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Chagl ter 1

Evolution of Bacterial-Host Interactions: .
Virulence and the Immune Overresponse

Erisa Marcoris anp Bruce R. LevIN

While many people may not believe in evolution, for
those of us with the great taste and good fortune to
work with bacteria, viruses, and single cell fungi, evo-
fation is not a matter of belief, and much less one
of faith. Evolution is something we constantly see
whether we want to or not, For those who are evolu-
tionary biologists by training, inclination, or aspira-
tion there is an obligation to be more than just wit-
nesses and historians of evolution. We have to provide
explanations for the origin and maintenance of all bi-
ological phenomena. There can be no exceptions.

Coming up with these explanations and better
yet with testable evolutionary hypotheses is not hard
for characters that provide obvious fitness advantages
to the organisms that express them. The ascent of re-
sistance following the introduction of antibiotics
came as no surprise to evolutionary biologists. In the
presence of antibiotics, bacteria that are resistant to
their action have an obvious selective advantage rel-
ative to their susceptible ancestors. More challenging
to account for are situations where it is not clear how
the character in question could have evolved by nat-
ural selection favoring the individual organisms.
While the interactions between parasitic bacteria and
their mammalian hosts include many characters that
can be explained by natural selection operating at the
leve! of individual bacteria or individual hosts {Burnet
and White, 1972}, there are many that cannot. Viru-
lence is one of these traits that is hard to account for
by simple evolutionary models; why would bacteria
harm the hosts they need for their survival?

In this chapter (speculative rant, if you prefer) we
focus primarily on aspects of the evolution of the bac-
terium-host (mostly human) interactions that cannot

‘be readily accounted for by simple, advantage-to-the-
individual evolutionary scenarios. We postulate and
provide evidence that much of the virulence of bacte-

rial infections can be blamed on the seemingly mis-
guided overresponse of the immune defenses, what is
sometimes referred to as “friendly fire” {Levin and
Anita, 2001; Whitnack, 1993} or immuropathology
{Graham et al., 2005). We consider how this perver-
sity of the immune system fits with current hypothe-
ses for the evolution of virulence, the evolution of the
so-called virulence factors, and speculate on the rea-
sons natural selection has failed to or is unable to
blunt the immune overresponse to bacterial infec-
tions. We conclude with a brief discussion of the im-
plications of this perspective on virulence for the
treatment of bacterial infections.

BACTERIAL VIRULENCE AS AN
IMMUNE OVERRESPONSE

We define virulence as the magnitude of the mor-

_bidity and the increase in the likelihood of mortality re-

sulting from the colonization and proliferation of bac-
teria in or on a host. To facilitate our consideration of
this virulence and its evolution we use the gross sim-
plification, a cartoon, of the bacterium-host interaction
presented in Color Plate 1. Bacteria enter a site, the
blue box, where they replicate and establish a popula-
tion and colonize the host, but in which they do not
generate perceptible symptoms. Virulence requires
their passage into a second site, the red box, where the
presence of bacteria (or their products) can, but need
not, cause symptoms, e.g., for a Streptococcus pneu-
moniae bacteremia the blue site is the nasopharynx
and the ted is the bloodstream. In this model the red
site needn’t be a different physical location. It could
be a different state of the bacteria in the site of their col-
onization, e.g., for a Staphylococcus anreus skin infec-
tion, the blue site would be the skin and the red a boil.
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Jn Colox Plate 1 as well as in mammals, virulence
occurs in two ways, both of which require the bacte-
ria to enter the red, potentially symptomatic site of
state: (i) direct damage to the host tissue is caused by
the replication of the bacteria and/or the production
of specific products (toxins), or (ii} indirect damage to
the host occurs through an inappropriate or over-
response of the immune system: Both types of damage
are represented by the “!” within 2 triangle. In this
scheme the immune defenses can prevent virulence in
one or more of seven related ways:

1. Limiting the entry of bacteria into the asymp-
tomatic site

3. Limiting the proliferation of the bacteria in
the asymptomatic site

3. Increasing the rate of clearance of bacteria
and their products from the asymptomatic site

4. Preventing entry of bacteria or their products
into the potentially symptomatic site or state

5. Reducing the rate of proliferation of the bac-
teria within the potentially symptomatic site or state

6. Increasing the rate of clearance of bacteria
and their products from the potentially symptomatic
site or state

7. Preventing an immune Ooverresponse to the
bacteria or their products in the potentially sympto-
matic site or state.

The first three of these immune responses main-
tain the density of bacteria and concentrations of

their products in the asymptomatic site at levels where.

