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ABSTRACT Iron is an essential micronutrient for most microbes and their hosts.
Mammalian hosts respond to infection by inducing the iron-regulatory hormone
hepcidin, which causes iron sequestration and a rapid decrease in the plasma and
extracellular iron concentration (hypoferremia). Previous studies showed that hepci-
din regulation of iron is essential for protection from infection-associated mortality
with the siderophilic pathogens Yersinia enterocolitica and Vibrio vulnificus. However,
the evolutionary conservation of the hypoferremic response to infection suggests
that not only rare siderophilic bacteria but also common pathogens may be tar-
geted by this mechanism. We tested 10 clinical isolates of Escherichia coli from chil-
dren with sepsis and found that both genetic iron overload (by hepcidin-1 knockout
[HKO]) and iatrogenic iron overload (by intravenous iron) potentiated infection with
8 out of the 10 studied isolates: after peritoneal injection of E. coli, iron-loaded mice
developed sepsis with 60% to 100% mortality within 24 h, while control wild-type
mice suffered 0% mortality. Using one strain for more detailed study, we show that
iron overload allows rapid bacterial multiplication and dissemination. We further
found that the presence of non-transferrin-bound iron (NTBI) in the circulation is
more important than total plasma or tissue iron in rendering mice susceptible to in-
fection and mortality. Postinfection treatment of HKO mice with just two doses of
the hepcidin agonist PR73 abolished NTBI and completely prevented sepsis-
associated mortality. We demonstrate that the siderophilic phenotype extends to
clinically common pathogens. The use of hepcidin agonists promises to be an effec-
tive early intervention in patients with infections and dysregulated iron metabolism.

KEYWORDS iron, infection, hepcidin, Escherichia coli, sepsis, NTBI

ron is an essential trace element required for multiple vital functions, such as oxygen

transport, cellular respiration, DNA replication and repair, and cell proliferation and
differentiation (1). Consequently, iron is critical for the survival of nearly all organisms,
including microbial pathogens. Host defense mechanisms evolved to target the iron
dependence of invading microbes during infections, with multiple mechanisms acting
to sequester iron from microbes (2). Hepcidin is a hepatic peptide hormone that acts
as the principal regulator of iron homeostasis and orchestrates iron absorption and the
tissue distribution of iron by inhibiting ferroportin-mediated cellular iron transport to
plasma and extracellular fluid (3). Hepcidin production is strongly induced by
interleukin-6 and other inflammatory signals (4), thus causing iron sequestration in
enterocytes and macrophages and a rapid reduction in plasma iron levels. On the other
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side, pathogens have evolved to obtain iron from multiple sources even under limiting
conditions, using such mechanisms as transferrin receptors (5); the breakdown of
ferroproteins, including hemoglobin (6); and the secretion and reuptake of sidero-
phores (7), which can steal iron from host molecules. However, these mechanisms,
while effective, may impose a substantial metabolic burden on the invading pathogen
(8). The battle for iron between the host and the invading pathogen can determine the
outcome of infection (9).

Interventions or diseases that increase iron availability in the host have been linked
to enhanced bacterial pathogenicity and increased susceptibility to infections (10-12).
Iron supplementation in human trials in South Asia and Africa was associated with an
increased risk of respiratory and gastrointestinal infections as well as malaria, leading to
a greater severity of infection and even mortality (13-16). In addition, hereditary
hemochromatosis patients, who are iron overloaded as a result of hepcidin deficiency,
are highly susceptible to infections with several types of bacteria (17-20). Intramuscular
iron dextran administration was associated with increased Escherichia coli sepsis in
neonates (21).

We recently showed that hepcidin deficiency and iron overload dramatically in-
crease infection-associated mortality in mouse models of infection with the siderophilic
bacterium Yersinia enterocolitica (22) or Vibrio vulnificus (23). Studies with a common
reference strain of Gram-negative bacteria, Klebsiella pneumoniae ATCC 43816, revealed
similar results, although the effect of iron availability on survival after infection was less
striking (24). It is therefore not clear whether the enhancement of pathogenicity by
excess iron is applicable to clinically common bacteria that cause sepsis in humans.

