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ABSTRACT

The acute-phase response (APR) is a systemic response to severe trauma, infection, and cancer,
although many of the numerous cytokine-mediated components of the APR are incompletely under-
stood. Some of these components, such as fever, reduced availability of iron and zinc, and nutritional
restriction due to anorexia, appear to be stressors capable of causing harm to both the pathogen and
the host. We review how the host benefits from differences in susceptibility to stress between pathogens
and the host. Pathogens, infected host cells, and neoplastic cells are generally more stressed or
vulnerable to additional stress than the host because: a) targeted local inflammation works in synergy
with APR stressors; b) proliferation/growth increases vulnerability to stress; c) altered pathogen
physiology results in pathogen stress or vulnerability; and d) protective heat shock responses are
partially abrogated in pathogens since their responses are utilized by the host to enhance immune
responses. Therefore, the host utilizes a coordinated system of endogenous stressors to provide addi-
tional levels of defense against pathogens. This model of immune brinksmanship can explain the
evolutionary basis for the mutually stressful components of the APR.
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INTRODUCTION

HE ACUTE-PHASE response (APR) is

an evolutionarily conserved and highly
coordinated systemic response to tissue dam-
age, infection, and late-stage neoplasia
(Gabay and Kushner 1999; Blatteis 2006).
The APR involves numerous changes of
plasma protein levels and systemic meta-
bolic, physiologic, and behavioral changes
that are induced by proinflammatory cyto-
kines, notably interleukins 1 and 6 (IL-1,
IL-6) and tumor necrosis factor (TNF), and
associated signaling molecules from dam-
aged/inflamed tissue. Among the proteins
produced in the APR (primarily in the liver)
are: C-reactive protein; serum amyloid A;
components of the complement, coagula-
tion, and fibrinolysis systems; antiproteases;
transport proteins; inflammatory and anti-
inflammatory proteins; and others. Plasma
levels of other proteins are decreased, e.g.,
albumin. Other components of the APR in-
clude leukocytosis, fever, decreased plasma
concentrations of iron and zinc, anorexia
(reduced appetite), sickness behavior (leth-
argy, somnolence), the anemia of inflamma-
tion (anemia of chronic disease), cachexia
associated with muscle protein catabolism
and lipolysis with increased plasma lipids,
and increased release of catecholamines and
glucocorticosteroids (Gabay and Kushner
1999).

The components of the APR have been
broadly described in the following functional
categories: proteins or responses that have
direct antipathogen activity, e.g., Creactive
protein and leukocytosis; products that mod-
ulate inflammation, e.g., glucocorticoste-
roids (Munck et al. 1984); reallocation of
resources to mount an effective immune re-
sponse (Hart 1988; Straub et al. 2010); and
hostinduced stressors that inhibit pathogens
(e.g., fever and iron sequestration). In the
latter category, fever is perhaps the best de-
scribed and it is widely viewed as a host de-
fense. Febrile temperatures have been
shown to induce heat shock protein (HSP)
synthesis (Ostberg et al. 2002; Singh and Ab-
allay 2006; Tulapurkar et al. 2009), indicat-
ing that fever can be a stressor. Experimental
and clinical studies have documented fever’s
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role in controlling infections in vertebrates
and invertebrates (Adamo 1998; Kluger et al.
1998; Hasday et al. 2000; Blatteis 2006). The
suggested benefits of fever include: 1) direct
inhibition of pathogenic microorganisms; 2)
promoting apoptosis of infected or neoplas-
tic cells; 3) eliciting pathogen heat shock
proteins (HSPs) to enhance immune re-
sponses; 4) invoking host HSPs that protect
against pathogen damage; 5) enhancement of
inflammatory/immune cell function; and 6)
downregulation of immune responses by
promoting apoptosis of lymphocytes and
neutrophils (Hasday et al. 2000; Srivastava
2002; Tran et al. 2003; Singh and Aballay
2006; Meinander et al. 2007; Nagarsekar et
al. 2008). Of these listed benefits, the first
four are based on fever being a stressor.
Along with fever, iron sequestration par-
ticipates in the inhibition and killing of bac-
terial pathogens (Weinberg 2009). During
the APR, plasma levels of iron are reduced.
Iron is a critical micronutrient involving
numerous cell functions in prokaryotes
and eukaryotes, and is especially important
in proliferating cells (Lieu et al. 2001).
Although adequate iron is needed for a
properly functioning immune system, the
host must strike a balance between providing
for its own needs and defenses while mini-
mizing access to iron by pathogens (Beard
2001). Lactoferrin, primarily derived
from neutrophils, is able to bind and lo-
cally sequester iron at inflammatory sites
and mucosal surfaces (Weinberg 2009). The
importance of iron for bacteria and fungi is
highlighted by their production of iron-
trapping siderophores that increase the abil-
ity of pathogens to compete for this critical
micronutrient. Hosts can counteract bacte-
rial siderophores with lipocalin 2, which in
turn is inhibited by enzymes of the oA gene
cluster in some pathogenic bacteria (Fisch-
bach et al. 2006). In an additional metal
withdrawal defense mechanism, iron is
pumped out of phagolysosomes into the cy-
toplasm of neutrophils and macrophages by
natural resistance-associated macrophage
protein-1 (Nrampl), which resides in the lys-
osomal membrane (Cellier et al. 2007).
Some pathogenic bacteria make receptors
that take iron from host iron-binding pro-
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teins such as transferrin, lactoferrin, and he-
moglobin (Weinberg 2009). When iron is
liberated from host iron-binding proteins,
bacterial pathogens proliferate and are more
likely to become invasive (Sandrini et al.
2010). Thus, it is likely that the systemic se-
questration of iron in the APR, primarily via
binding to ferritin in mononuclear phago-
cytes and inhibition of its intestinal absorp-
tion, serves to support local deprivation at
sites of inflammation (Weinberg 1984; Marx
2002; Schaible and Kaufmann 2004).

Although fever and iron sequestration
have been shown to be important in host
defense, the function of other stressful com-
ponents of the APR remains unclear and
controversial (Gabay and Kushner 1999).
These include hypozincemia and hypoman-
ganesemia, anorexia, cachexia and associ-
ated hypermetabolism, sickness behavior,
and the anemia of inflammation. Addition-
ally, in sepsis, where the host response to
infection is so intense that dangerous self-
harm predominates over direct pathogen
harm (Bone et al. 1997), other systemic cy-
tokine-mediated stressors become clinically
apparent. These include metabolic acidosis,
impaired mitochondrial function, and im-
paired myocardial contractility and respira-
tory strength. Although mediated directly by
cytokines through their receptors, these ef-
fects appear paradoxically harmful and thus
require an evolutionary explanation.

The problem to be explained is expressed
by the following quote from Adamo et al.
(2007) in regard to the potential benefits of
anorexia in the APR: “It is probably difficult
to decrease the availability of nutrients to a
pathogen, but at the same time maintain
immune function when immune cells re-
quire many of the same nutrients” (Adamo
et al. 2007:298). More broadly, the question
is: “How, and under what circumstances, is it
possible for the host to use nonspecific stress-
ors to preferentially harm the pathogens
more than itself?” We propose that patho-
gens (including infected and neoplastic
cells) are typically more susceptible to the
stresses of the APR than is the host because:
a) pathogens are already subjected to the
targeted local stressors of inflammation and
are thus more vulnerable to additional stress;
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b) the process of proliferation/growth in-
creases vulnerability to stress; c) altered
pathogen physiology associated with invasive-
ness and virulence increases pathogen stress
and vulnerability; and d) HSPs, which pro-
tect both host and pathogens from certain
stressors, can be used against pathogens by
an enhanced host immune response. This
differential susceptibility to even untargeted
mutual stressors potentially provides the host
with an additional system of defenses against
pathogens.

In this review we present a new conceptual
model for the apparently harmful events of
the APR: self-injury and self-deprivation rep-
resent an effort by the host to direct relatively
more harm to pathogens than to itself. We
conceptualize this gamble by the host as a
form of immune brinksmanship. Following a
discussion of cellular stress and an explana-
tion of the nature of pathogen vulnerability,
we address relevant components of the APR,
the risks involved in this strategy, and ques-
tions raised by the immune brinksmanship
model of the APR.