they are unlikely to spill over or otherwise enter the site
or state where they can generate symptoms, Whether
they do generate symptoms and the magpitude of
those symptoms given passage into the red site or
state also depends on how well the immune system
limits their densities and the concentrations of their
products. In Color Plate 1, the number 8 is the infec-
tious transmission of bacteria promoted by the gener-
ation of symptoms, and the number 9 is the transmis-
sion of bacteria from the asymptomatic site. All of
these enumerated steps in which the immune system
Jimits the virulence of the bacteria can be classified
a$ appropriate responses. Howeves, inappropriate re-
sponses, for which we use the term owerresponse
when they lead to host damage, may occur due to de-
fects in one of these steps or as a secondary conse-
quence of mounting an immune response.

In the foilowing we focus primarily on the viru-
lence resulting from the overresponse of the immune
system. There are, however, examples of virulence
that can be attributed to the direct damage of host
tissue by the replication of bacteria or the secretion
of their products. Included among these are (i) dental
caries, resulting from the acid produced by metabo-

lizing Lactobacillius acidophilus or Streptococcus
mutans (Gibbons, 1964), (ii) paralysis due to the
neurotoxins secreted by Clostridium botulinum or
Clostridium tetani acting on the nerve and motor

~ endplates {Schiavo et al., 1992), and (iii} diarrhea re-

sulting from enterotoxins that inhibit resabsorption
of sodium chloride or promote its secretion. Exam-
ples of virulence being a direct product of the inter-
action between bacteria and host cells appear to be
rare relative to those in which the morbidity and mor-
tality can be attributed to the indirect damage due
to 4n immune OVerresponse. :

As illustrated in Table 1, the morbidity and mor-

- tality of bacterial infections can be attributed to the

host’s immune system operating in one of three map-
propriate ways: (i) being more vigorous than needed,
(i) being incorrect for that pathogen, or (iii) respond-
ing to the wrong signals. The best-investigated exam-
ple of the immune system responding too vigorously is
bacterial sepsis, where the entry of cytokines and bac-
teria into the bloodstream brings about widespread
blood vessel injury and multiple organ failure {im-

paired pulmonary, hepatic, or renal function). Here

the response to the bacteria is at one level appropriate,
as the cytokines released play an important part in at-
tracting neutrophils (immune cells that phagocytose
bacteria) to the local infection site, but is also exces-
sive (Kurahashi et al.,, 1993). The distinction between
an inappropriate and appropriate immune response
can be seen in the spectrum of illness associated with
Mycobacterium leprae (Modlin, 2002; Sieling et al.,
1999). Hosts that respond to infection predominasntly
with antibodies and very few CD4 T cells have infec-
tious sites with large macrophages that contain nu-
merous mycobacteria. These macrophages ate respon-
sible for the multiple skin lesions and nodules seen in
lepromatous leprosy, while a host with T helper 1-type
response (high interferon-y production and low inter-
leukin-4 [IL-4]) has numerous well-formed granulo-
mas with very few mycobacteria that form minor skin
lesions. Superantigens provide an example of the im-
mune system responding to'an incorrect signal. Su-
perantigens are bacterial products that stimulate a
Jarge number of T cells(1-40% of T cells will react) by
binding to major histocompatibility complex class I1
molecules and T cell receptors {beta chain) indepen-
dently of their specificity for antigens (Rott and Fleis-
cher, 1994). S. gureus, Streptococcus pyogenes, My-
coplasma arthritidis, and Yersinia pseudotuberculosis
are among the bacteria that produce superantigens.
In the case of toxic shock syndrome, the superantigens .
produced by S. aureus induce the indiscriminate and
overwhelming activation of T cells leading to the pro-
duction of cytokines that mediate shock and tissue in-
jury. In all three of these cases the morbidity and mor-
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Table 1. Some examples of virulence resulting frora an immune overresponse

Bacterium-host

Damage induced

Disease Bacteria Red site” . - by immune -
) interaction
response
Pneumonia Multiple species, Lungs Cell wall and other bacterial . Recruitment of flaid