In each of these infections, the experimental evidence implicates non-transferrin-
bound iron (NTBI) as the iron species promoting infection. NTBI (25) appears in the
circulation when the binding capacity of the principal plasma iron-transport protein
transferrin is exceeded transiently or chronically, as seen under conditions such as
hereditary hemochromatosis or B-thalassemia, acute and chronic liver failure, hemato-
poietic stem cell transplantation, chronic parenteral iron administration, and blood
transfusions with older packed red blood cells (PRBCs) (11, 25, 26). The molecular forms
of NTBI include mainly ferric citrate but also ferric salts of other organic acids and iron
loosely bound to albumin.

E. coli is a Gram-negative pathogen which normally inhabits the gastrointestinal
tract of humans and other animals without causing any adverse effects (27). However,
it is also among the most common causes of infections in hospitalized patients, ranging
from gastrointestinal infections and urinary tract infections to bacteremia and sepsis
(28). Sepsis affects about 750,000 people in the United States every year and has a high
mortality rate, reaching 30% to 50% (29). According to CDC, E. coli was the pathogen
most commonly isolated from the blood of septic patients (30). Even though E. coli is
not considered a classical siderophilic pathogen, there are a few reports suggesting a
correlation between iron overload and susceptibility to E. coli infection (31, 32), but the
mechanistic connection has not been further explored.

Using randomly selected clinical isolates of E. coli from pediatric patients with sepsis,
we now show in mouse models that iron overload either from genetic hepcidin
deficiency (hereditary hemochromatosis) or from intravenous (i.v.) iron supplementa-
tion increases the rate of sepsis-associated mortality. The pathogenicity of E. coli is
enhanced not by tissue iron overload but by the generation of a specific iron species,
NTBI.

We demonstrate that hepcidin has a critical role in host defense against E. coli
infections by clearing NTBI and that acute postexposure treatment of susceptible
hepcidin-1 knockout (HKO) mice with the hepcidin agonist PR73 abolishes NTBI and
improves survival.

RESULTS
Hepcidin deficiency promotes susceptibility to E. coli sepsis. Hepcidin-deficient
mice had a much higher susceptibility to E. coli infection than wild-type (WT) mice
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TABLE 1 Hepcidin deficiency promotes susceptibility to infection with clinical E. coli isolates?

HKO mice WT mice
Ceftriaxone Dose (no. of No. of No. of P

Isolate no. Diagnosis resistance CFU/mouse) % mortality mice % mortality mice value
1 Urosepsis No 104 100 6 0 6 <0.001
2 Liver failure No 104 100 6 0 6 <0.001
3 Leukemia No 104 100 5 0 6 0.002
4 Sickle cell disease Yes 104 100 5 0 5 0.003
5 Urosepsis No 104 100 5 0 5 0.003
6 Congenital heart disease No 100 100 5 0 5 0.003
7 Evan’s syndrome Yes 108 100 5 0 3 0.012
8 Kidney and liver transplant No 100 60 5 0 3 0.05

9 Liver and bowel transplant No 100 30 4 0 3 0.386
10 End-stage renal disease Yes 1076 20 5 0 5 0.371

aThe clinical E. coli blood isolates were obtained from the Ronald Reagan UCLA Medical Center. WT mice suffered 0% mortality and did not develop disease signs,
such as weight loss, a change in appearance, or decreased activity, after infection with any of the isolates at the described doses. However, for 8 out of 10 isolates,
HKO mice suffered 60% to 100% mortality with the same inocula.

bFor isolate 10, we also tested a 5 X 107-CFU/mouse dose, and it caused 100% mortality in both WT and HKO mice.

(Table 1; see also Fig. S1 in the supplemental material). Most of the clinical E. coli
isolates, 8 out of 10, caused mortality (60 to 100%) in naturally iron-loaded HKO
(IL-HKO) mice within 24 h of infection at doses where none of the WT mice developed
signs of disease (no significant weight loss, except after infection with isolates 3 and 10,
where weight loss was minimal [Table S1], and no changes in appearance or activity).
The remaining two E. coli isolates (isolates 9 and 10) were avirulent in mice, regardless
of their iron status, since we observed very low mortality after infection of IL-HKO and
WT mice even with high bacterial doses.