CELLULAR STRESS AS A HOST DEFENSE

Because stress has the potential to cause
damage and even death, under appropriate
conditions it can be utilized by the host
against pathogens. Stress is compensated by
stress responses employed by all organisms
and cells to protect themselves and maintain
homeostasis. Beyond protection and repair,
stress responses act to reduce vulnerability,
although at the cost of reallocating resources
and reprioritizing functions.

At the cellular level, protective stress
responses can be activated by a variety of
stressors such as heat, nutrient deprivation,
oxidative injury, hypoxia, alterations of pH
and tonicity, and toxins of any sort (Kiiltz
2005). Notable among the cell stress re-
sponses are: the heat shock response, which
protects proteins (Jaattela 1999); the un-
folded protein response that controls pro-
tein synthesis (Zhang and Kaufman 2008);
autophagy, which digests cell components
for reuse (Karantza-Wadsworth et al. 2007);
the hypoxic response, which redirects metab-
olism away from synthesis/growth and to-
ward survival in hypoxia (Giaccia et al. 2004);
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INCREASING STRESS AND RESULTING
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OR ORGANISM

There is an implied time component, in assuming
that the increasing stress develops slowly enough that
protective stress responses can develop.

FIGURE 1.

the DNA-damage response (Jackson and
Bartek 2009); and p53-mediated regulation
of the cell cycle to permit repair of DNA
damage or to induce apoptosis (Vogelstein
et al. 2000; Green and Kroemer 2009). Not
surprisingly, there is much overlap in the
types of damage that activate the various
stress responses as well as considerable link-
age among stress responses.

Figure 1 is a representation of a stress-
damage curve for a cell or individual organ-
ism, with three “zones” corresponding to the
level of damage incurred: a zone of protec-
tion, a zone of compensation, and a zone of
decompensation. Low levels of stress in the
zone of protection can activate defenses that
can provide protection against sudden,
higher levels of the same or even different
stressors. This low-dose, protective response
has been variously termed “precondition-
ing,” “adaptive response,” and “hormesis”
(Calabrese 2008). As stress increases on the
stress-damage curve, the cell or individual
leaves the zone of protection (hormetic
zone) and enters the zone of compensation
where correspondingly more resources must
be devoted to protection/repair to maintain
homeostasis. The stress here involves some
degree of damage or compromised function,
but it is slight enough that homeostasis can
be maintained indefinitely given adequate
resources. Still more stress causes more dam-
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age, leading to the zone of decompensation.
Here damage accrues faster than it can be
repaired, and homeostasis cannot be main-
tained indefinitely. In Figure 1, the increasing
decompensation is shown with an exponen-
tial growth factor greater than 1, with the
assumption that, in most instances, the dam-
age feeds on itself as more and more key
functional and defense/repair systems fail,
ending in death of the cell or organism.
Figure 2 shows how differing stress levels
between antagonists (e.g., pathogens versus
host) can be utilized to harm the more
stressed antagonist. If pathogens are gener-
ally more stressed or vulnerable than the
host, an induced stress applied to both the
pathogens and the host will be more harmful
to the pathogens, which will be driven closer
to decompensation and death. Additional
stress drives pathogens from protective/
compensation zones and toward decompen-
sation and death more readily than the host.
Given unequal vulnerability, untargeted
systemic stress can be an effective weapon for
the less vulnerable contestant. Relevant anal-
ogies include international trade sanctions,
labor strikes or lockouts (depending on
whether labor or management believes it can
better handle the stress of lost income), and
the military strategy of destroying one’s re-
sources in advance of an invading army (a

3
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EFFECT OF INCREASING STRESS ON
PATHOGENS AND THE HosT

If pathogens (dashed curve) are more stressed than
the host (solid curve), any additional induced stress
(e.g., Points 1, 2, or 3) will cause more damage to the
pathogens (P) than to the host (H). Host benefit
occurs for every induced stress beyond the crossover
point of the two curves (X).

FIGURE 2.
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defensive “scorched earth policy”). Military
history is replete with battles where bad
weather, as an untargeted stressor, has pref-
erentially harmed the more vulnerable army,
typically the invading army.

The stress to an infected host comes from
the direct pathogen-induced damage/costs
as well as the selfinduced damage/costs in-
curred from defense. These defense-
associated costs involve the tissue damage or
self-harm caused by inflammation locally
and by the APR systemically (the focus of this
review). Also, the reallocation of resources to-
ward an effective immune response forces the
host to pay for lost opportunity costs (e.g., in-
hibited reproduction/growth) and to take
on the risks associated with being stressed,
such as susceptibility to predators, additional
pathogens, and famine, among others. A
host infected due to trauma may also have
the stress associated with this direct tissue
damage. However, some of the stresses expe-
rienced by the host are also borne by patho-
gens contained within the host. Anything that
the host can do to selectively transmit this
stress to the pathogens and away from its
own critical functions can be beneficial.

WnHY PATHOGENS TEND TO BE MORE
VULNERABLE TO CELLULAR STRESSES OF
THE APR

A) PATHOGENS ARE SUBJECTED TO
TARGETED AND LOCAL STRESSORS OF
INFLAMMATION

Inflammatory cells target pathogens with
toxic stressors, notably reactive oxygen and
nitrogen species, digestive enzymes, cyto-
toxic peptides, and apoptosis-inducing li-
gands. Additionally, inflammatory sites have
numerous other stressors, with the greatest
stress being further localized to phagolyso-
somes. As mentioned, neutrophils and mac-
rophages selectively deprive pathogens of
iron. Neutrophils and macrophages are prof-
ligate consumers of glucose and glutamine,
resulting in local depletion of these key nu-
trients. Glucose is primarily utilized by phag-
ocytes through glycolysis (Cramer et al.
2003), which is energetically wasteful and
generates lactate, leading to lactic acidosis
(another local stressor). Glutamine is an
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amino acid that has critical functions in syn-
thesis of proteins, nucleic acids, and glutathi-
one; is a ready energy source; and is needed
to mount a heat shock response and prevent
apoptosis. Glutamine is needed primarily by
proliferating and synthesizing cells, includ-
ing tumor cells, lymphocytes, bacteria, and
fungi; although large amounts are also used
by macrophages and neutrophils (Curi et al.
2005; Forchhammer 2007; Boer et al. 2010).
Neutrophils take up so much glutamine at
sites of infection that they have been consid-
ered to be glutamine sinks (Mthling et al.
2007). Additionally, inflammatory sites are
notably hypoxic, in part due to respiration by
pathogens, local tissue cells, and inflamma-
tory cells. Local edema and altered blood
flow associated with sludging and increased
hydrostatic pressure impair delivery of O, as
well as other key nutrients. Thus, inflamma-
tory sites impose stresses that impair and kill
pathogens. These include the targeted toxic
stressors and the local environmental stress-
ors (which also affect local tissue cells and
infiltrating inflammatory cells).

B) PATHOGEN PROLIFERATION/GROWTH
INCREASES VULNERABILITY

Cells are most vulnerable to damage during
proliferation and growth. DNA is particularly
susceptible to damage during replication and
in mitosis (Kiiltz 2005), and newly forming
proteins typical of growing cells are particu-
larly susceptible to misfolding and denatur-
ation. Proliferating/growing cells are also
vulnerable because of increased needs for
energy and materials, especially iron, zinc,
glutamine, and glucose. Increased amounts
of glucose are used by infected cells (Chil-
lakuru et al. 1991; Ojicius et al. 1998); and
tumor cells and other proliferating cells shift
to aerobic glycolysis (the Warburg effect),
utilizing large amounts of glucose to meet
the biosynthetic requirements involved in
making daughter cells (Vander Heiden et al.
2009). It has been proposed that avoiding
mitochondrial respiration serves to reduce
oxidative damage during the vulnerable S
phase of the cell cycle (Chen et al. 2007).
Thus, proliferating pathogens are suscepti-
ble to increased nutrient needs and to the
vulnerability of replication and synthesis.
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The alternative pathogen strategy is to go
dormant, but at the cost of self-limiting the
infection and, in vertebrates, providing more
time for acquired immune responses to de-
velop.