Toxic shock
syndromefscarlet
fever

Duodenal ulcers

Septicemic plague

Curaneous anthrax

Petechiae,
Waterhouse-
Friderichsen
syndrome

Rheumatic fever-

Reactive arthritis

Tuberculosis

Meningitis

e.8., 5. prewnoniae,
N. meningitidis,
H. influenzae

Stapbylococcus,
Streptococous

Helicobacter pylori

Yersinia pestis

Bacillus antbracis

Neisseria meningitidis

Streprococeus
pyrogenes

Chlamrydia trachomatis

Mycobacterium
tuberculosis

Multiple species, e.g., S.

prewmonige, N.
meningitidis, H.
influenzae

Circulatory syster,
systemic

Gastric and
duodenal mucosa

Circulatory system,
systermic

Skin

Skin and adrenal
glands

Heart, joints, skin
and brain

Joints, eyes, urethra

Lungs

Meninges

components — induce
proinflammarory cytokines,
edema, and fibrin deposition
{Bergeron e al., 1998) -

Superantigens — indiscriminate
activation of T cells
{McCormick et al.,, 2001}

Bacterial persistence — chronic
inflammation {Czinn and
Nedrud, 1997)

Endotoxin andfor unknown
factors ~» systemic inflammatory
response

Anthrax lethal factor
{toxin) — release of TNF-o and
1118 {Firoved et al., 2005)

Endotoxin — release of TNF-a,
IL-1, and IL-6 (Klein et al.,
199¢6)

M protein — activation of
autoreactive (anticardiac
myosin} antibodies
(Cunningham, 2003)

Bacterial persistence —» activation
of autoreactive immune cells
{Sieper, 2001)

Bacterial presence — release of
high levels of TNF-ex (Bekker
et al,, 2000; Kaushal et al.,
2002)

Cell wall and other bacterial
components — induce
proinflammatory cytokines and
chemokines (Braun et al,, 1999}

and cells into the air
spaces of the lungs

Extreme inflaramation
leading to septic
shock

Mucosal atrophy

Acute shock
Tissue necrosis

Blood vessel destruction

Antibody-induced
damage of heart
muscle; Enmune
complex deposited in
large joints and skin

Inflammation of large
joints, eyes, and
urethra

Recruitment of fluid
and cells into the air
spaces of the lungs;
necrosis

Increased blood-brain
barrier permeability;
neutrophil recruit-
ment; increased intra-
cranial pressure;
brain damage

See Fig. 1 for an explanation of zed site.
STNF-w, tumor necrosis factor alpha.

tality of the host can be attributed to an apparently
misguided response of the immune system, which we
refer to as an overresponse.

THE EVOLUTION OF BACTERIAL _
VIRULENCE AS AN IMMUNE OVERRESPONSE

How does the observation that much of the mor-
bidity and mortality can be attributed to a host over-
response to bacteria help in understanding the evolu-
tion of virulence? In a perspective written a decade
ago, one of us {Levin, 1996) listed four hypotheses

that account for the evolution of virulence: (i) the
conventional wisdom, (ii} epidemiological selection,
{iii) coincidental evolution, and (iv) short-sighted,
within-host evolution. Since that time, although there
have been a number of theoretical, experimental, and
speculasive articles on the evolution of virulence (for
a small and admittedly biased sample see Andre and
Godelle, 2006; Bonhoeffer and Nowak, 1994; Brown
et al., 2006; Bull, 1994; Elbert and Bull, 2003; Ebert
and Herre, 1996; Frank, 1996; Grech et al., 2006;
Lipsitch et al., 1995, 1996; Lipsitch and Moxon, 1997;
Mackinnon and Read, 2004; Regoes et al., 2000), we
do not know of studies that have rejécted any of these



6 MARGOLJS AND LEVIN

hypotheses and only one adding what may be a new
hypothesis: quasispecies evolution (Pfeiffer and Kirk-
egaard, 2005). This fifth hypothesis may only apply
to viruses with high mutation rates and arguably could
be subsumed under the broader rubric of within-host
evolution. In this section we consider how the obser-
vation that morbidity and mortality of bacterial in-
fections can be attributed to the hosts’ immune over-
response fits each of these hypotheses for the evolution
of the virulence of bacteria.

The Conventional Wisdom

This phrase, which the late John Kenneth Gal-
braith coined to describe ideas and explanations that
are widely accepted as true by the public, was applied
by Bob May and Roy Anderson (May and Anderson,
1983h) to describe the then-prevailing view of the
evolution of the virulence. According to that wisdom,
virulence is an artifact of the relative novelty of par-
asite’s association with its host. As the relationship
between the parasite and host matures, natural selec-
tion in either the parasite or host population or both
will lead to the extinction of one or the other species
or the evolution of symbiosis or mutualism.