Genetic as well as iatrogenic iron overload promotes sepsis-associated mor-
tality in an E. coli infection model. From among the five isolates that caused rapid
mortality in mice at the 10%-CFU inoculum, we randomly selected isolate 1 (a blood
culture isolate from a patient with urosepsis) for more detailed characterization.
Because they lack hepcidin, HKO mice develop spontaneous severe iron overload even
when they are fed a standard diet, modeling hereditary hemochromatosis in human
patients. As shown in Table 1, E. coli isolate 1 caused 100% mortality in IL-HKO mice,
while none of the infected WT mice died (Fig. 1A). These results were validated using
the WT littermates of HKO mice (data not shown). Further analysis showed that
hepcidin deficiency and the associated iron overload promoted tissue bacterial dis-
semination: at 16 h after infection, WT mice had undetectable numbers of CFU, while
naturally iron-loaded HKO mice had 10" CFU/ml in their blood and 10° CFU/mg in their
liver (Fig. 1B), indicating that the initial inoculum rapidly multiplied in the host. We then
tested whether it was the iron overload rather than any other potential effect of
hepcidin deficiency that promoted susceptibility to E. coli infection. In these experi-
ments, iron-loaded HKO mice suffered 80% mortality within 24 h of intraperitoneal (i.p.)
infection with 10* CFU of E. coli (isolate 1) per mouse. However, iron depletion of HKO
mice completely prevented the mortality associated with infection with the same
isolate (Fig. 1), indicating that hepcidin deficiency promotes susceptibility to E. coli
infection through iron overload. Accordingly, the bacterial burden in tissues and blood
was very high for iron-loaded HKO (IL-HKO) mice, while bacteria were not detected in
iron-depleted HKO (ID-HKO) mice (Fig. 1D).

Intravenous (i.v.) iron administration for iron deficiency is used quite commonly in
chronically ill hospitalized patients, especially if repletion is urgent or the oral route is
not available because of the underlying disease processes. i.v. iron can cause iatrogenic
iron overload in these patients and in some studies has been linked to higher infection
rates (9). Although the iron-polysaccharide complexes that make up these preparations
are formulated to be processed by macrophages before iron is delivered to transferrin,
various amounts of labile forms of iron are also directly released from these complexes
(33). Here we investigated whether i.v. iron supplementation affects E. coli sepsis. WT
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FIG 1 Genetic as well as iatrogenic iron overload enhances sepsis-associated mortality in a mouse model
of E. coli infection (A and B) Survival (A) and the number of bacterial CFU in blood and liver (B) after
infection of wild-type (WT) or naturally iron-loaded hepcidin-1 knockout (IL-HKO) mice with 104 CFU/
mouse E. coli (isolate 1). Dashed line, limit of detection. (C and D) Survival (C) and number of bacterial
CFU in blood and liver (D) after infection of IL-HKO or dietary iron-depleted HKO (ID-HKO) mice with 104
CFU of E. coli (isolate 1) per mouse. Dashed line, limit of detection. (E and F) Survival of WT mice that were
injected i.v. with saline, 2 to 4 mg iron sucrose (E), or 2 mg iron dextran (F) and 4 h later infected i.p. with
10* CFU of E. coli (isolate 1) per mouse. The results of two separate experiments were combined for
panels E and F. In the experiment whose results are shown in panel E, two different batches of iron
sucrose were used and pretested prior to these experiments. In pilot experiments, the first batch
promoted susceptibility to infection at 2 mg/mouse. In pilot studies with the second batch, 2 mg/mouse
did not promote infection, while 4 mg/mouse did, consistent with the reported variability of rapid labile
iron release from such preparations (44).

