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Abstract: Nutritional immunity is

a process by which a host organism
sequesters trace minerals in an

effort to limit pathogenicity during
infection. Circulating concentrations
of minerals, such as iron and zinc,
decline rapidly and dramatically with
the inflammation associated with
infection. The decline in iron and
zinc is thought 1o starve invading
pathogens of these essential elements,
limiting disease progression and
severity. The mechanisms contributing
to the hypoferremia and hypozincemia
of inflammation and potential
interventions that exploit this process
Jfor the management of infection will be
discussed.
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race minerals including iron and

zinc are essential for the survival

of all living organisms. In fact,
approximately half of all proteins and
enzymes require trace minerals to confer
function. These minerals are
incorporated into metalloproteins and
metalloenzymes used for critical
biological processes, such as oxygen
transport, cell growth and differentiation,

and protection against oxidative stress.
Pathogens (eg, gram-negative and gram-
positive bacteria, viruses, and fungi) must
acquire trace minerals in order to
replicate and cause disease. As both host
and pathogen require trace minerals for
optimal health and survival, effective
mechanisms to compete for and acquire
these elements during infection become
paramount.

The relationship between trace minerals
and immunity was first elucidated in the
1940s when Schade and Caroline (1944
and 1946) discovered transferrin, an iron-
binding protein in egg whites and
human plasma."* They found that
transferrin bound iron, thereby
sequestering iron from pathogens and
preventing microbial growth. In 1975,
Weinberg termed this process nutritional

! Vertebrate immune systems have
evolved sophisticated defense
mechanisms to protect against
invading pathogens. A primary

line of host defense is to sequester
and starve invading pathogens of
trace minerals. i

Nutritional Immunity

Vertebrate immune systems have
evolved sophisticated defense
mechanisms to protect against invading
pathogens. A primary line of host
defense is to sequester and starve
invading pathogens of trace minerals.

immunity.® Although nutritional
immunity originally referred to host-
mediated sequestering of iron, it is now
known that other trace minerals,
including zinc and manganese, are also
sequestered to protect against invading
pathogens.” In this process, intestinal
assimilation of minerals is reduced, and
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free minerals are sequestered in storage
tissues, primarily the liver, thereby
rapidly limiting the circulating minerals
available for uptake and use by
pathogens. The rapid decline in
circulating mineral concentrations is
underscored by observations that
infusion of humans with the endotoxin
lipopolysaccharide (LPS), the outer
membrane component responsible for
the deleterious effects of gram-negative
bacterial infections, reduces circulating
levels of iron and zinc by >50% within
hours.® Consequently, pathogens have
evolved mechanisms to circumvent
nutritional immunity. The objective of
this article is to review mechanisms by
which hosts and pathogens withhold and
acquire 2 trace minerals, iron and zinc.

Host Mechanisms for
Starving Pathogens of Iron

Hepcidin, a 25-amino acid peptide
hormone, is secreted by the liver in
response to inflaimmatory stimuli.
Interestingly, hepcidin was first identified
for its antimicrobial properties (hep-,
liver; cidin, antibacterial).”® In the initial
studies, Ganz and colleagues® noted a
>100-fold increase in urinary hepcidin
concentrations in a patient who
developed a systemic infection.
Substantial research now indicates that
hepcidin exerts these effects by
regulating iron homeostasis (reviewed in
Ganz’). Infection and the resulting
inflammatory stimuli, particularly
interleukin-6 (IL-6), stimulate hepcidin
transcription in the liver through Jak2/
STAT3 signaling. In turn, hepcidin signals
for the internalization and degradation of
the iron exporter, ferroportin. Hepcidin-
mediated declines in ferroportin inhibit
iron transfer into circulation from the
enterocytes, macrophages, and iron-
storing hepatocytes, thereby withholding
iron from invading pathogens.