‘While the original theory behind this hypothesis
for the evolution of virulence of infections amounts to
little more than the adage “don’t bite the hand that
feeds you,” the evidence in support of it was and re-
mains compelling. Many of the bacteria responsible for
morbidity and mortality of humans were acquired from
other species in the not-so-distant past (after the ad-
vent of agriculture), and some are continuousiy ac-
quired in this way. Included among these zoonotic (and
protozoonotic) infections are plague, tuberculosis, Le-
gionnaires’ disease, botulism, anthrax, brucellosis, tu-
laremia, Rocky Mountain spotted fever, cholera, and
other diarrheal diseases. The bacteria responsible for
some of these infections, such as Mycobacteriuin tuber-
culosis, are transmitted between humans and can be
maintained without the animal source. Others such as
Legionella preumophila are not. Also consistent with
the conventional wisdom is the correlated observations
that only a very small minority of the vast numbers of
species of bacteria that colonize mammals cause disease.

It may seem that the proposition that the viru-
lence of bacterial infections can be attributed to host
immune overresponse fits quite well with this con-
ventional wisdom. To wit, the immune system has not
vet had the time to evolve to moderate the response to

these novel bacteria and their products and/or these

bacteria have not yet evolved into being nice. Even-
tually, or as it was once referred to, on “equilibrium
day,” (Levin et al., 2000), mutualism will prevail and
the immune overresponse will be tempered. '

Epidemiological Selection

The conventional wisdom is an observation
rather than a mechanism, an observation that focuses
on the interactions between bacteria and the individ-
ual hosts they colonize. To fully understand the evo-

Jution of commensal and pathogenic bacteria, how-,

ever, it is necessary to consider their lifestyle outside
the host and, in particular, their transmission between
hosts. One approach to this more comprehensive pic-
ture of the evolution of parasitic microbes has been to
draw inferences about the nature and direction of se-
lection from epidemiological models (Levin et al.,
1982; Levin and Pimentel, 1981; May and Anderson,
1983a). In accord with this perspective, the fitness of
a particular strain of bacteria is given by its basic re-
productive number, Ry, the number of secondasy in-
fections caused by a single infected individual in a
wholly susceptible population of hosts; the higher the
value of Ro, the greater the fitness of the bacteria. In
these traditional epidemiological models, virulence is

only expressed as mortality. Morbidity and other

more subtle effects of infections are not directly con-
sidered in these epidemiological models.

As long as the transfer to new hosts requires vi-
able hosts, selection will favor bacteria that are not

only infectiously transmitted at ever-higher rates but

also persist longer in colonized hosts {i.e., are less
fikely to kill the host). In other words, selection will
favor ever-more-benign, symbiotic, or better yet, mu-
tualistic bacteria. Evolution in the host population

will also be for reduced virulence; hosts that are less

subject to infection-associated morbidity and mortal-
ity will be favored. As long as transmission occurs
from the blue asyptomatic site {8 in Color Plate 1)
rather than the red site (9 in Color Plate 1), these epi-
demiological models can be seen as the theoretical ba-
sis of the conventional wisdom {also see Lenski and
May, 1994}, If, however, transmission and the mor-
bidity and mortality of the host are coupled so the
more virulent bacteria are transmitted at higher rates
than the more benign, there is a trade-off between the
loss of the host and gain to the bacteria; virulence
would be favored in the bacterial population (Ebert
and Bull, 2003).

On first consideration it may seem that this
transmission and virulence trade-off is inconsistent
with the proposition that the morbidity and mortality
of the infection is a product of the host’s immune
overresponse. We suggest this is not necessarily the
case. The host overresponse could be a by-product of
selection operating on individual bacteria to promote
their transmission. While we don’t know of over-
whelming, quantitative, empirical evidence of this
being the case for any pathogenic bacteria (viruses are

s -‘;-i‘ﬁ._ .

e




i
2
“
4
£
1
f

o

T e

CHAPTER 1 ¢ THEEVOLUTION OF BACTERIUM-HOST INTERACTIONS 7

another matter; see Fenrer and Ratcliffe, 1965), this
interpretation is supported by reasonable plausibility
arguments. Here we consider two of the more com-
pelling of these examples of pathogenic bacteria of
humans.