mice were injected with either 2 or 4 mg of i.v. iron sucrose from two different
preparations, respectively (Fig. 1E), or 2 mg of i.v. iron dextran (Fig. 1F) through the
retroorbital plexus. Control animals received sterile saline injections. At 4 h after i.v. iron
administration, the mice were infected intraperitoneally (i.p.) with 10* CFU of E. coli
(isolate 1) per mouse. We observed 100% mortality in iron sucrose-injected mice and
50% mortality in iron dextran-injected mice (Fig. 1E and F), while all control animals
survived, suggesting that iatrogenic iron loading also promotes susceptibility to sepsis-
associated mortality in WT mice. We also tested i.v. iron injection alone without
infection and did not observe any adverse effects of iron administration (data not
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shown). Another common cause of iron overload and possible transient increase of
serum iron is red blood cell (RBC) transfusion, especially when older packed RBCs are
transfused (11). We developed a model in which WT mice were transfused through the
retroorbital plexus with 400 ul of fresh (3-h-old) mouse packed RBCs and 4 h later were
infected with E. coli. However, transfusion did not promote susceptibility to sepsis in
this model (Fig. S2). It has been previously shown that a single transfusion only with old
PRBCs (>14-day-old mouse PRBCs, which is equivalent to >42-day-old human packed
RBCs) but not fresh packed RBCs promotes susceptibility (12) to infection, which may
explain our results. Furthermore, a single transfusion in our model introduced only a
moderate amount of iron (~0.4 mg), most of which likely remained in RBC hemoglobin
during the course of infection, and did not reflect the degree of clinical iron overload
resulting from multiple transfusions over time (34).

In infected WT mice, the early inflammatory response induces hepcidin and
subsequent hypoferremia. We have previously shown that hepcidin is essential for
protection from early mortality after infection with certain siderophilic (iron-loving)
pathogens, such as Yersinia enterocolitica and Vibrio vulnificus (22, 23). Hepcidin has two
important effects, which are demonstrated, respectively, in the two models: (i) it
controls baseline iron levels, allowing local defenses to abort the initial infection
without eliciting a systemic inflammatory response (in the case of oral administration
of Y. enterocolitica), and (ii) it induces inflammation-driven hypoferremia after the initial
infection develops and thus further limits the amount of iron available for subsequent
bacterial replication (seen after intraperitoneal injection of Y. enterocolitica [22] and
subcutaneous injection of V. vulnificus [23]). To measure the inflammatory response in
our E. coli model, we injected WT mice i.p. with saline (control) or 10* CFU of E. coli
(isolate 1) per mouse and collected tissues for analysis at 4 h and 16 h postinfection
(p.i.). As before, none of the infected WT mice suffered mortality or showed signs of
illness. However, the amount of liver Saal mRNA, which is a marker of acute inflam-
mation, was increased 64-fold both at 4 h p.i. and at 16 h p.i. (Fig. 2A), showing that an
early systemic inflammatory response to the infection was mounted. Accordingly,
hepcidin was induced, as we detected 2-fold higher levels of hepcidin protein (Fig. 2B)
and 4-fold increased levels of hepcidin mRNA (Fig. 2C) at 4 h p.i. We often observed
even greater hepcidin induction, but the mice used in this experiment were 10 to 14
weeks old and their baseline hepcidin level was already very high, limiting the fold
increase. Hepcidin induction at 4 h p.i. resulted in hypoferremia (Fig. 2D), detected at
16 h p.i, since it takes time for the plasma to become depleted of iron after iron efflux
is inhibited by hepcidin. It has been previously reported that inflammation can induce
hypoferremia independently of hepcidin (35), but this was not the case in our model,
since hepcidin-deficient mice did not have lower serum iron levels at 16 h after
infection with E. coli (Fig. S3). Thus, even in mice that did not show any signs of illness,
E. coli infection was sufficient to elicit a systemic inflammatory response and increased
hepcidin levels and hypoferremia.

