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During the course of infection, many natural defenses are set
up along the boundaries of the host-pathogen interface. Key
among these is the host response to withhold metals to restrict
the growth of invading microbes. This simple act of nutritional
warfare, starving the invader of an essential element, is an effec-
tive means of limiting infection. The physiology of metal with-
holding is often referred to as “nutritional immunity,” and the
mechanisms of metal transport that contribute to this host
response are the focus of this review.

The rationale for host metal withholding against invading
pathogens seems intuitive; restriction of any nutrient required
for pathogen survival should combat infection. But why metals?
The answer to this question becomes crystal clear when one
recognizes that iron is required for nearly all life forms, includ-
ing pathogenic bacteria, with a few rare exceptions that rely on
manganese instead (1-7). Iron is essential for ATP production
and other metabolic pathways, but its concentration is limited
to avoid production of ROS? catalyzed by excess levels of this
redox-active metal (8). In some organisms, manganese can sub-
stitute for redox-active iron to protect against oxidative stress
(9, 10). Moreover, most pathogens require manganese to pro-
duce their own superoxide dismutase activity to thwart oxida-
tive killing mechanisms exerted by the host (11-13). Iron and
manganese have similar ionic radii, have a divalent charge state
under physiological conditions, have similar coordination
chemistries, and have cellular concentrations in the micromo-
lar range. Consequently, it comes as no surprise that these two
metals also share membrane transporters, despite their differ-
ent cellular functions and distributions. Restriction of iron
and/or manganese provides a broad-spectrum metabolic “anti-
dote” against all pathogenic infections, and the common trans-
port pathways used by these metals present selective targets to
limit their availability. Although many other immune responses
contribute to the fight against infection, metal withholding rep-
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resents a major force in host defense with combat controlled
through transport.

The concept of nutritional immunity through metal with-
holding is largely based on the observations that the iron con-
tent of the human diet profoundly affects infectious diseases
such as malaria, brucellosis, and tuberculosis (14, 15). Iron
overload states such as sickle cell anemia and B-thalassemia
increase the risk of infection (16 -18). Hereditary hemochro-
matosis, an inherited disorder of iron metabolism, is also linked
to susceptibility to some pathogens (17, 19-22). Iron defi-
ciency, on the other hand, is associated with decreased survival
of individuals infected with HIV and other agents (23). Still,
high iron is positively associated with viral load and mortality in
HIV (24 -26), suggesting that an optimal balance of iron is nec-
essary. In general terms, low iron status is protective, whereas
elevated iron levels promote infection (27, 28). The complexity
of host-pathogen interactions therefore presents a clinical
conundrum; although iron supplements protect against iron
deficiency, such measures could negatively impact infectious
diseases (29, 30). This idea has been extended to suggest that
iron deficiency frequently occurs in regions with endemic
infectious diseases as a protective adaptation. Thus, metal re-
striction appears to play a key role in the human host’s immune
defense strategies. It is interesting to note that accumulating
evidence shows that metal transporters are involved in host
response to bacterial pathogens in plants, too.

A foundational discovery in nutritional immunity was the
positional cloning of the murine Nramp allele. The natural
resistance-associated macrophage protein locus was also called
Bcg, Lsh, or Ity (31). Nrampl1 (Slc11al) was linked to immunity
because mutation of its gene conferred susceptibility to intra-
cellular pathogens. Allelic variations profoundly affect resis-
tance to Salmonella, Leishmania, and Mycobacteria (32). The
Nrampl protein was initially characterized as a manganese
transporter (33), consistent with studies demonstrating that
this metal is a virulence factor for certain pathogens, including
Yersinia (34) and Salmonella (35). Nrampl expression is up-
regulated by cytokines (36), and its function helps to produce
nitric oxide along with other pro-inflammatory responses (37,
38). Loss of function not only reduces the inflammatory
response to infection (39), but it also impedes iron recycling by
macrophages (40). Greater insight about the metal transport
role of Nrampl was achieved when its paralog Nramp2 (also
called DMT1, DCT1 (divalent cation transporter-1), or
Slc11a2) was tightly linked to iron homeostasis (41, 42). Both
members of the mammalian Nramp/Slc11 family are thought
to combat infection by limiting availability of iron and manga-
nese, and possibly other metals, to microbes.