The first is the diarrheal diseases in which hu-
mans play a significant role in the transmission
process. Because of the massive output of bacteria,
diarrhea is likely to increase the density of bacteria in
water and food products and thereby the transmis-
sion rate of these bacteria. Thus, as long as transmis-
sion is promoted by diarrhea, selection in the bacte-
rial population will favor mechanisms that cause
diarrhea. In some cases the induction of diarrhea is
attributed to what can be seen as immune overre-
sponse. The dysentery bacteria Shigella flexneri in-
duces the refease of the cytokine interfeukin 1 (IL-1)
in infected macrophages, which leads to extensive in-
jury of the colon mucosa, which in turn results in
fluid and protein loss into the intestinal lumen and
the ensuing diarrhea (Hilbi et al., 1997). This hy-
pothesis for the evolution of diarrhea to increase
transmission requires that the transmission advan-
tage more than makes up for the loss in transmission
due to host mortality. To our knowledge, there are
no quantitative empirical studies demonstrating that
this trade-off obtains for any diarrheal disease.

The second example is plague. Albeit not yet as
well documented as the oft-told mother of all trade-
off stories, myxoma and the Australian rabbits (Fen-
ner, 1965), the emerging tale of the evolution of the
virulence of the plague bacillus, Yersinia pestis, has
parallels to that story. There is compelling evidence
that this flea-transmitted pathogen evolved from a not
very virulent enteric, oral-fecal transmitted Yersinia
relatively recently by the acquisition of a couple of
plasmids and a few chromosomal genes {Achtman
et al., 1999; Carniel, 2003). Since fleas acquire these
bacteria from the blood of rodents, the density of bac-
teria in circulating blood would be directly associated
with the likelihood of their transmission to other ro-
dents {or humans). Also directly associated with this
density of bacteria in the blood is sepsis, the virulent
manifestation of Y. pestis infections. Elisabeth Carniel
{personal communication) has suggested that the ca-
pacity to generate lethal sepsis is not just a by-prod-
uct of the proliferation of bacteria in the blood, but
may be selected for in the bacterial population. Al-
though the cost-benefit calculation has not been
made, it may be that the rate of transmission of the
bacteria is augmented by their killing infected ro-
dents, as fleas move to new hosts when their original
host dies. For both diarrheal diseases and plague, the
virulence resulting from the host overresponse is as-
sociated with transmission. Clearly more empirical

work would be necessary to confirm the existence of
a trade-off between bacterial transmission and an im-
mune overresponse and the postulated exploitation of
this overresponse for the epidemiological advantage
of the parasite.

Coincidental Evolution

In accord with this hypothesis there is no advan-
tage to the bacteria to make the host sick and certainly
no advantage for the host to be ill; virulence is a con-
sequence of the bacteria being in the wrong host or in
a wrong site in the right host {Levin and Svanborg
Eden, 1990} (the arrow above 7 in Color Plate 1). The.
bacterial products responsible for the morbidity
and/or mortality of the host, virulence determinants,
evolved in response to selection for some function
other than virulence. 7

Reasonable candidates for coincidental viru-
fence due to an immune overresponse are diseases as-
sociated with Helicobacter pylori. These bacteria col-
onize and maintain populations in the stomachs of
the majority of humans for most of their lives with-
out generating symptoms and appear to have done so
since prehistoric times (Falush et al., 2003). How-
ever, it wasn’t until Marshall and Warren (1984) pre-
sented evidence that a curved bacteria we now know
as H. pylori was an etiologic agent for gastric and
peptic ulcers that this seemingly commensal bacteria
was elevated to the status of pathogen. This distinc-
tion was further enhanced by evidence that H. py-
lori was also associated with gastric cancers (Moss
and Blaser, 2005; Tatematsu et al., 2005). H. pylori
colonization can result in a chronic inflammatory
state that is generated when the host responses (such
15 the release of IL-8 and other chemokines, the at-
traction of neutrophils, macrophages, and the local
stimulation of T cells} fails to clear the bacteria and
lymphoid aggregates form in the lamina propria of

the stomach and duodenum. This continued stimu-

lation of the immune and inflammatory cells (termed
chronic atrophic gastritis) results in the destruction
of the gastric epithelium, formation of peptic ulcers,
and increased risk for gastric cancers. Presumably,
but not yet formally demonstrated, the induction of
the inflammatory response and the subsequent dis-
eases provides no advantage to H. pylori in a colo-
nized host or its transmission to new hosts. In this
sense, the virulence of H. pylori in colonized humans

is coincidental.