C) ALTERED PATHOGEN PHYSIOLOGY
INVOLVES PATHOGEN STRESS AND
VULNERABILITY

The act of invasion can be stressful to
pathogens such as bacteria (Gophna and
Ron 2003; Henderson et al. 2006). Motley et
al. (2004) found that pathogenic FE. coli in an
intracutaneous air pouch infection model
expressed a number of stress response genes,
including two heat shock genes (although
the majority of heat shock genes were not
expressed). Invasion involves a change in en-
vironmental conditions and a switch from a
noninvasive lifestyle. Thus, for extracellular
pathogens, invasion at least involves the vul-
nerability associated with altered gene ex-
pression and protein synthesis.

Infected cells (which can harbor and nur-
ture intracellular pathogens) and neoplastic
cells are dangerous to the host, and inflam-
mation and the APR can target them. Cell
infection and neoplastic transformation,
even in culture without an inflammatory en-
vironment, lead to “unexpected” alterations
of the affected cells’ metabolic networks that
can induce cell stress responses (Weinstein
2000; Munger et al. 2006; Minami et al.
2007). For instance, malarial parasites com-
promise the functionality of infected eryth-
rocytes by exporting hundreds of different
proteins, thereby causing remodeling of
erythrocyte membranes, the cytoskeleton,
and nutrient transport systems (Boddey et al.
2010). Likewise, viruses typically inhibit host
cell protein synthesis, apparently by activat-
ing stress responses, while permitting synthe-
sis of viral proteins (McInerney et al. 2005).
Despite these alterations and stresses, in-
fected and neoplastic cells are able to survive
and even continue proliferating by virtue of
activation of their own stress responses and
inhibition of apoptosis (Rohde et al. 2005;
Calderwood et al. 2006; McLean et al. 2008).
Nevertheless, the more a cell is compro-
mised by alterations and stresses, the stron-
ger the proapoptotic inputs; and, in turn, the
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stronger the antiapoptotic inputs must be if
the cell is to survive. These altered cells are
closer to the apoptotic threshold than are
normal cells, as seen in the high apoptotic
rates in many tumors (Foster 2000) and in
prominent cell death at sites of viral infec-
tion. That tumor cells are closer to the apo-
ptotic threshold than normal cells is part of
the basis for tumor cells being preferentially
killed by nutrient restriction (James et al.
1998). In rats, even the minor stress of over-
night fasting led to a cyclic increase in hepa-
tocyte apoptosis, with feeding the next day
leading to an increase in hepatocyte prolif-
eration (Grasl-Kraupp et al. 1994). Altered
cells, being more stressed, are closer to de-
compensation and death; and Raffaghello et
al. (2008) documented this differential stress
susceptibility by showing that a brief period
of nutritional stress followed by a strong ox-
idant stress or chemotherapy preferentially
killed tumor cells rather than normal cells.

D) PATHOGEN STRESS RESPONSES ENHANCE
IMMUNE RESPONSES

Although stress responses provide protec-
tion both to host cells and pathogen cells,
the HSPs produced by pathogens can be
used against them by the host (Srivastava
2002). Because HSPs function intracellularly
by binding to other proteins to prevent mis-
folding and to protect them from being de-
natured, the presence of extracellular HSPs
indicates both stress and cell damage. The
proteins bound by the extracellular HSPs
provide further information about the na-
ture of the stress. A number of receptors on
various immune cells can respond to HSPs
and/or to HSP-bound cellular proteins as
signals of danger to enhance inflammatory
and immune responses, such as cytokine re-
lease and immune cell activation. HSPs in
stressed cells (including infected cells and
tumor cells) can migrate to the cell surface
for targeting by natural killer cells and cyto-
toxic T lymphocytes. Additionally, HSPs,
even from bacteria, can carry antigens into
antigen-presenting cells and deliver them to
major histocompatibility complex (MHC)
class I and II molecules for presentation to
cytotoxic T lymphocytes and helper T lym-
phocytes (Tobian et al. 2004a,b). Evolution-
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arily, the host’s ability to use pathogens’
HSPs for immune enhancement was a
straightforward host adaptation, both be-
cause HSPs readily bind to other proteins as
part of their natural function and because
their presence indicates stress (Srivastava
2002).

Stressed host cells also express ligands for
natural killer group 2D (NKG2D) on the cell
surface. Natural killer cells and cytotoxic T
lymphocytes use these ligands to recognize
stressed cells, notably infected and neoplas-
tic cells, as targets to be killed (Bauer et al.
1999).

How RELEVANT COMPONENTS OF THE
APR FuncTION IN IMMUNE
BRINKSMANSHIP

Understanding the adaptive function of
the metabolic, physiologic, and behavioral
components of the APR has been a chal-
lenge, especially since they seem so counter-
intuitively harmful. Most of the attention has
been directed toward explaining fever and
sequestration of iron, which are in line with
our model of cell stressors for immune
brinksmanship. Other potentially harmful
components of the APR are addressed be-
low.

ZINC SEQUESTRATION

Like iron, zinc is a critical metal ion essen-
tial for numerous cell functions in both
pathogens and hosts, being especially impor-
tant in cell proliferation (Vallee and Falchuk
1993). Like iron, its plasma concentration is
generally decreased in the APR, although
there is no restriction of intestinal absorp-
tion of zinc in the APR (Hempe et al. 1991).
The reduced plasma levels of zinc are pri-
marily due to sequestration in the liver and,
to a lesser extent, in the bone marrow and
the thymus (Cousins and Leinart 1988).
Although an extensive literature emphasizes
the importance of adequate zinc for a prop-
erly functioning immune system, particularly
for cell-mediated immunity (Dardenne 2002;
Prasad 2007; Wintergerst et al. 2007), the
protective effects of zinc sequestration have
been suggested as early as 1983 (Sugarman
1983). More recently, Kehl-Fie and Skaar

ACUTE-PHASE RESPONSE STRESSORS 9

(2010) have emphasized the protective value
of restricting access of zinc to pathogens.
Calprotectin, derived from neutrophils, lo-
cally sequesters zinc, thereby inhibiting bac-
terial and fungal growth (Lulloff et al. 2004;
Corbin et al. 2008). Somewhat comparable
to Nrampl for phagolysosomal removal of
iron and manganese, ZIP8 is a zinc trans-
porter protein located in the lysosomal
membrane of macrophages that removes
zinc from the phagolysosome during phago-
cytosis (Begum et al. 2002; Kehl-Fie and
Skaar 2010). LPS and mycobacterial cell
walls cause upregulation of ZIP8 expression
in macrophages (Begum et al. 2002), which
has the effect of removing zinc from the
phagolysosome containing the pathogen. T
lymphocytes also express ZIP8 within their
lysosomal membranes, which is upregulated
in activated lymphocytes (Aydemir et al.
2009). In noting that zinc can inhibit perfo-
rin-mediated pore formation (Bashford et al.
1988), Aydemir et al. (2009) suggested that
ZIP8-mediated zinc removal at the interface
of the cytotoxic T lymphocyte and its target
cell promotes perforin-induced pore forma-
tion leading to killing of the target cell. Cells
are remarkably susceptible to zinc deficiency-
induced apoptosis (Chai et al. 1999), and
tumor cells are even more susceptible than
are normal cells (Yui et al. 1995). The im-
portance of zinc to tumors is shown by the
overexpression of ZIP4 zinc transporter in
most of the pancreatic adenocarcinomas ex-
amined (Li etal. 2007). Additionally, Li et al.
(2007), using pancreatic adenocarcinoma
cells with forced ZIP4 expression leading to
increased levels of intracellular zinc, found
increased proliferation of the modified tu-
mor cells in vitro, and markedly increased
growth of implanted tumors of these high-
zinc cells in nude mice compared to control
pancreatic adenocarcinoma cells. Thus,
while iron restriction for pathogen control
has received far more attention, there is
strong evidence for a similar protective role
for zinc restriction in pathogen control
through its action as a stressor.

