. 80:3617–23

McFall-Ngai M. 2007. Adaptive immunity: care for the community. Nature 445:153
Meyer D, Thomson G. 2001. How selection shapes variation of the human major

histocompatibility complex: a review. Ann. Hum. Genet. 65:1–26
MHC Seq. Consort. 1999. Complete sequence and gene map of a human major his-

tocompatibility complex. The MHC sequencing consortium. Nature 401:921–
23

Milinski M. 2006. The major histocompatibility complex, sexual selection, and mate
choice. Annu. Rev. Ecol. Evol. Syst. 37:159–86

Muckenfuss H, Hamdorf M, Held U, Perkovic M, Lower J, et al. 2006. APOBEC3
proteins inhibit human LINE-1 retrotransposition. J. Biol. Chem. 281:22161–
72

Muramatsu M, Kinoshita K, Fagarasan S, Yamada S, Shinkai Y, Honjo T. 2000. Class
switch recombination and hypermutation require activation-induced cytidine
deaminase (AID), a potential RNA editing enzyme. Cell 102:553–63

Nelson MI, Simonsen L, Viboud C, Miller MA, Taylor J, et al. 2006. Stochastic
processes are key determinants of short-term evolution in influenza A virus.
PLoS Pathog. 2:e125

Nolan D, Gaudieri S, Mallal S. 2006. Host genetics and viral infections: immunology
taught by viruses, virology taught by the immune system. Curr. Opin. Immunol.
18:413–21

www.annualreviews.org • Pathogenic Viruses and their Human Hosts 537

A
nn

u.
 R

ev
. E

co
l. 

Ev
ol

. S
ys

t. 
20

07
.3

8:
51

5-
54

0.
 D

ow
nl

oa
de

d 
fro

m
 a

rjo
ur

na
ls.

an
nu

al
re

vi
ew

s.o
rg

by
 U

ni
ve

rs
ity

 o
f A

riz
on

a 
Li

br
ar

y 
on

 0
3/

02
/0

8.
 F

or
 p

er
so

na
l u

se
 o

nl
y.



ANRV328-ES38-21 ARI 24 September 2007 8:3

OhAinle M, Kerns JA, Malik HS, Emerman M. 2006. Adaptive evolution and antiviral
activity of the conserved mammalian cytidine deaminase APOBEC3H. J. Virol.
80:3853–62

Phillips RE, Rowland-Jones S, Nixon DF, Gotch FM, Edwards JP, et al. 1991. Hu-
man immunodeficiency virus genetic variation that can escape cytotoxic T cell
recognition. Nature 354:453–59

Piguet V, Trono D. 1999. The Nef protein of primate lentiviruses. Rev. Med. Virol.
9:111–20

Ploegh HL. 1998. Viral strategies of immune evasion. Science 280:248–53
Qin XF, An DS, Chen IS, Baltimore D. 2003. Inhibiting HIV-1 infection in human

T cells by lentiviral-mediated delivery of small interfering RNA against CCR5.
Proc. Natl. Acad. Sci. USA 100:183–88

Roach JC, Glusman G, Rowen L, Kaur A, Purcell MK, et al. 2005. The evo-
lution of vertebrate Toll-like receptors. Proc. Natl. Acad. Sci. USA 102:9577–
82

Robinson J, Waller MJ, Parham P, de Groot N, Bontrop R, et al. 2003. IMGT/HLA
and IMGT/MHC: sequence databases for the study of the major histocompati-
bility complex. Nucleic Acids Res. 31:311–14

Sabeti PC, Walsh E, Schaffner SF, Varilly P, Fry B, et al. 2005. The case for selection
at CCR5-!32. PLoS Biol. 3:e378

Saleem MA, Arkwright PD, Davies EG, Cant AJ, Veys PA. 2007. Clinical course
of patients with major histocompatibility complex class II deficiency. Arch. Dis.
Child 2000 83:356–59

Samson M, Libert F, Doranz BJ, Rucker J, Liesnard C, et al. 1996. Resistance to
HIV-1 infection in Caucasian individuals bearing mutant alleles of the CCR-5
chemokine receptor gene. Nature 382:722–25

Sawyer SL, Emerman M, Malik HS. 2004. Ancient adaptive evolution of the primate
antiviral DNA-editing enzyme APOBEC3G. PLoS Biol. 2:e275

Sawyer SL, Wu LI, Emerman M, Malik HS. 2005. Positive selection of primate
TRIM5α identifies a critical species-specific retroviral restriction domain. Proc.
Natl. Acad Sci. USA 102:2832–37