‘While they are commeonly described as pathogens,
especially in grant proposals and by people suffering
from the symptoms they can generaté, a number of
bacteria responsible for morbidity and mortality in
humans also have good credentials as commensals.
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Like H. pylori they are carried asymptomatically
by many and cause disease in few. Included among
the more prominent of these commensal pathogens
for humans are S. aureus, Haemophilus influenzae,
S. pnewmoniae, and Neisseria meningitidis. From an
evolutionary perspective, invasive disease seems to be
the wrong thing for these bacteria to do—dead ends.
The sites of their virulence, blood and meninges, are
certainly not good for their transmission to new hosts
by their normal route, through respiratory droplets.
The rare virulence of these commensal bacteria can be
accounted for by an immune overresponse in these
sites (Bergeron et al,, 1998; Braun et al., 1999). The
occasional movement of bacteria into a site where
they can cause disease (the red in Color Plate 1) may
be due to chance or coincidental evolution or as we
argue below may be a consequence of within-host
evolution of the bacterial population.

‘Within-FHost Evolution

In accord with this hypothesis, the virulence of
bacteria is the product of selection favoriag more
pathogenic members of a population colonizing an
individual host (Levin and Bull, 1994). The advan-
tage gained by the bacteria by generating symptoms
in a colonized host is restricted to that host and may
be to its disadvantage in its transmission to a new
hest; this evolution is short-sighted. A mutant com-
mensal bacterium with the capacity to establish and
maintain populations in normally sterile sites, cells, or
tissues could be favored within a colonized host be-
cause in those sites there is less competition for nu-
trients and/or those mutant bacteria are somewhat
protected from the host immune defenses.

Although we can make a good case and even cite
evidence for the virulence of some viruses, such as
poliovirus and Coxsackievirus, being the product of
within-host evolution (Gay et al., 2006; Levin and
Bull, 1994), for bacteria the best we can do at this
stage is present arguments founded on plausibility and
consistency with observations {see, for example, Mey-
ers et al,, 2003). Central to these arguments are the re-
sults of studies with mice and rats demonstrating that
the bacteria responsible for invasiveness (blood infec-

tion}-are commonly derived from one of very few cells-

{Meynell, 1957; Moxon and Murphy, 1978; Pluschke
et al., 1983; Rubin, 1987). One possible explanation
for these observations is that the bacteria responsible
for the blood infections are the products of single, mu-
tant cells with an enhanced capacity to invade and
proliferate in blood.

While supporting the within-host evolution hy-
pothesis for virulence, these observations are also
consistent with the coincidental evolution hypothesis:

that, by chance alone, only one or a few cells establish
blood infections can be attributed to very small holes
in the host’s defenses through which only one or very
few bacteria traverse the arrow above 7 in Color Plate
1. Although the coincidental and within-host hy-
potheses could be distinguished by demonstrating
that the bacteria establishing a blood infection have
an inherited propensity for the invasion of blood, to
our knowledge there are no published studies that
have done this test. However, whether the invasive-
ness of the blood or other normally sterile sites is co-
incidental or due to within-host evolution, the viru-
lence of bacteria in these sites can be attributed to a
host’s immune overresponse,

'

The Evolution of Virulence Determinants

Not all bacteria or even all membeérs of the
same species of bacteria capable of colonizing mam-
mals are responsible for disease. One explanation
for why some bacteria cause disease and others do
not is what have become known as virulence factors

_or virulence determinants, the expression of which

are, by definition, essential for that bacteria to cause
disease in {(or on} colonized hosts (Finlay and Falkow,
1989). Included among these are characters that fa-
cilitate adhesion to host cells, evade the host consti-
tutive and inducible immune defenses, and produce
toxins. Appropriately, much of contemporary bac-
teriology is devoted to understanding the molecular
biology, genetics, evolutionary origin, and mode of
action of virulence determinants as a way to under-
stand bacterial diseases and ideally prevent or treat
them. While virulence determinants (factors) are al-
most certainly the products of adaptive evolution in
bacterial populations, not so clear are the selection
pressures responsible for their evolution and main-
tenance. Are they favored because of virulence, i.e.,
the morbidity and mortality of the host promotes
the colonization, persistence, and infectious trans-
mission of bacteria that express these determinants?
Are virulence factors by-products of selection for
other functions, e.g., their expression provides pro-
tection against grazing protozoa (Wildschutte et al.,
2004) and/or facilitates competition with other mi-
crobes? Or is the virulence attributed to these factors
an inadvertent by-product of their normal function
in a host, a primitive character that will be lost on or
before equilibrium day. While these hypotheses may
be mutually exclusive for any specific bacterium-
host and virulence factor, they are clearly not so col-
lectively. Whether they evolve in response to selec-
tion for virulence or not, some of these virulence
factors are responsible for triggering the immune
OVerresponse.
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Why Does the Immune System Overrespond?