Existing iron in circulation is
predominantly complexed with heme,
which is bound by hemoglobin within
red blood cells, and myoglobin in
muscle. Transferrin binds and delivers
iron to cells for receptor-mediated
uptake and use, or storage in ferritin, a
large intracellular protein capable of

storing ~4500 iron atoms. During
infection, neutrophils secrete lactoferrin,
a structurally related iron-binding
glycoprotein, in order to scavenge
extracellular iron. These proteins limit
the availability of free iron, thus affecting
the ability of invading pathogens to
replicate and cause disease. Hosts also
use the regulation of transporters, such
as natural resistance-associated
macrophage protein 1 (NRAMP1), to
withhold iron from pathogens (reviewed
in Wessling-Resnick'"). NRAMP1 is
localized to lysosomes and phagosomes
in monocytes, macrophages, and T
lymphocytes where it functions to export
iron (and manganese) into the cytosol,
thereby limiting the availability of iron to
pathogens that enter the cell and survive
within phagosomes. This is apparent in
NRAMP1 knockout mice, which have a
reduced inflammatory response to

infection and inhibited iron recycling."""*

Host Mechanisms for
Starving Pathogens of Zinc

A number of transporters and binding
proteins have been implicated in the
sequestration of zinc from pathogens.
Animal studies have assessed the liver
transcript abundance of all 24 mammalian
zinc transporters and the zinc-binding
protein metallothionein in response to
LPS or turpentine (a well-characterized
inflammatory stimulus) injection."***
Metallothionein and the zinc transporter
Zrt-Irt-like Protein 14 (ZIP14; SLC39414)
demonstrated the greatest magnitude of
change, increasing ~35- and ~3.5-fold in
LPS- and turpentine-injected mice,
respectively. Similar to hepcidin, the
increase in ZIP14 is mediated by IL-6."
This suggests that ZIP14 sequesters
circulating zinc in the liver during
infection/inflammation and
metallothionein serves to bind the
resulting intracellular zinc. It should be
noted that ZIP14 is also capable of
transporting transferrin- and non-
transferrin-bound iron; however, ZIP14
knockout mice injected with LPS have
normal circulating zinc but remain
hypoferremic," suggesting that zinc is the
preferred substrate for ZIP14 during
infection/inflammation.
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The zinc-binding protein calprotectin
confers another mechanism by which
hosts limit the availability of zinc to
pathogens.” Calprotectin is the most
abundant antimicrobial protein in
neutrophils, making up ~40% of the
cytoplasmic neutrophil content, and is
secreted at the site of inflammation. In
fact, calprotectin is used clinically to
monitor the severity of intestinal
inflammation in patients with
inflammatory bowel diseases.
Calprotectin is upregulated in zinc-
limiting conditions'® and functions by
binding 2 zinc (or manganese) atoms,
thereby chelating and starving microbes
of these essential minerals. "
Importantly, calprotectin mutants that are
unable to bind zinc or manganese are
ineffective in reducing bacterial growth."”

Pathogenic Mechanisms for

Acquiring Iron and Zinc

Recent research evidence indicates that
pathogens have developed multiple
mechanisms to overcome iron and zinc
sequestration in response to infection
and inflammation. For example,
siderophores, low-molecular-weight (<1
kDa) iron-chelators, are secreted by
pathogens and bind and chelate iron
with a higher affinity than transferrin,®
Siderophore-iron complexes are then
scavenged by pathogens via cell surface
receptors and the bound iron is released
through ferric reductases, reducing ferric
(Fe™*) to the soluble ferrous (Fe**) form
for use as a nutrient source. In fact,
pathogenic strains that produce more
siderophores are hypervirulent, whereas
strains that synthesize defective
siderophores are less virulent."® To
combat siderophores, hosts produce
siderocalin, also known as lipocalin 2.
Siderocalin binds and sequesters
siderophores, preventing their uptake by
pathogens. Pathogens also employ iron
uptake systems and receptors that
directly bind iron-binding proteins such
as transferrin, lactoferrin, and
hemoglobin. For example, pathogens can
lyse red blood cells, liberating
hemoglobin and removing heme for
uptake via receptors. Perhaps most
interesting is Borrelia burgdorferi, the
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tick-borne parasite responsible for Lyme
disease. Borrelia burgdorferi is the only
known organism to circumvent any
requirement for iron and has evolved to
use manganese instead."”