MANGANESE SEQUESTRATION

Although manganese gets considerably
less attention than iron or zinc, it is also a
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critical metal ion in prokaryotes and eu-
karyotes (Cellier et al. 2007; Kehl-Fie and
Skaar 2010). As with iron and zinc, manga-
nese plasma levels are decreased in the APR
(Hallgren et al. 1987). Like zinc, manganese
is bound and sequestered by calprotectin de-
rived from neutrophils (Kehl-Fie and Skaar
2010); and, like iron, it is extracted from
phagolysosomes by Nrampl (Cellier et al.
2007).

ANOREXIA

At present, there is no consensus on the
adaptive value of anorexia as part of the
APR. Inhibited gastric emptying and im-
paired intestinal absorption accompany ano-
rexia in the APR (Suzuki et al. 2005). Exton
(1997) postulated that anorexia may be ben-
eficial by limiting the availability to patho-
gens of essential trace metals, notably iron;
and he presented evidence that dietary re-
striction can enhance certain immune func-
tions. Adamo et al. (2007), working on the
assumption that anorexia during infection is
beneficial, found that force-feeding bacteri-
ally infected caterpillars with a high lipid diet
increased mortality (although force-feeding
infected caterpillars with sucrose or water
had no effect). They hypothesized a conflict
between lipid metabolism and immune func-
tion. In what is apparently the only relevant
mammalian experiment, Murray et al.
(1978) forcefed Listericsinfected mice back
to their preinfection food intake levels and
found that these mice with “good/normal
nutrition” had lower survival than did the
infected sham force-fed mice. They noted
that therapeutic refeeding of undernour-
ished patients with intracellular infections
can exacerbate the infection. Previously,
LeGrand (2000) proposed that the nutrient
restriction from anorexia is a proapoptotic
stressor that can be beneficial during intra-
cellular infections and neoplasia by prefer-
entially promoting the removal of infected
and neoplastic cells via apoptosis.

In addition, we note that nutrients feed
gastrointestinal pathogens as well as host
cells. Anorexia may also act to limit intestinal
bacterial growth, a useful adjunct in control-
ling invasive bacterial gut infections. Since
the host can temporarily rely on stored en-
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ergy reserves, anorexia may disproportion-
ately affect gut pathogens and make infected
intestinal epithelial cells more susceptible to
apoptosis.

CACHEXIA AND HYPERMETABOLISM

A number of catabolic and antianabolic
changes associated with increased metabolic
rate occur during the APR leading to ca-
chexia or wasting. These include catabolism
of skeletal muscle protein with urinary loss of
amino acids, altered fat metabolism leading
to hypertriglyceridemia and other plasma
lipid changes, and insulin resistance (Beisel
1995; Espat et al. 1995). These effects con-
trast with the energy-conserving changes in
starvation such as decreased metabolic rate,
increased ketone use for energy, and more
efficient use of glucose. This catabolism in
the APR, combined with anorexia, has led to
the prevailing view that anorexia and ca-
chexia are paradoxical manifestations of
malnutrition due to metabolic dysregulation
(Beisel 1995; Yeh et al. 2008), especially since
it seems that the metabolic demands of
mounting a strong host defense should re-
quire good nutrition at such a critical time.
Khovidhunkit et al. (2004) noted that the
high plasma lipids in the APR would be ex-
pected to neutralize/inhibit certain viruses
and blood-borne parasites, to neutralize lipo-
polysaccharide (beneficial to the extent that
free lipopolysaccharide unassociated with
live bacteria is harmful “noise”), and poten-
tially provide nutrients to immune cells.
Straub et al. (2010) recently proposed an
“energy appeal reaction” model that sees the
catabolic state of the APR as an attempt to
redirect nutrient energy toward meeting the
high metabolic costs of fighting infection.
They emphasized urgency and the limited
energy resources available to mount a strong
immune response, such that noncritical
functions should be inhibited. In this regard,
they viewed atrophy of nonessential struc-
tures and reduced physical and mental
energy as beneficial in meeting this energy
appeal reaction for the immune system.
Although we concur that cachexia involves a
protective reallocation of nutrient resources
during infection, we suggest that nutritional
atrophy of nonessential tissues also encourages
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the clearance of infected cells via apoptosis.
Thus, while cytokine-induced insulin resistance
could make glucose available to immune cells
(as suggested by Straub et al. 2010), it simulta-
neously reduces glucose availability to infected
cells. To the extent that the nutritional and
metabolic changes that accompany the APR
act as systemic stressors (e.g., loss of amino
acids from muscle catabolism), the immune
brinksmanship model offers a potential mech-
anism for host benefit.

SICKNESS BEHAVIOR

Sickness behavior is a notable component
of the APR. It encompasses listlessness, mal-
aise, and sleepiness along with decreased
feeding; and it primarily involves reduced
motivation rather than weakness (Aubert
1999; Dantzer 2001). In the most widely ref-
erenced evolutionary explanation of sickness
behavior, Hart (1988) noted that the high
energetic costs needed for a strong immune
and febrile response require extraordinary
resources. Accordingly, behavior and metab-
olism should be directed toward maintaining
a high body temperature by means of shiver-
ing and huddling and toward minimizing
loss of energy and heat (by convection) via
reduced foraging/feeding. The “energy ap-
peal reaction” model of Straub et al. (2010)
is similar in emphasizing the urgency of con-
trolling the infection and in viewing sickness
behavior as an energy-saving mechanism.

The viewpoints of both Hart and Straub et
al. see anorexia and reduced food intake
(reduced foraging and/or digestive system
atrophy) as means of increasing nutrient avail-
ability over the course of an infection lasting
several days to weeks. Although there is merit
to much of these “energetic costs of immune
response” explanations, their argument that
reduced feeding results in increased available
energy is situation-dependent. In a cold and
impoverished environment, an injured and
infected animal that is struggling to find
food might indeed lose energy via foraging.
By contrast, a well-provisioned animal in a
resource-rich environment (e.g., grazing an-
imals in a lush pasture in bright sunlight)
would be expected to easily increase energy
stores through foraging with little cost, met-
abolic or otherwise. Since feeding almost al-
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ways results in net energy gain, the strategy of
anorexia to reduce energy costs is akin to
firing tax collectors as a budgetary remedy to
reduce a government deficit.

We envision that the extent of a host re-
sponse should ideally be matched to the
pathogen threat in order to minimize meta-
bolic and opportunity costs and self-harm.
That is, a slight threat should be countered
with a proportionately slightly costly host re-
sponse, while an intense pathogen threat
should be countered by an increasingly com-
mensurate (and costly) response. The strategy
of anorexia as a stressor to inhibit pathogens is
compatible with this approach, while anorexia
as a means of saving energy is not.

Despite this one point of contention be-
tween evolutionary views of APR functions,
models proposing a redirection of resources
during infection are complementary with our
model of immune brinksmanship, which uti-
lizes hostinduced stressors to help control in-
fection.

ANEMIA OF INFLAMMATION

The anemia of inflammation (anemia of
chronic disease) is another important sys-
temic effect of proinflammatory cytokines. It
is not only due to iron sequestration and
hypoferremia, but also to reduced respon-
siveness of erythrocyte precursors to the stim-
ulatory activity of erythropoietin (EPO), to
slightly reduced levels of EPO (at least below
that expected based on the degree of ane-
mia), and to slightly reduced RBC lifespan
(Adamson 2008). Although the anemia of
inflammation is generally considered
harmful, Zarychanski and Houston (2008)
argued that, as a standard cytokine-
induced component of the APR, it is ben-
eficial. They suggested that “[d]ecreased
bone marrow production reduces nutrient
utilization in times of stress” (p. 334) and
that anemia could reduce blood viscosity,
thereby decreasing work by the heart and
improving tissue perfusion. Straub et al.
(2010) view the benefit of the anemia of
inflammation as saving energy by decreased
erythrocyte production and, by causing hyp-
oxia to reduce oxidative metabolism, reduc-
ing muscle activity due to fatigue. We suggest
that the mild hypoxia associated with the
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anemia of inflammation acts as a systemic
stressor for immune brinksmanship.