Schrofelbauer B, Chen D, Landau NR. 2004. A single amino acid of APOBEC3G
controls its species-specific interaction with virion infectivity factor (Vif ). Proc.
Natl. Acad. Sci. USA 101:3927–32

Sheehy AM, Gaddis NC, Choi JD, Malim MH. 2002. Isolation of a human gene
that inhibits HIV-1 infection and is suppressed by the viral Vif protein. Nature
418:646–50

Shiina T, Ota M, Shimizu S, Katsuyama Y, Hashimoto N, et al. 2006. Rapid evolution
of major histocompatibility complex class I genes in primates generates new
disease alleles in humans via hitchhiking diversity. Genetics 173:1555–70

Smith KD, Andersen-Nissen E, Hayashi F, Strobe K, Bergman MA, et al. 2003. Toll-
like receptor 5 recognizes a conserved site on flagellin required for protofilament
formation and bacterial motility. Nat. Immunol. 4:1247–53

Stephens JC, Reich DE, Goldstein DB, Shin HD, Smith MW, et al. 1998. Dating the
origin of the CCR5-!32 AIDS-resistance allele by the coalescence of haplotypes.
Am. J. Hum. Genet. 62:1507–15

538 Worobey · Bjork ·Wertheim

A
nn

u.
 R

ev
. E

co
l. 

Ev
ol

. S
ys

t. 
20

07
.3

8:
51

5-
54

0.
 D

ow
nl

oa
de

d 
fro

m
 a

rjo
ur

na
ls.

an
nu

al
re

vi
ew

s.o
rg

by
 U

ni
ve

rs
ity

 o
f A

riz
on

a 
Li

br
ar

y 
on

 0
3/

02
/0

8.
 F

or
 p

er
so

na
l u

se
 o

nl
y.



ANRV328-ES38-21 ARI 24 September 2007 8:3

Stram Y, Kuzntzova L. 2006. Inhibition of viruses by RNA interference. Virus Genes.
32:299–306

Stremlau M, Owens CM, Perron MJ, Kiessling M, Autissier P, Sodroski J. 2004. The
cytoplasmic body component TRIM5α restricts HIV-1 infection in Old World
monkeys. Nature 427:848–53

Takeda K, Kaisho T, Akira S. 2003. Toll-like receptors. Annu. Rev. Immunol. 21:335–
76

Thio CL, Astemborski J, Bashirova A, Mosbruger T, Greer S, et al. 2007. Genetic
protection against hepatitis B virus conferred by CCR5!32: evidence that CCR5
contributes to viral persistence. J. Virol. 81:441–45

Thio CL, Thomas DL, Karacki P, Gao X, Marti D, et al. 2003. Comprehensive anal-
ysis of class I and class II HLA antigens and chronic hepatitis B virus infection.
J. Virol. 77:12083–87

Troyer RM, Collins KR, Abraha A, Fraundorf E, Moore DM, et al. 2005. Changes
in human immunodeficiency virus type 1 fitness and genetic diversity during
disease progression. J. Virol. 79:9006–18

Turelli P, Mangeat B, Jost S, Vianin S, Trono D. 2004. Inhibition of hepatitis B virus
replication by APOBEC3G. Science 303:1829

Turelli P, Trono D. 2005. Editing at the crossroad of innate and adaptive immunity.
Science 307:1061–65

Vallender EJ, Lahn BT. 2004. Positive selection on the human genome. Hum. Mol.
Genet. 13(Spec. No. 2):R245–54

van de Lagemaat LN, Landry JR, Mager DL, Medstrand P. 2003. Transposable
elements in mammals promote regulatory variation and diversification of genes
with specialized functions. Trends Genet. 19:530–36

Walsh PD, Biek R, Real LA. 2005. Wave-like spread of Ebola Zaire. PLoS Biol. 3:e371
Wei X, Decker JM, Wang S, Hui H, Kappes JC, et al. 2003. Antibody neutralization

and escape by HIV-1. Nature 422:307–12
World Health Org. 2003. World health report 2003: shaping the future. Geneva: WHO
Worobey M, Holmes EC. 2001. Homologous recombination in GB virus C/hepatitis

G virus. Mol. Biol. Evol. 18:254–61
Worobey M. 2007. The origins and diversification of human immunodeficiency virus.