Iron and Manganese Transport: Roles of Nramp1 and
Nramp2 (DMT1)

Nrampl is expressed in monocytes and macrophages, cell
types that function in the front line immune response to invad-
ing pathogens. Recently, Nramp1 was found to be expressed in
lymphocytes, and in particular, a subset of these cells that are
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FIGURE 1. Metal transporters combat infection. Panel A highlights metals within the periodic table of elements that have been studied as potential substrates
for Nramp1 and/or DMT1. Panel B shows a structural homology model with 12 transmembrane-spanning domains representing two pseudo-symmetric halves.
The loop between membrane domains 7-8 has been topologically determined to face the extracellular milieu. Also indicated is the proximity of Gly-169 and
Gly-185 residues in the fourth transmembrane domain (cross-mark). Amino acid substitutions at this site in mice and rats disable transport function and stability
of the membrane transporters Nramp1 and DMT1, respectively. Panel C depicts the cellular localizations of iron and manganese transporters that may provide
host resistance as discussed in the text. Panel D outlines the double-edged sword of iron transport. As iron levels increase, the susceptibility to pathogen
growth and virulence is known to increase with decreasing survival of host. Conversely, iron depletion disables the appropriate inflammatory response

necessary for NO production and cytokine expression.

responsible for interferon-y production (43). Nrampl shares
~65% amino acid sequence identity with DMT1, which is ubiq-
uitously expressed with higher levels found in the kidney and
intestine (42). These proteins are members of a large and evo-
lutionarily conserved family of divalent metal transporters (44).
In macrophages, Nrampl is associated with lysosomes and late
endosomes and is found on maturing phagosomes (45, 46). Its
cytolocalization is consistent with the transporter’s identified
role in the resistance to infection by obligate intracellular
pathogens, which are known to reside in such intracellular
compartments. Susceptibility is acquired by a single G169D
substitution in the predicted fourth transmembrane-spanning
domain; therefore mice with the NrampI<'®® allele are resis-
tant (31). The NrampI®'®° allele appears to encode a non-func-
tional protein that does not mature properly (47).

The RAW?264.7 macrophage cell line derives from a mouse
strain carrying the NrampI®'®® allele and therefore displays
Nrampl deficiency. These particular cells proved useful in early
transport studies of Nrampl properties and characteristics.
Iron transport into phagosomes containing latex beads (48) or
mycobacteria (48, 49) was first shown to be higher in
RAW264.7 cells transfected with Nramp19'°® as compared
with NrampI®'®®. These observations led to the hypothesis
that Nrampl transports iron into the bacterium-containing
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phagosome, thereby limiting mycobacterial growth by catalyz-
ing ROS. In contrast, other studies suggested that Nrampl
transported metals out of the phagosome, a function that could
restrict pathogen growth by limiting the availability of the
essential nutrient metals (33, 50, 51). Controversy surrounding
the directionality of transport was further heightened by the
proposal that the function of Nrampl was bidirectional
depending on pH (52).

More information about the function of Nramp1 function
came from biochemical comparison with its counterpart
Nramp2 (DMT1). Although discovered after Nrampl, DMT1
has been much better characterized at the molecular level (42).
The latter functions as a proton symporter with a selectivity
rank of Cd*>* >Fe?>*>Co?" ~ Mn?**>>Zn?" (53). Other inter-
acting metals include Ni**, Pb>", and possibly Cu>" and Ag>”"
(42, 54-56); although not all metals have been tested experi-
mentally, a few have been ruled out as transport substrates (Fig.
1A). Comparative studies of Nramp1l and DMT1 expressed at
the cell surface with an epitope tag have identified both trans-
porters to have similar structural topology and cellular mem-
brane distribution (57). Studies in HEp-2, HeLa, and COS-7
cells localized DMT1 to recycling endosomes, where it trans-
ports iron from transferrin into the cytosol (58, 59). DMT1 also
becomes associated with phagosomes in J774 macrophages
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along with Nrampl, suggesting that the transporters pump
metals out into the cytosol and sequester them from pathogens
that attempt to take up intracellular residence in this compart-
ment (60). Although itis clear that the H* gradient is important
to the cotransport of metals by DMT1, it has yet to be rigorously
determined whether Nrampl is a cotransporter (32, 57) or an
exchanger (52, 61).