OTHER CYTOKINE-MEDIATED ALTERATIONS

Additional cytokine-mediated changes are
clinically important in sepsis and potentially
can be utilized as systemic stressors for im-
mune brinksmanship. These include: lactic
acidosis associated with a shift to glycolytic
metabolism (Tredget et al. 1988); mitochon-
drial damage and impaired function due to
oxidative injury; decreased myocardial contrac-
tility; hypotension; and impaired respiratory
muscle strength. These seemingly maladaptive
effects are likely interrelated. Inflammatory cy-
tokines, notably IL-1 and TNF, induce nitric
oxide (NO) synthesis (a signal for vasodila-
tion, hence hypotension) with oxidative
stress (Kumar et al. 1999; Combes et al.
2001). Mitochondria are particularly sensi-
tive to oxidative stress (Suliman et al. 2003),
such that inflammatory cytokines can lead to
further energy deprivation. This cytokine-
generated NO production and mitochon-
drial damage appears to be the basis for the
decreased myocardial contractility noted in
vitro with the combination of IL-1 and TNF
at levels found in septic patients (Kumar et
al. 1999; Moe et al. 2004). There are a num-
ber of possible mechanisms for decreased
respiratory muscle strength seen in sepsis: im-
paired perfusion due to reduced myocardial
function, muscle atrophy associated with cyto-
kine-induced cachexia, and the same type of
cytokine-mediated muscle impairment as oc-
curs with reduced myocardial contractility
(Hussain 1998). Although these functional
compromises could be viewed as energy-saving
mechanisms through Straub et al.’s (2010)
“energy appeal reaction,” they can also be seen
as additional endogenous stressors (acidosis,
hypoxia, energy deprivation, decreased tissue
perfusion) in the host-pathogen conflict.

BRINKSMANSHIP: A RISKY STRATEGY

Up to this point, we have discussed the
benefits to the host of creating and using
nonspecific stressors to preferentially harm
the pathogens. As noted in the name of the
model we have chosen, “immune brinks-
manship,” there are significant risks to this

VoLuME 87

TABLE 1

Risks of immune brinksmanship

Inadequate homeostatic reserves to win (being more
stressed than the pathogens)
Poor nutrition prior to the infection®
Impairment of key organ system prior to infection (e.g.,
chronic heart failure)
Pathogen-induced injury to key organ system (e.g., heart,
lungs)
Exposure to other threats (pre-stressing oneself while
fighting the initial infection)
Another infection®
Predation
Famine
Excessive self-harm
Sepsis, multiple organ dysfunction syndrome, death®
Impairment of gut barrier function
Impaired growth or reproduction
Birth defects due to febrile temperatures?
Impaired sperm quality due to febrile episodes®
Pathogen resistant to specific stressors
Anaerobes not susceptible to hypoxic stress

Borrelia burgdorferi not susceptible to iron restriction!

References:

2(Scrimshaw et al. 1968; Chandra 1976); »(Muenzer et al.
2006; Renckens et al. 2008); <(Bone et al. 1997); 4(Edwards
2006); <(Carlsen et al. 2003); f(Posey and Gherardini 2000).

approach, as listed in Table 1, which includes
examples of each type of risk. We emphasize
that the model supports the common-sense
idea that it is better to be relatively un-
stressed and in good condition before be-
coming infected.

The risk of excessive self-harm from an
inappropriately exuberant APR suggests the
adaptive value of having mechanisms to rap-
idly reduce self-induced damage. Ro-
manovsky and Székely (1998) noted that
cold-seeking behavior/hypothermia is a part
of the APR often occurring subsequent to
high fever or in sepsis, and they suggested
that hypothermia can protect the host from
the high energy demands associated with fe-
ver. We concur that coldseeking behavior/
hypothermia should be useful in sepsis, where
host defenses are more immediately damaging
than pathogen offenses, by serving as a means
for the host to rapidly reduce endogenous
stress to back away from the brink when
needed. Other mechanisms likely exist for al-
lowing rapid modulation of hostinduced
stressors to the most appropriate level.
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FIGURE §. IMMUNE BRINKSMANSHIP MODEL OF THE APR

Systemic stressors of the APR affect the entire body (outer circle) containing both host cells and pathogens.
However, pathogens, being localized to the infected area (dark inner oval), are subject to additional vulner-

abilities (listed in the arrow).

CONCLUSION

Although an ideal host defense against in-
fection would be efficient, highly targeted,
and safe to host cells, a number of compo-
nents of the APR present substantial cellular
stresses to the host and appear dangerous
and maladaptive. The immune brinksman-
ship model provides an explanation for the
potentially lethal cell stresses of the APR.
The systemic stressors of the APR affect all
participants: extracellular pathogens, intra-
cellular pathogens, infected or neoplastic
cells, local resident host cells in inflamed
sites, infiltrating host inflammatory cells, dis-
tant host cells, and the host as a whole. The
disproportionate vulnerability of infected
cells and extracellular pathogens to general-
ized stress allows the host to benefit by the
strategy of immune brinksmanship. Primar-

ily because pathogens are already exposed to
and destabilized by localized inflammatory
responses at the site of infection, and be-
cause pathogens are more vulnerable by the
requirement to continually replicate, it typi-
cally takes less additional stress for pathogens
to reach decompensation and death than
does the host. To the extent that the host has
the reserves to mount an effective APR and is
able to withstand the self-harm that accom-
panies a sustained APR effort, immune
brinksmanship can benefit an individual. In
this way, the coordinated network of host-
induced cellular stressors that has been
shaped by natural selection is a beneficial
adjunct to a localized inflammatory response
(Figure 3). The immune brinksmanship
model assumes that the host has a better
chance of winning the contest against invaders
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when little stress exists at the outset and
reserves are maximized. As a corollary,
secondary infections in a host that has
already accumulated significant cellular
stresses associated with the primary infec-
tion may result in failure of immune
brinksmanship as a host strategy.

The immune brinksmanship model of the
APR leads to a number of questions. To what
extent do the various stressors of inflamma-
tion and the APR interact? Are some compo-
nents of the APR more effective in certain
situations than are other components? To
what extent do the multiple stressors fill gaps
in defense (e.g., anaerobic bacteria not be-
ing susceptible to hypoxic stress, but perhaps
being especially harmed by oxidative stress)?
How much synergy is there among the stress-
ors? For instance, Kluger and Rothenburg
(1979) found that in culture neither iron
restriction nor febrile temperatures had
much effect on the growth of Pasteurella mul-
tocida, but the combination of these stressors
had a marked effect on inhibiting bacterial
growth. Since the stressors of the APR are
host-initiated, to what extent can the host
modify and manipulate the various stressors
according to the type of pathogen threat?
For instance, is it possible to modify fever
according to its efficacy against a specific
pathogen, as suggested by Adamo (1998) for
behavioral fever in crickets? To what extent
can the host minimize the effects of these
endogenous stressors on itself relative to the
pathogens? For instance, despite hypozince-
mia, zinc levels in the APR are slightly
elevated in the bone marrow (Cousins
and Leinart 1988), where immune cell pro-
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liferation (requiring zinc) occurs. How do
exogenous therapeutic stressors (e.g., rela-
tively nonspecific chemotherapeutics or
heat) modify the stressors of the APR? And
would therapeutic inhibition or enhancement
of one or more component of the APR be
partially compensated for by other compo-
nents of the APR (thus making it difficult to
document the role of a single component of
the APR)?

It is easy to see how a system of coordinated
endogenous stressors could have evolved, espe-
cially when linked with the recognition of HSPs
and their bound peptides as signs of danger. If
there were a survival advantage for infected
animals to find themselves in stressful situa-
tions that also stress their pathogens (e.g., re-
duced access to food or exposure to excessive
heat), the tendency to avoid such stressful sit-
uations during infections would diminish.
Eventually, there would be a tendency to seek
stressful situations upon infection, with further
selection acting to internalize and coordinate
the stress exposure such that it can maximize
pathogen harm while minimizing host
harm. Since small incremental selective
benefits are compounded from genera-
tion to generation, the stressful compo-
nents of the APR could have evolved and
been maintained even with only minor
benefit at the individual level.