Minihepcidin PR73 prevents E. coli sepsis-associated mortality in HKO mice, a
model of hereditary hemochromatosis. Our study so far showed that hepcidin is
essential for protection against E. coli sepsis. We therefore tested for the therapeutic
effect of the hepcidin analog PR73 in infected mice. Naturally iron-loaded HKO mice
were infected with 10* CFU of E. coli (isolate 1) per mouse and treated i.p. with solvent
(control) or 100 nmol of PR73 at 3 h and 24 h postinfection. As before, 100% of the
control animals died within 24 h of infection and solvent treatment. However, treat-
ment with only two doses of minihepcidin was sufficient to completely prevent
mortality after infection with isolate 1 (Fig. 3A). Similar results were obtained when
using isolate 2 (Fig. S4A). This effect resulted from inhibition of bacterial dissemination
and replication, as the numbers of CFU in both blood and liver were significantly
decreased by the PR73 treatment (Fig. 3B): while control animals had, on average, 10'°
CFU/ml and 107 CFU/mg in their blood and liver, respectively, minihepcidin-treated
animals had only 102 CFU/ml or 102 CFU/mg in their blood and liver, respectively. Next,
we asked whether minihepcidin treatment could be beneficial if it was started even
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FIG 2 E. coli infection rapidly induces systemic inflammation, increases hepcidin levels, and causes
hypoferremia. WT mice were injected i.p. with either saline or 104 CFU of E. coli (isolate 1) per mouse.
Tissues were collected at 4 and 16 h postinfection for analysis. We measured liver Saa1 levels as a marker
of systemic inflammation (A), hepcidin protein (B), hepcidin mRNA (C), and the serum iron concentration
(D). Inflammation induces the initial rise in serum hepcidin protein and mRNA levels, followed by
hypoferremia and a reactive decrease in hepcidin protein and mRNA levels.

later than 3 h p.i. Since most of the mice became moribund by 16 h p.i., we decided to
administer the first minihepcidin dose at 10 h p.i. However, at this time point the mice
were already very sick and minihepcidin treatment was not beneficial (Fig. S4B). These
results suggest that minihepcidin treatment prevents E. coli sepsis-associated mortality
in a model of hereditary hemochromatosis, but only if it is given early enough after
infection.

Effects of iron in tissue and the plasma transferrin and nontransferrin com-
partments on E. coli infection. Having shown that iron overload promotes suscepti-
bility to E. coli infection and that endogenous hepcidin or exogenous minihepcidin is
protective, we next asked which iron pool may be critical in promoting infection. We
analyzed tissue iron (liver), extracellular iron (serum), and a specific extracellular iron
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FIG 3 Minihepcidin prevents E. coli sepsis-associated mortality in a model of hereditary hemochroma-
tosis. Naturally iron-loaded HKO mice were infected i.p. with 10* CFU of E. coli (isolate 1) per mouse and
treated with solvent (SO) or 100 nmol minihepcidin (MH) at +3 and +24 h p.i. Survival was monitored
(A), and in two repeat experiments, tissues were collected at 16 h p.i. to assess the bacterial burden in
the blood and liver (B). Dashed line, limit of detection.
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species (non-transferrin-bound iron [NTBI]) in groups of mice that were susceptible to
or protected from infection (Fig. 4).

Comparing those parameters between resistant WT and susceptible iron-loaded
HKO mice, we found that iron-loaded HKO mice had high liver iron, serum iron, as well
as NTBI levels (Fig. 4A), confirming that iron overload promotes susceptibility to
infection.

To selectively deplete extracellular iron, we treated HKO mice with the minihepcidin
PR73, a potent hepcidin agonist, at a dose that prevents sepsis-related disease signs and
mortality. As expected, a single minihepcidin dose did not change liver iron levels but
caused a significant drop in the serum iron and NTBI concentrations (Fig. 4B), suggesting
the importance of extracellular rather than total body iron in promoting E. coli infection.