Structural modeling predicts that the Slc11 transporters have
12 membrane-spanning domains (Fig. 1B). Based on homology
with members of the LeuT superfamily, Nrampl and DMT1
most likely have pseudo-symmetry with domains 1-6 and
domains 7-12 representing N- and C-terminal halves, respec-
tively (44). The loop between domains 7 and 8 is extracellular
and glycosylated (57, 62). In a curiosity of nature, DMT1 allelic
variants have been found in mice (41) and rats (58) with the
same G185R substitution in the predicted fourth transmem-
brane-spanning domain. In structural models, these mutations
are proximal to the Nrampl G169D mutation that con-
fers susceptibility to infections. Like the Nrampl mutant,
DMT1G185R also appears to be an unstable protein of
impaired function (63). Both microcytic anemia (#2k) mice and
Belgrade (b) rats that carry the mutant DMT1 allele display iron
deficiency phenotypes with limited iron uptake from the diet
and impaired heme metabolism. It has also been demonstrated
that Belgrade rats have perturbed manganese transport and
metabolism (64, 65). Studies of mk mice support an important
role for DMT1 in intestinal iron absorption (41), whereas stud-
ies using Belgrade rat reticulocytes confirm that DMT1 func-
tions to export iron from the endosome to the cytosol, where it
can be utilized for heme synthesis and other metabolic pur-
poses (66). It is important to note that cellular localization stud-
ies of DMT1 are consistent with the transporter’s function in
intestinal iron uptake and release of iron from endosomes after
endocytic uptake of transferrin (63). Impairment of both path-
ways leads to systemic iron deficiency in the host, ultimately
limiting pathogen nutrient availability. Fig. 1C depicts the rela-
tionship between cellular localization of Nrampl and DMT1
and their functions.

Roles of Other Transporters

The iron export protein ferroportin was identified in
zebrafish (67) and mice (68, 69). Also known as MTP1 (metal-
transporting protein-1) or Ireg-1 (iron-regulated transporter-
1), this transporter was referred to as HFE4 due to its associa-
tion with hereditary hemochromatosis type 4 or “ferroportin
disease” (70, 71). Initially termed Slc11a3 as a third member of
solute carrier family 11 (proton-coupled divalent metal ion
transporter), its function and most likely its mechanism are
quite different. It is now recognized as the first member of sol-
ute carrier family 40 (iron-regulated transporter or Slc40al).

Activation of macrophages with LPS or interferon-vy
enhances ferroportin expression (72). When challenged with
Salmonella typhimurium or Mpycobacterium tuberculosis,
macrophages also up-regulate ferroportin expression (73, 74).
In turn, this iron exporter reduces intracellular iron otherwise
available to pathogens. As a sequella of infection, release of the
inflammatory cytokine IL-6 induces the expression of hepcidin,
an iron regulatory hormone, which binds to ferroportin and
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promotes its internalization and degradation in lysosomes (56).
This mechanism ultimately diminishes the release of iron from
macrophages, which play an important role in recycling the
metal from senescent red cells after erythrophagocytosis. In
addition to macrophages, ferroportin is also found on the baso-
lateral surface of enterocytes, where it mediates dietary iron
uptake by exporting the metal across the intestinal epithelium
to circulation. Thus, increased hepcidin reduces systemic iron
by controlling iron absorption and recycling to promote hypo-
ferremia. This hypoferremia or “anemia of inflammation” ulti-
mately affords systemic protection against infection (75).