Although zinc was identified as an
essential nutrient for the growth of
Aspergillus niger in 1869 (~1 century prior
to its essentiality for humans),” the
mechanisms employed by pathogens to
acquire zinc are not well described.
Delivery of zinc for uptake by pathogens
occurs via zinc-binding siderophores,
known as “zincophores.”' For example,
Yersinia pestis, the gram-negative bacteria
that causes bubonic plague, utilizes Ybt as
a zincophore and ZnuABC to acquire zinc
and cause lethal infection in a septicemic
plague mouse model.” Zinc uptake
occurs via high-affinity zinc transporters,
including ZnuABC in bacteria and ZRT1
in fungi. Interestingly, Salmonella
typhimurium has evolved to overcome
calprotectin-mediated zinc chelation and
thrive in the inflamed gut by expressing
ZnuABC,® thereby offering a competitive
advantage over rival commensal bacteria.

Status and Susceptibility
to Infection

In practice, nutritional immunity
provides a mechanism by which low
circulating levels of iron and zinc may be
protective, whereas higher levels may be
associated with increased rates of
infection and faster disease progression/
death. For example, individuals with iron
overload due to hemochromatosis or
who require frequent transfusions due to
thalassemia or other chronic anemias are
highly susceptible to infection.***
Conversely, iron supplementation may
increase virulence and susceptibility to
infection in iron deficient and iron-
normal individuals (reviewed in
\Weinberg%). It should be emphasized
that these mechanisms are especially
important during bouts of acute
inflammation (minutes to days) and for
those who reside in areas with endemic
infectious diseases, such as malaria and
tuberculosis. These geographic regions
also have a higher rate of iron deficiency.
Thus, the decision to supplement to

correct poor iron status and associated
effects on human health, to include
neuropsychological and physical
performance and pregnancy outcomes,
must be considered in light of the
possible impairment in the ability of their
immune systems to fight infection.

Potential consequences of the repeated
sequestration of trace minerals includes
the reduction in mineral status observed
with repeated bouts of acute
inflammation, such as unaccustomed
exercise, or the inflammation associated
with chronic disease (days to years), such
as obesity. Intense or unaccustomed
activity is associated with declines in iron
status (reviewed in McClung and
Murray-Kolb”) and increased
inflammation and serum hepcidin
concentrations.” Moreover, several studies
dating back >50 years have demonstrated
the association between obesity and
hypoferremia and hypozincemia in
human and rodent models.” Similar to
exercise, increased adiposity is associated
with an elevation in pro-inflammatory
stimuli, including IL-6 and hepcidin
(reviewed in Tussing-Humphreys et al**).
Interestingly, obese individuals are often
more susceptible to infection despite
reduced trace mineral status, perhaps due
to the increased requirement of immune
cells for iron and zinc.

Interventions and
Perspectives

The Red Queen Hypothesis of
coevolution states that constant adaptation
is required to maintain comparative
evolutionary fitness.”> Nutritional
immunity is one example of this
hypothesis, as the host and pathogen
must constantly evolve mechanisms to
obtain trace minerals in order to gain a
competitive advantage. A better
understanding of the mechanisms
employed by pathogens and hosts in the
battle for trace minerals will contribute to
the design of novel therapeutics that
exploit the pathogen’s requirement for
nutrients in order to combat infection. For
example, siderophore-mediated drug
delivery uses antibiotics covalently linked
to siderophores, collectively referred to as
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sideromycins. In this “Trojan horse”
approach, the siderophore component of
the siderophore-antibiotic conjugate is
recognized and both are taken up by the
pathogen. Moreover, recent work has
demonstrated that Escherichia coli Nissle
1917, a probiotic strain isolated from a
soldier during World War I who appeared
resistant to an outbreak of diarrhea,
overcomes gastroenteritis induced by
Salmonella typhimurium by competing
for iron.*® Escherichia coli Nissle 1917 is
used to treat or prevent a variety of
intestinal disorders, such as ulcerative
colitis and Crohn’s disease, suggesting that
this mechanism can be used in the
development of future probiotics for the
treatment of various conditions. Studies
investigating the competition between
host and pathogen for iron, zinc, and
other nutrients involved in nutritional
immunity may identify additional
therapeutic targets to aid in host defense.
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