ACKNOWLEDGMENTS

The manuscript benefited from the helpful com-
ments of Carl Bergstrom, Corrie Brown, David Haig,
Donald McGavin, Randolph Nesse, and Kimberly
Newkirk.

REFERENCES

=+ Adamo S. A. 1998. The specificity of behavioral fever
in the cricket Acheta domesticus. Journal of Parasitol-
ogy 84:529-533.

=+ Adamo S. A,, Fidler T. L., Forestell C. A. 2007. Illness-
induced anorexia and its possible function in the
caterpillar, Manduca sexta. Brain, Behavior, and Im-
munity 21:292-300.

=+ Adamson J. W. 2008. The anemia of inflammation/
malignancy: mechanisms and management. Hema-
tology: American Society of Hematology Education Pro-
gram Book 2008:159-165.

=+ Aubert A. 1999. Sickness and behaviour in animals: a

motivational perspective. Neuroscience and Biobe-
havioral Reviews 23:1029-1036.

=+ Aydemir T. B., Liuzzi J. P., McClellan S., Cousins R. J.

2009. Zinc transporter ZIP8 (SLC39A8) and zinc
influence IFN-y expression in activated human T
cells. Journal of Leukocyte Biology 86:337-348.

Bashford C. L., Menestrina G., Henkart P. A., Pasternak
C. A. 1988. Cell damage by cytolysin. Spontaneous
recovery and reversible inhibition by divalent cat-
ions. Journal of Immunology 141:3965-3974.

=+ Bauer S., Groh V., Wu J., Steinle A., Phillips J. H.,

Lanier L. L., Spies T. 1999. Activation of NK cells



MaRrcH 2012

and T cells by NKG2D, a receptor for stress-
inducible MICA. Science 285:727-729.
Beard J. L. 2001. Iron biology in immune function,

ACUTE-PHASE RESPONSE STRESSORS 15

Restriction of DNA replication to the reductive
phase of the metabolic cycle protects genome in-
tegrity. Science 316:1916-1919.

muscle metabolism and neuronal functioning=* Chillakuru R. A, Ryu D. D. Y., Yilma T. 1991. Propa-

Journal of Nutrition 131:5685-580S.
Begum N. A., Kobayashi M., Moriwaki Y., Matsumoto
M., Toyoshima K., Seya T. 2002. Mycobacterium bo-

vis BCG cell wall and lipopolysaccharide induce : =#

novel gene, BIGM103, encoding a 7-TM protein:
identification of a new protein family having Zn-
transporter and Zn-metalloprotease signatures.
Genomics 80:630—645.

Beisel W. R. 1995. Herman Award Lecture, 1995 =*

infection-induced malnutrition—from cholera to
cytokines. American Journal of Clinical Nutrition 62:
813-819.

Blatteis C. M. 2006. Endotoxic fever: new concepts of
its regulation suggest new approaches to its man-
agement. Pharmacology and Therapeutics 111:194—
223.

Boddey J. A., Hodder A. N., Giinther S., Gilson P. R.,
Patsiouras H., Kapp E. A., Pearce J. A., de Koning-

Ward T. F., Simpson R. J., Crabb B. S., Cowmar=*

A. F. 2010. An aspartyl protease directs malaria
effector proteins to the host cell. Nature 463:627—
631.

Boer V. M., Crutchfield C. A., Bradley P. H., Botstein
D., Rabinowitz J. D. 2010. Growth-limiting intra-

cellular metabolites in yeast growing under di=*

verse nutrient limitations. Molecular Biology of the
Cell 21:198-211.
Bone R. C., Grodzin C. J., Balk R. A. 1997. Sepsis: a

new hypothesis for pathogenesis of the diseasc=*

process. Chest 112:235-243.
Calabrese E. J. 2008. Converging concepts: adaptive re-

sponse, preconditioning, and the Yerkes-Dodsor =*

Law are manifestations of hormesis. Ageing Research
Reviews 7:83-20.

Calderwood S. K., Khaleque M. A., Sawyer D. B., Cio =*

cca D. R. 2006. Heat shock proteins in cancer:
chaperones of tumorigenesis. Trends in Biochemical

Sciences 31:164-172. =3

Carlsen E., Andersson A.-M., Petersen J. H., Skakke-
baek N. E. 2003. History of febrile illness and vari-
ation in semen quality. Human Reproduction 18:

2089-2092. -+

Cellier M. F., Courville P., Campion C. 2007. Nrampl

phagocyte intracellular metal withdrawal defense =*

Microbes and Infection 9:1662-1670.
Chai F., Truong-Tran A. Q., Ho L. H., Zalewski P. D.
1999. Regulation of caspase activation and apopto-

sis by cellular zinc fluxes and zinc deprivation: : =%

review. Immunology and Cell Biology 77:272-278.

Chandra R. K. 1976. Nutrition as a critical determi =*

nant in susceptibility to infection. World Review of
Nutrition and Dietetics 25:166—188.

Chen Z., Odstrcil E. A, Tu B. P., McKnight S. L. 2007 =*

gation of recombinant vaccinia virus in HeLa cells:
adsorption kinetics and replication in batch cul-
tures. Biotechnology Progress 7:85-92.

Combes A., McTiernan C., Brooks S. S., Feldman
A. M. 2001. UV light synergistically enhances the
cardiotoxic effects of interleukin 1 through per-
oxynitrite formation. Journal of Cardiac Failure
7:165-175.

Corbin B. D., Seeley E. H., Raab A., Feldmann ]J.,
Miller M. R, Torres V. J., Anderson K. L., Dattilo
B. M., Dunman P. M., Gerads R., Caprioli R. M.,
Nacken W., Chazin W. J., Skaar E. P. 2008. Metal
chelation and inhibition of bacterial growth in
tissue abscesses. Science 319:962-965.

Cousins R. J., Leinart A. S. 1988. Tissue-specific reg-
ulation of zinc metabolism and metallothionein
genes by interleukin 1. FASEB Journal 2:2884-
2890.

Cramer T., Yamanishi Y., Clausen B. E., Forster 1.,
Pawlinski R., Mackman N., Haase V. H., Jaenisch
R., Corr M., Nizet V., Firestein G. S., Gerber H.-P.,
Ferrara N., Johnson R. S. 2003. HIF-1« is essential
for myeloid cell-mediated inflammation. Cell 112:
645-657.

Curi R., Lagranha C. J., Doi S. Q,, Sellitti D. F., Pro-
copio J., Pithon-Curi T. C., Corless M., Newsholme
P. 2005. Molecular mechanisms of glutamine ac-
ton. Journal of Cellular Physiology 204:392—401.

Dantzer R. 2001. Cytokine-induced sickness behavior:
where do we stand? Brain, Behavior, and Immunity
15:7-24.

Dardenne M. 2002. Zinc and immune function. Furo-
pean Journal of Clinical Nutrition 56 (Supplement
3):520-523.

Edwards M. J. 2006. Review: Hyperthermia and fever
during pregnancy. Birth Defects Research, Part A:
Clinical and Molecular Teratology 76:507-516.

Espat N. J., Moldawer L. L., Copeland E. M. III. 1995.
Cytokine-mediated alterations in host metabolism
prevent nutritional repletion in cachectic cancer
patients. Journal of Surgical Oncology 58:77-82.

Exton M. S. 1997. Infection-induced anorexia: active
host defence strategy. Appetite 29:369-383.

Fischbach M. A,, Lin H., Liu D. R., Walsh C. T. 2006.
How pathogenic bacteria evade mammalian sabo-
tage in the battle for iron. Nature Chemical Biology
2:132-138.

Forchhammer K. 2007. Glutamine signalling in bac-
teria. Frontiers in Bioscience 12:358-370.

Foster J. R. 2000. Cell death and cell proliferation in
the control of normal and neoplastic tissue
growth. Toxicologic Pathology 28:441—446.