In hereditary hemochromatosis type 1, disruption of hepci-
din regulation leads to higher-than-normal ferroportin levels;
consequently, excess iron accumulates in the host. Individuals
with hemochromatosis are susceptible to infections (Vibrio,
Yersinia, E. coli), but the overexpression of ferroportin reduces
iron in macrophages such that resistance to obligate intracellu-
lar pathogens is observed (Mycobacteria, Salmonella, Legion-
ella) (76). In vitro studies show that overexpression of ferropor-
tin disrupts M. tuberculosis growth (77), diminishes growth of
Salmonella (78), and reduces HIV replication (79). Conversely,
studies of flatiron mice, which have ferroportin deficiency (70,
76, 80), demonstrate that loss of its export activity confers
greater susceptibility to intracellular pathogens (81). Macro-
phages from these mice support greater growth of Chlamydo-
phila psittaci, and this effect was lost upon iron chelation (81).
Using flatiron macrophages, studies have also revealed that
Leishmania amazonensis blocks ferroportin expression to
inhibit iron export as a strategy to promote its intracellular
growth (82). Because ferroportin has been implicated in Mn>™"
transport (83, 84), it is possible that it exerts antimicrobial roles
to block pathogen acquisition of this metal as well. Interest-
ingly, DMT1 is also implicated in dietary Mn>* (65). Hepcidin
does appear to play a role in regulating intake of this metal (85),
but whether it exerts effects on ferroportin or DMT1 (or both)
is unclear (86).

The zinc transporter Zip14 (Slc39a14) also plays arole in iron
homeostasis (87—89). Zip14 is expressed in liver, heart, and
pancreas (90), the tissues most affected by iron loading, and in
vitro studies have shown that Zip14 imports iron in addition to
zinc (87, 91). Zip14 appears to function in both transferrin-
bound iron uptake and non-transferrin-bound iron transport.
The latter plays a role in clearing excess iron from circulation in
conditions such as hemochromatosis, and it has been proposed
that Zip14, rather than DMT1, is the predominant transport
pathway for iron in hepatocytes (92).

Also like Nrampl, the inflammatory cytokine IL-6 up-regu-
lates expression of Zip14 (87). This observation is important
because infections are not only associated with hypoferremia,
but also with hypozincemia. Lower availability of zinc nega-
tively impacts pathogen growth in much of the same way iron
and manganese withdrawal combats infection (11). Notably,
Zip14 knock-out mice have reduced circulating zinc after LPS
injection, but they do not display hypoferremia. Thus, regula-
tion of metal metabolism by the immune response can be
exerted via multiple transport pathways to target specific met-
als. Interestingly, LPS-induced inflammation is not only associ-
ated with increased hepatic zinc accumulation, but cadmium
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TABLE 1
Cellular distribution and function of metal transporters
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Transporter Localization

Function

Nrampl (Slc1lal)

Nramp2/DMTT1 (Slc11a2) Apical membrane (intestine)

Endosome (reticulocytes/other cells)

Kidney
Basolateral membrane (intestine)
Macrophages (spleen, liver)

Ferroportin (Slc40al)

Hepatocytes
Zip 14 (Slc39al4) Liver, heart, pancreas
Slc30a10 Liver, brain

Late endosome/phagosome (macrophages)

Export divalent metals

Absorb divalent metals (from diet)

Export divalent metals (from endosome)

Metal reabsorption?

Absorb divalent metals (from intestinal enterocyte)
Recycle iron (after erythrophagocytosis)

Release iron from stores

Clearance of non-transferrin-bound iron (liver)
Excrete excess manganese (biliary pathway in liver)

levels in the liver also rise, suggesting a role for Zip14 in this
mechanism, too (93).

Another zinc transporter, Slc30a10, has been implicated in
manganese export. Slc30a10 is highly expressed in the liver and
the brain. Recent genetic studies identified mutations in the
human gene that were associated with hypermanganesemia.
Loading of this metal is observed in both tissues, resulting in
cirrhosis of the liver and Parkinson-like motor impairments
(94, 95). Due to the roles of manganese (and zinc) in combat-
ing infection, one speculation is that this transporter may also
participate in the host immune response. Further study of
this transporter and patients affected by mutations in the
SLC30A10 gene is warranted to better understand how disrup-
tions in manganese metabolism may affect the course of micro-
bial infection.