In the preceding, we have portrayed the host im-
mune system as misguided, overresponding in ways
that cause rather than prevent the morbidity and mor-
tality of a bacterial infection. From the perspective of
evolutionary biology, however, “misguided” is hardly
an explanation. Colonization by bacteria is not a rare
event but rather something mammals confront all the
time, and overresponding in a way that results m their
morbidity and mortality would almost certainly be se-
Jected against. In their review of “immunopathogy,”
Graham and colleagues postulated a number of reasons
for this transgression of the immune response {Graham
et al., 2005). Here we offer our perspective on this issue.

As we see it, there are two general classes of ex-
planations for the maintenance of an overresponse of
the immune system. (i) While infectious disease may be
a major source of morbidity and mortality (Haldane,
1949), disease-mediated selection can be relatively
weak, and extensive amounts of time would be re-
quired to evolve mechanisms to modulate the immune
response to specific bacterial infections. (if} Functional
constraints on the immune system limit the ability of
natural selection to totally prevent and maybe even
partially mitigate an immune overresponse to bacterial
infections.

(a) Even if selection universally favors temper-
ing the immune overrespoase o infections, and the
favored genotypes could be generated (which we
question below [b]}, the time required for temperance
to evolve could be considerable, especially if the over-
response is specific for particular bacteria and/or their
products. This is due to two factors. {a) At its maxi-
mum the intensity of selection for modulating the im-
mune overresponse to an infection would equal the
fraction of the population with that infection. It
would be substantially lower if the symptoms of the
infection were not expressed in all colonized hosts,
were rarely lethal or sterilizing, or were primarily
manifest after reproductive years or if the magnitude
of the reduction of the overresponse of the favored
genotype was less than absolute. For most of the dis-
cases listed in Table 1 virulence is a rare occurrence in
colonized hosts (less than 1%), and therefore the in-
tensity of selection against an immune OVerresponse
would be relatively weak. (b) It can take a consider-
able amount of time for a rare beneficial mutant to
ascend to substantial frequencies. For example, if the
selection for a reduced overresponse is operating on
genotypes at a single locus (the best case), the initial
frequency of a favored allele is 1073, the favored
genotype has a 1% selective advantage, and there is
no dominance, it would take 1,381 generations {more
than 20,000 years for humans) for that gene o reach

a gene frequency of 50%. If the favored genotype is
recessive, the corresponding number of generations
would be 100,491 (Crow and Kimura, 1971).

What about the role of the bacteria in the evolu-
tion of a more temperate immune system? As a con-
sequence of their vastly shorter generation times, hap-
loid genomes, and propensity to receive genes and
pathogenicity islands by horizontal transfer, it seems
ceasonable to assume that bacteria would have an
edge in an evolutionary arms race with their mam-
mal hosts. We suggest, however, that this edge con-
tributes little if anything to the slowing pace at which
mammalian evolution could modulate the immune
overresponse. Although there maybe situations where
virulence is positively correlated with the infectious

transmission of bacteria, in most of these cases the

morbidity and morsality associated with their trans-
mission is not to the bacteria’s advantage and may be
to their disadvantage. Even greater transmission of
these bacteria would be possible if the hosts were not
debilitated or killed as 2 result of diarrhea or if the
bacteremias required for vector-borne transmission
did not result in sepsis. In this interpretation evolu-
tion in the bacteria population would not oppose the
evolution of a more temperate host immune system.
Of 21l the examples considered in this chapter, the
only one in which evolution in the bacterial popula- -
tion might favor an immune OVerresponse is Carniel’s
suggestion that by killing their host, Y. pestis acquires
a transmission advantage.