Gabay C., Kushner 1. 1999. Acute-phase proteins and



16 THE QUARTERLY REVIEW OF BIOLOGY VoLuMmE 87

other systemic responses to inflammation. New
England Journal of Medicine 340:448—-454.

=+ Giaccia A. J., Simon M. C., Johnson R. 2004. The=+
biology of hypoxia: the role of oxygen sensing in
development, normal function, and disease. Genes
& Development 18:2183-2194.

- Gophna U., Ron E. Z. 2003. Virulence and the heat
shock response. International Journal of Medical Mi-
crobiology 292:453—-461. =

= d Grasl-Kraupp B., Bursch W., Ruttkay-Nedecky B.,
Wagner A., Lauer B., Schulte-Hermann R. 1994.
Food restriction eliminates preneoplastic cells
through apoptosis and antagonizes carcinogenesi: =#
in rat liver. Proceedings of the National Academy of
Sciences of the United States of America 91:9995-9999.

=+ Green D. R, Kroemer G. 2009. Cytoplasmic function: =*
of the tumour suppressor p53. Nature 458:1127—
1130.

Hallgren R., Feltelius N., Lindh U. 1987. Redistribu-
tion of minerals and trace elements in chronic
inflammation—a study on isolated blood cells
from patients with ankylosing spondylitis. Journal
of Rheumatology 14:548-553.

=+ Hart B. L. 1988. Biological basis of the behavior of
sick animals. Neuroscience and Biobehavioral Reviews
12:123-137. -

=+ Hasday J. D., Fairchild K. D., Shanholtz C. 2000. The
role of fever in the infected host. Microbes and
Infection 2:1891-1904. =3

Hempe J. M., Carlson J. M., Cousins R. J. 1991. Intes-
tinal metallothionein gene expression and zinc
absorption in rats are zinc-responsive but refrac-
tory to dexamethasone and interleukin la. Journal
of Nutrition 121:1389-1396.

=+ Henderson B., Allan E., Coates A. R. M. 2006. Stress
wars: the direct role of host and bacterial molec-
ular chaperones in bacterial infection. Infection
and Immunity 74:3693-3706. -

=+ Hussain S. N. A. 1998. Respiratory muscle dysfunction
in sepsis. Molecular and Cellular Biochemistry 179:
125-134. =

=+ Jaittela M. 1999. Heat shock proteins as cellular life-
guards. Annals of Medicine 31:261-271.

=+ Jackson S. P., Bartek J. 2009. The DNA-damage re-
sponse in human biology and disease. Nature 461:
1071-1078.

James S. J., Muskhelishvili L., Gaylor D. W., Turturro
A., Hart R. 1998. Upregulation of apoptosis witt =*
dietary restriction: implications for carcinogenesis
and aging. Environmental Health Perspectives 106
(Supplement 1):307-312.

=+ Karantza-Wadsworth V., Patel S., Kravchuk O., Chen
G., Mathew R., Jin S., White E. 2007. Autophag,=*
mitigates metabolic stress and genome damage in
mammary tumorigenesis. Genes & Development 21:
1621-1635.

=+ Kehl-Fie T. E., Skaar E. P. 2010. Nutritional immunity

beyond iron: a role for manganese and zinc. Cur-
rent Opinion in Chemical Biology 14:218-224.

Khovidhunkit W., Kim M.-S., Memon R. A., Shigenaga
J. K., Moser A. H., Feingold K. R., Grunfeld C.
2004. Effects of infection and inflammation on
lipid and lipoprotein metabolism: mechanisms
and consequences to the host. Journal of Lipid Re-
search 45:1169-1196.

Kluger M. J., Rothenburg B. A. 1979. Fever and re-
duced iron: their interaction as a host defense
response to bacterial infection. Science 203:374—
376.

Kluger M. J., Kozak W., Conn C. A., Leon L. R,
Soszynski D. 1998. Role of fever in disease. Annals
of the New York Academy of Sciences 856:224-233.

Kiiltz D. 2005. Molecular and evolutionary basis of the
cellular stress response. Annual Review of Physiology
67:225-257.

Kumar A., Brar R.,, Wang P., Dee L., Skorupa G.,
Khadour F., Schulz R., Parrillo J. E. 1999. Role of
nitric oxide and ¢cGMP in human septic serum-
induced depression of cardiac myocyte contrac-
tility. American Journal of Physiology: Regulatory,
Integrative and Comparative Physiology 276:R265—
R276.

LeGrand E. K. 2000. Why infection-induced ano-
rexia? The case for enhanced apoptosis of in-
fected cells. Medical Hypotheses 54:597-602.

Li M., ZhangY., Liu Z., Bharadwaj U., Wang H., Wang
X., Zhang S., Liuzzi J. P., Chang S.-M., Cousins
R.]J., Fisher W. E., Brunicardi F. C., Logsdon C. D.,
Chen C., Yao Q. 2007. Aberrant expression of zinc
transporter ZIP4 (SLC39A4) significantly contrib-
utes to human pancreatic cancer pathogenesis
and progression. Proceedings of the National Academy
of Sciences of the United States of America 104:18636—
18641.

Lieu P. T., Heiskala M., Peterson P. A, Yang Y. 2001.
The roles of iron in health and disease. Molecular
Aspects of Medicine 22:1-87.

Lulloff S. J., Hahn B. L., Sohnle P. G. 2004. Fungal
susceptibility to zinc deprivation. Journal of Labora-
tory and Clinical Medicine 144:208-214.

Marx J. J. M. 2002. Iron and infection: competition
between host and microbes for a precious ele-
ment. Best Practice & Research Clinical Haematology
15:411-426.

Mclnerney G. M., Kedersha N. L., Kaufman R. J.,
Anderson P., Liljestrom P. 2005. Importance of
elF2a phosphorylation and stress granule assem-
bly in alphavirus translation regulation. Molecular
Biology of the Cell 16:3753-3763.

McLean J. E., Ruck A., Shirazian A., Pooyaei-Mehr F.,
Zakeri Z. F. 2008. Viral manipulation of cell death.
Current Pharmaceutical Design 14:198-220.

Meinander A., Soderstrom T. S., Kaunisto A., Pouk-
kula M., Sistonen L., Eriksson J. E. 2007. Fever-like



MaRrcH 2012

hyperthermia controls T lymphocyte persistence
by inducing degradation of cellular FLIPshort.
Journal of Immunology 178:3944-3953.

Minami K., Tambe Y., Watanabe R., Isono T., Haned: =*

M., Isobe K., Kobayashi T., Hino O., Okabe H.,
Chano T., Inoue H. 2007. Suppression of viral
replication by stress-inducible GADD34 protein
via the mammalian serine/threonine protein ki-
nase mTOR pathway. Journal of Virology 81:11106- =+
11115.

Moe G. W., Marin-Garcia J., Konig A., Goldenthal M.,

Lu X., Feng Q. 2004. In vivo TNF-« inhibition
ameliorates cardiac mitochondrial dysfunction,
oxidative stress, and apoptosis in experimental
heart failure. American Journal of Physiology: Heart
and Circulatory Physiology 287:H1813-H1820. =3

Motley S. T., Morrow B. J., Liu X., Dodge I. L., Vitiello

A., Ward C. K., Shaw K. J. 2004. Simultaneous
analysis of host and pathogen interactions during
an in vivo infection reveals local induction of host
acute phase response proteins, a novel bacteria =*
stress response, and evidence of a hostimposed
metal ion limited environment. Cellular Microbiol-
o0gy 6:849-865.

Muenzer |. T., Davis C. G., Dunne B. S., Unsinger J.,

Dunne W. M., Hotchkiss R. S. 2006. Pneumoni: =*
after cecal ligation and puncture: a clinically rel-
evant “two-hit” model of sepsis. Shock 26:565-570.

Miihling J., Burchert D., Langefeld T. W., Matejec R.,

Harbach H., Engel J., Wolff M., Welters 1. D.=*
Fuchs M., Menges T., Krtull M., Hempelmann G.
2007. Pathways involved in alanyl-glutamine-
induced changes in neutrophil amino- and a-keto
acid homeostasis or immunocompetence. Amino

Acids 33:511-524.