Table 1 outlines known characteristics of Nrampl in com-
parison with other transporters known to combat infection.
Fig. 1C shows how their cellular distribution and transport
activity help to move metals to and from various cellular
compartments.

Resistance versus Risk

Despite our expanding knowledge about the regulation of
metal transport during infection, precisely how the activity of
Nrampl combats infection remains to some extent uncertain.
This membrane protein most likely has many functions that
contribute to multiple pathways. It has been proposed that the
transporter’s mechanistic effects simply reflect changes in the
level of iron and other metals to alter ROS-regulated signaling
and pro-inflammatory pathways that are important for antimi-
crobial defense mechanisms. It is known that impaired Nramp1
limits NO production and alters cytokine expression in macro-
phages (96). These responses could reflect changes in iron con-
tentat the cellular level because studies have shown that macro-
phage cytokine translation is altered by iron homeostasis (97).
Studies in Nrampl knock-out mice suggest that its key role
might be to enable a faster pro-inflammatory response associ-
ated with increased cytokine gene expression (39). Biochemical
studies have suggested that Nramp1 regulates protein tyrosine
phosphatase activity, and changes in the transporter’s activity
may modulate signal transduction pathways involved in the
macrophage inflammatory response (98). Its function in this
signaling pathway may in fact play a key role in lymphocyte
activation, too (43).

It is possible that the influence of Nrampl on the divalent
metal content of phagosomes and inflammatory responses is
yet still secondary to dysregulation of iron homeostasis through
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TABLE 2

Risk of chronic and infectious disease associated with human alleles
encoding Nramp1
See Ref. 100 and references therein.

SLC11AI
Inflammatory disease
Rheumatoid arthritis Allele 2, allele 3
Inflammatory bowel disease Allele 7
Type 1 diabetes Allele 3

Multiple sclerosis Allele 3, allele 5

Infectious disease

Tuberculosis Allele 2
Leprosy Other polymorphisms
HIV Allele 3
Leishmania Allele 3
Meningococcal meningitis Allele 3

effects on other transporters. Early studies suggested that
Nrampl impairment reduced iron release from macrophages
(99). Later investigations of knock-out mice showed that iron
accumulates in liver and spleen during erythrophagocytosis
(40). Both DMT1 and ferroportin are up-regulated upon loss of
Nrampl function; therefore Nrampl /~ mice have increased
transferrin saturation presumably due to enhanced dietary
uptake as well as impaired macrophage iron recycling. Because
increased iron is associated with susceptibility to infections,
these changes would shift the balance to confer susceptibility.
Such additional roles of metal transport beyond simple nutri-
ent limitation must be better appreciated in the inflammatory
response to infection because there is a need to balance resis-
tance to infection with risk imparted by disturbances in immu-
nostasis. As an interesting example, human mutations in the
gene for Nrampl influence tuberculosis infection and rheu-
matic disease with pleiotropic effects (100). Several human
polymorphisms in the SLC11A1 gene harbor 5'-(GT),, micro-
satellite repeats with the two most frequent alleles differing by
one GT repeat, which affects the gene’s promoter activity.
Allele 3 appears to yield higher expression of Nramp1, whereas
allele 2, which is proposed to promote Z-DNA formation, yields
lower expression. A model has been proposed wherein low-
expressing allele 2 induces chronic infection with low macro-
phage killing, whereas allele 3 is associated with acute infection
and greater pro-inflammatory potential. Human studies sug-
gest that the latter is associated with increased risk of tubercu-
losis and other infectious diseases (Table 2). The balance
reflects the critical importance of metal homeostasis dia-
grammed in Fig. 1D. Too little iron affects our ability to pro-
mote the appropriate inflammatory response and may be asso-
ciated with auto-immune and other diseases, whereas too much
iron fosters human susceptibility to infectious disease. Achiev-
ing the optimum level of iron and other metals is the necessary
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and coordinated task of transporters such as Nrampl, DMT]1,
ferroportin, and others. Although metal transporters help com-
bat infection, we must remember that they have essential roles
that maintain human health that are not limited to infectious
disease.
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