In Global HIV/AIDS Medicine, ed. MA Sande, PA Volberding, P Lange. In press.
Philadelphia: Elsevier

Yee LJ. 2004. Host genetic determinants in hepatitis C virus infection. Genes Immun.
5:237–45

Yewdell JW, Bennink JR. 1999. Immunodominance in major histocompatibility com-
plex class I-restricted T lymphocyte responses. Annu. Rev. Immunol. 17:51–
88

Zhang H, Yang B, Pomerantz RJ, Zhang C, Arunachalam SC, Gao L. 2003. The
cytidine deaminase CEM15 induces hypermutation in newly synthesized HIV-1
DNA. Nature 424:94–98

Zheng YH, Irwin D, Kurosu T, Tokunaga K, Sata T, Peterlin BM. 2004. Human
APOBEC3F is another host factor that blocks human immunodeficiency virus
type 1 replication. J. Virol. 78:6073–76

www.annualreviews.org • Pathogenic Viruses and their Human Hosts 539

A
nn

u.
 R

ev
. E

co
l. 

Ev
ol

. S
ys

t. 
20

07
.3

8:
51

5-
54

0.
 D

ow
nl

oa
de

d 
fro

m
 a

rjo
ur

na
ls.

an
nu

al
re

vi
ew

s.o
rg

by
 U

ni
ve

rs
ity

 o
f A

riz
on

a 
Li

br
ar

y 
on

 0
3/

02
/0

8.
 F

or
 p

er
so

na
l u

se
 o

nl
y.



ANRV328-ES38-21 ARI 24 September 2007 8:3

Zinkernagel RM, Doherty PC. 1974. Restriction of in vitro T cell-mediated cyto-
toxicity in lymphocytic choriomeningitis within a syngeneic or semiallogeneic
system. Nature 248:701–2

Zuniga R, Lucchetti A, Galvan P, Sanchez S, Sanchez C, et al. 2006. Relative dom-
inance of Gag p24-specific cytotoxic T lymphocytes is associated with human
immunodeficiency virus control. J. Virol. 80:3122–25

540 Worobey · Bjork ·Wertheim

A
nn

u.
 R

ev
. E

co
l. 

Ev
ol

. S
ys

t. 
20

07
.3

8:
51

5-
54

0.
 D

ow
nl

oa
de

d 
fro

m
 a

rjo
ur

na
ls.

an
nu

al
re

vi
ew

s.o
rg

by
 U

ni
ve

rs
ity

 o
f A

riz
on

a 
Li

br
ar

y 
on

 0
3/

02
/0

8.
 F

or
 p

er
so

na
l u

se
 o

nl
y.



AR328-FM ARI 11 October 2007 20:3

Annual Review of
Ecology, Evolution,
and Systematics

Volume 38, 2007
Contents

Evolution of Animal Photoperiodism
William E. Bradshaw and Christina M. Holzapfel ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !1

Virus Evolution: Insights from an Experimental Approach
Santiago F. Elena and Rafael Sanjuán ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 27

The Social Lives of Microbes
Stuart A. West, Stephen P. Diggle, Angus Buckling, Andy Gardner,
and Ashleigh S. Griffin ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 53

Sexual Selection and Speciation
Michael G. Ritchie ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 79

Kin Selection and the Evolutionary Theory of Aging
Andrew F.G. Bourke ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !103

Climate Change and Invasibility of the Antarctic Benthos
Richard B. Aronson, Sven Thatje, Andrew Clarke, Lloyd S. Peck,
Daniel B. Blake, Cheryl D. Wilga, and Brad A. Seibel ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !129

Spatiotemporal Dimensions of Visual Signals in Animal
Communication
Gil G. Rosenthal ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !155

Gliding and the Functional Origins of Flight: Biomechanical Novelty
or Necessity?
Robert Dudley, Greg Byrnes, Stephen P. Yanoviak,
Brendan Borrell, Rafe M. Brown, and Jimmy A. McGuire ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !179

How Mutational Networks Shape Evolution: Lessons from
RNA Models
Matthew C. Cowperthwaite and Lauren Ancel Meyers ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !203

How Does It Feel to Be Like a Rolling Stone? Ten Questions about
Dispersal Evolution
Ophélie Ronce ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !231

Exploring Cyanobacterial Mutualisms
Kayley M. Usher, Birgitta Bergman, and John A. Raven ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !255

v

A
nn

u.
 R

ev
. E

co
l. 

Ev
ol

. S
ys

t. 
20

07
.3

8:
51

5-
54

0.
 D

ow
nl

oa
de

d 
fro

m
 a

rjo
ur

na
ls.

an
nu

al
re

vi
ew

s.o
rg

by
 U

ni
ve

rs
ity

 o
f A

riz
on

a 
Li

br
ar

y 
on

 0
3/

02
/0

8.
 F

or
 p

er
so

na
l u

se
 o

nl
y.



AR328-FM ARI 11 October 2007 20:3

Human Impacts in Pine Forests: Past, Present, and Future
David M. Richardson, Philip W. Rundel, Stephen T. Jackson,
Robert O. Teskey, James Aronson, Andrzej Bytnerowicz,
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