Munck A., Guyre P. M., Holbrook N. J. 1984. Physio =*

logical functions of glucocorticoids in stress and
their relation to pharmacological actions. Endo-
crine Reviews 5:25—44.

Munger J., Bajad S. U., Coller H. A., Shenk T., Rabi-

nowitz J. D. 2006. Dynamics of the cellular
metabolome during human cytomegalovirus in =#
fection. PLoS Pathogens 2:e132.

Murray J., Murray A., Murray N. 1978. Anorexia: sen-

tinel of host defense? Perspectives in Biology and=*
Medicine 22:134-142.

Nagarsekar A., Greenberg R. S., Shah N. G., Singh

I. S., Hasday J. D. 2008. Febrile-range hyperther =#
mia accelerates caspase-dependent apoptosis in
human neutrophils. Journal of Immunology 181:
2636-2643.

=+ Ojicius D. M., Degani H., Mispelter J., Dautry-Varsa =*

A. 1998. Enhancement of ATP levels and glucose
metabolism during an infection by Chlamydia=*
NMR studies of living cells. journal of Biological
Chemistry 273:7052-7058.

=+ Ostberg J. R., Kaplan K. C., Repasky E. A. 2002. In-

ACUTE-PHASE RESPONSE STRESSORS

17

duction of stress proteins in a panel of mouse
tissues by fever-range whole body hyperthermia.
International Journal of Hyperthermia 18:552-562.

Posey J. E., Gherardini F. C. 2000. Lack of a role for
iron in the Lyme disease pathogen. Science 288:
1651-1653.

Prasad A. S. 2007. Zinc: mechanisms of host defense.
Journal of Nutrition 137:1345-1349.

Raffaghello L., Lee C., Safdie F. M., Wei M., Madia
F., Bianchi G., Longo V. D. 2008. Starvation-
dependent differential stress resistance protects
normal but not cancer cells against high-dose
chemotherapy. Proceedings of the National Acad-
emy of Sciences of the United States of America 105:
8215-8220.

Renckens R., van Westerloo D. J., Roelofs J. J. T. H,,
Pater J. M., Schultz M. J., Florquin S., van der Poll
T. 2008. Acute phase response impairs host de-
fense against Pseudomonas aeruginosa pneumonia
in mice. Critical Care Medicine 36:580-587.

Rohde M., Daugaard M., Jensen M. H., Helin K.,
Nylandsted J., Jaattela M. 2005. Members of the
heat-shock protein 70 family promote cancer cell
growth by distinct mechanisms. Genes & Develop-
ment 19:570-582.

Romanovsky A. A., Székely M. 1998. Fever and hypo-
thermia: two adaptive thermoregulatory responses
to systemic inflammation. Medical Hypotheses 50:
219-226.

Sandrini S. M., Shergill R., Woodward J., Muralikuttan
R., Haigh R. D., Lyte M., Freestone P. P. 2010. Elu-
cidation of the mechanism by which catecholamine
stress hormones liberate iron from the innate im-
mune defense proteins transferrin and lactoferrin.
Journal of Bacteriology 192:587-594.

Schaible U. E., Kaufmann S. H. E. 2004. Iron and
microbial infection. Nature Reviews Microbiology
2:946-953.

Scrimshaw N. S., Taylor C. E., Gordon J. E. 1968.
Interactions of Nutrition and Infection. Geneva (Swit-
zerland): World Health Organization.

Singh V., Aballay A. 2006. Heat shock and genetic
activation of HSF-1 enhance immunity to bacteria.
Cell Cycle 5:2443-2446.

Srivastava P. 2002. Roles of heat-shock proteins in
innate and adaptive immunity. Nature Reviews Im-
munology 2:185-194.

Straub R. H., Cutolo M., Buttgereit F., Pongratz G.
2010. Energy regulation and neuroendocrine-
immune control in chronic inflammatory dis-
eases. Journal of Internal Medicine 267:543-560.

Sugarman B. 1983. Zinc and infection. Reviews of In-
fectious Diseases 5:137-147.

Suliman H. B., Carraway M. S., Piantadosi C. A. 2003.
Postlipopolysaccharide oxidative damage of mito-
chondrial DNA. American Journal of Respiratory and
Critical Care Medicine 167:570-579.



18 THE QUARTERLY REVIEW OF BIOLOGY VoLuMmE 87

=* Suzuki S., Goncalves C. G., Meguid M. M. 2005 =* Vallee B. L., Falchuk K. H. 1993. The biochemical basis of

Catabolic outcome from non-gastrointestinal zinc physiology. Physiological Reviews 73:79-118.

malignancy-related malabsorption leading to mal ™ Vander Heiden M. G., Cantley L. C., Thompson C. B.

nutrition and weight loss. Current Opinion in Clin- 2009. Understanding the Warburg effect: the met-

ical Nutrition and Metabolic Care 8:419—-427. abolic requirements of cell proliferation. Science
Tobian A. A. R., Canaday D. H., Boom W. H., Harding 324:1029-1033.

C. V. 2004a. Bacterial heat shock proteins promotc-' Vogelstein B, Lane D., Levine A. J. 2000. Surfing the

CD91-dependent class I MHC cross-presentation of p53 network. Nature 408:307-310.

chaperoned peptide to CD8* T cells by cytosolic Weinberg E. D. 1984. Iron withholding: a defense

mechanisms in dendritic cells versus vacuolar against infection and neoplasia. Physiological Re-

mechanisms in macrophages. Journal of Immunol- views 64:65-102.

ogy 172:5277-5286. =+ Weinberg E. D. 2009. Iron availability and infection.
Tobian A. A., Canaday D. H., Harding C. V. 2004b Biochimica et Biophysica Acta 1790:600-605.

(,-’ Weinstein I. B. 2000. Disorders in cell circuitry during
multistage carcinogenesis: the role of homeosta-
sis. Carcinogenesis 21:857-864.

=+ Wintergerst E. S., Maggini S., Hornig D. H. 2007.
Contribution of selected vitamins and trace ele-
ments to immune function. Annals of Nutrition &

R R Metabolism 51:301-323.

ney M. J., Mosser D. D., Sistonen L., Eriksson J. E_, Yeh S-S.. Blackwood K., Schuster M. W. 2008. The

2003. Heat stress downregulates FLIP and sensi- cytokine basis of cachexia and its treatment: are

tizes cells to Fas receptor-mediated apoptosis. Cell they ready for prime time? Journal of the American
Death and Differentiation 10:1137-1147. Medical Directors Association 9:219-236.

Tredget E. E., YuY. M., Zhong S., Burini R., Okusawa Yui S., Mikami M., Yamazaki M. 1995. Induction of apo-
S., Gelfand J. A., Dinarello C. A., Young V. R, ptotic cell death in mouse lymphoma and human leu-
Burke J. F. 1988. Role of interleukin 1 and tumor kemia cell lines by a calcium-binding protein complex,
necrosis factor on energy metabolism in rabbits. calprotectin, derived from inflammatory peritoneal ex-

Bacterial heat shock proteins enhance class II MH
antigen processing and presentation of chaperoned
peptides to CD4" T cells. Journal of Immunology 173
5130-5137.

=+ Tran S. E. F., Meinander A., Holmstrém T. H., Rivero-
Miiller A., Heiskanen K. M., Linnau E. K., Court-

American_Journal of Physiology: Endocrinology and Me- udate cells. Journal of Leukocyte Biology 58:650—658.

tabolism 255:E760-E768. =+ Zarychanski R., Houston D. S. 2008. Anemia of chronic
=+ Tulapurkar M. E., Asiegbu B. E., Singh 1. S., Hasday disease: a harmful disorder or an adaptive, beneficial

J. D. 2009. Hyperthermia in the febrile range in- response? Canadian Medical Association Journal 179:

duces HSP72 expression proportional to exposure 333-337.

temperature but not to HSF-1 DNA-binding activ=* Zhang K., Kaufman R. J. 2008. From endoplasmic-

ity in human lung epithelial A549 cells. Cell Stress reticulum stress to the inflammatory response. Na-

and Chaperones 14:499-508. ture 454:455—462.