(ii) While the above realities of the ecology and
genetics of natural selection may be part of the an-
swer to the question of why evolution has not elimi-
nated the immune system’s overresponse to bacterial

{and other) infections, we suggest it is not the most

important reason. We conjecture that the primary
reason mammalian evolution has not tempered and
perhaps cannot temper the immune overresponse to
bacterial and other infections is functional constraints
that limit the extent to which the immune system can
be modified. The immune system has roles other than
clearing bacterial infections. It has been postulated
that these other roles dominated the evolution of the
mammalian immune system (Burnet, 1970). These
different roles as well as the extraordinary diversity of
organisms colonizing mammals, bacteria, viruses,
fungi, and worms of various ilks and the variety of
sites of colonization impose different and potentially
conflicting demands on the immune defenses, phe-
nomena referred to as antagonistic pleiotropy. An
appealing hypothesis for the immunopathogy known
as allergies is an overresponse of those elements of
the immune system thiat in less-pristine times would
otherwise be occupied with the control of helminth
infections (Wilson and Maizels, 2004).
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There is a fine line between responding (1-6 in
Color Plate 1) and overresponding (7 in that figure),
which may be difficuit for the systems regulating the
immune response to perceive, much less avoid. As
suggested by Frank {Andre et al., 2004), the intensity
of an immune response may be determined by a trade-
off between increasing the strength and rapidity of
an immune defense and the virelence from an immune
system Qverresponse.

Is there evidence in support of these two hy-
potheses for why evolution has not eliminated the vir-
ulence resulting from the immune overresponse? Not
much—at least not yet. We suggest, however, that
some of the considerable amount of inherited variabil-
ity in the susceptibility to infectious disease in human
populations (Bellamy et al., 2000; Bellamy and Hill,
1998; Segal and Hill, 2003; Sorensen et al., 1988) can

be interpreted as support for these hypotheses. To be.
sure, there is good and even overwhelming evidence

that some of this variation is maintained by disease-
mediated balancing or frequency-dependent selection,
but this is not the case for all or even the majority of
it. We suggest that much of the standing genetic vari-
ation in disease susceptibility ir human populations
is a reflection of the myopia and limitations of nat-
ural selection: (i) the relative weakness of selection
for modulating the immune overresponse and (ii) even
more, the impotency of natural selection due to the
constraints on the immune system-——antagonistic
pleiotropy. Genetic variation that is not or is poorly
perceived by natural selection will build up and persist
(Crow and Kimura, 1971).

Implications

While the morbidity and mortality of most bacterial
infections can be attributed to an immune overre-
sponse, virtually all of our efforts to treat these infec-
tions are directed at controfling the proliferation and
clearing the bacteria, primarily with antibiotics. This
approach has been and continues to be effective, but
not completely so. Antibiotic treatment commonly
fails, and patients die or remain ill for extended peri-
ods. Resistance of the pathogen to the antibiotics em-
ployed for treatment is only one of the reasons for
this failure and for some infections is not the major
oné, at least not yet {Levin and Rozen, 2006; Yu
et al., 2003).

The obvious alternative approach to treating in-
fections is to reduce the morbidity and prevent the
mortality by modulating the immune system’s over-
response. There have been attempts to do just that for
the treatment of bacteria-mediated sepsis, Clinical tri-
als have evaluated the use of glucocorticoids{Bone
et al., 1987), drugs designed to neutralize endotoxins

(Ziegler et al., 1991), tumor necrosis factor o (Fisher
et al., 1996), and IL-1p (Fisher et al.,, 1994}, but none
of these treatments was effective. The most success-
ful trials in humans to date have been with a compo-
nent of the natural anticoagulant system, activated
protein C, which has substantial anti‘inflammatory
properties along with being a potent anticoagulant .
{reduces the formation of clots that are responsible for
organ failure in late stages of sepsis) (Fourrier, 2004).
In addition, new agents redirect the immune response
and hold promise as effective future therapies for sep-
sis, such as IL-12 (O*Suilleabhain et al., 1996) and an-
tibodies against complement {C5a) (Czermak et al.,
1999). However, understanding the specifics of the
immune overreaction and the intricacies of the feed-
back mechanisms that control an immune response is
necessary for therapies to be directed at enhancing or
inhibiting the patient’s immune response.

At this time, taken at large, the success of these
immune modulating methods in preventing the mor-
bidity and mortality of bacterial infections can at the
very best be described as modest. However, in main-
taining the speculative nature of this rant, and desir-
ing an optimistic conclusion, we suggest that as we
Jearn more about the regulation of the immune re-
sponse and develop procedures to monitor as well as
administer regulatory immune molecules in real time,
these methods will become increasingly effective for
the treatment of bacterial infection.
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