Lastly, we compared the iron distribution in iron-depleted HKO and iron-loaded HKO
mice. As expected, we found tissue iron levels to be higher in iron-loaded than iron-
depleted HKO mice (Fig. 4C). As HKO mice lack the ability to lower their serum iron
concentrations until their stores are completely iron depleted, serum iron levels were
comparable between the two groups and only NTBI levels were different. The generation
of NTBI is not reflected solely in the serum iron concentration but is also dependent on the
kinetics of iron efflux from macrophages, hepatocytes, and enterocytes and the ability of
the liver to rapidly clear NTBI. The differences in cellular iron content and, therefore, efflux
likely account for the difference in NTBI concentrations between the infection-susceptible,
iron-loaded group and the infection-resistant, iron-depleted group. Altogether, the protec-
tive effects of iron depletion and minihepcidin treatment indicate that it is not primarily the
tissue iron level or the serum iron level but the NTBI level that promotes susceptibility to
E. coli sepsis. However, since we cannot completely uncouple the increased serum iron
concentration from the increased NTBI concentration, we cannot exclude the possibility
that both the transferrin-bound iron (Tf-Fe) and NTBI compartments promote E. coli
virulence in this model.

To determine whether NTBI promotes E. coli growth in human plasma, we supple-
mented the plasma with increasing concentrations of iron. We added 0 to 60 uM ferric
ammonium citrate (FAC), an iron species similar to the predominant component of NTBI
(36), in order to gradually saturate transferrin, thus increasing the concentration of
transferrin-bound iron (Tf-Fe) and eventually leading to the formation of NTBI. The
plasma was solidified by the addition of agar, and E. coli (isolate 1) was plated on the
plasma agar. We observed bacterial growth only under conditions where NTBI was
present (Fig. 4D and Table S2). When testing the other 9 isolates, we observed two
types of behavior (Table S3): similarly to isolate 1, five out of the nine isolates grew only
under conditions where NTBI was detectable. The other four isolates likewise failed to
grow within 22 h of incubation in plasma when iron was not supplemented but did
start growing already at lower FAC concentrations where we could not yet detect NTBI
with our methodology. We hypothesize that the plasma did not reach equilibrium with
the added FAC, so that a small amount of NTBI was present and was sufficient to
advance bacterial growth for these isolates. The obtained results are heterogeneous,
reflecting the expected heterogeneity of clinical isolates. However, for all isolates the
additional iron accelerated bacterial colony formation within 24 h of incubation. Further
incubation would not be relevant for our model since all of the mice died within 24 h
of infection. Several siderophore systems are known to exist in E. coli (37), so it is likely
that these bacteria can use diverse sources of iron both in our in vitro assay and in vivo.
However, we hypothesize that in the presence of NTBI the bacteria can initiate rapid
growth, thus overwhelming host defense. The ability of hepcidin to clear NTBI from the
circulation and extracellular fluid may delay bacterial growth, and this delay could be
an important determinant of infection outcome.

DISCUSSION

During infection and inflammation, the plasma concentration of hepcidin is greatly
increased, leading to the sequestration of iron in macrophages and enterocytes with
consequent hypoferremia (4). We previously showed that this mechanism of innate
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FIG 4 Non-transferrin-bound iron (NTBI) rather than total iron promotes susceptibility to E. coli sepsis. (A
to Q) Liver iron, serum iron, and non-transferrin-bound iron measurements for WT (white boxes) and
IL-HKO (red boxes) mice (A), IL-HKO mice treated i.p. either with a single dose of solvent (red boxes) or
100 nmol minihepcidin (white boxes) at 14 h prior to tissue collection (B), or IL-HKO (red boxes) and
ID-HKO (white boxes) mice (C). All mice were infected i.p. with 10* CFU of E. coli (isolate 1) per mouse,
and tissues were collected at 14 to 16 h postinfection (p.i.). IL, iron loaded; ID, iron depleted. (D) Human
plasma was supplemented with 0 to 60 uM ferric ammonium citrate (FAC) and used to make agar plates.

(Continued on next page)
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immunity limits extracellular iron availability and inhibits the growth of the siderophilic
pathogens Vibrio vulnificus (23) and Yersinia enterocolitica (22) in vitro and in mice.
However, hepcidin-induced hypoferremia is a highly conserved response to various
infections of mammals, raising the question of whether it acts against a set of bacteria
broader than these relatively rare classical siderophilic pathogens. We therefore com-
pared the outcomes after infection of HKO mice and WT mice with 10 different clinical
E. coli isolates. To our surprise, with most isolates, hepcidin-deficient mice rapidly
developed overwhelming sepsis and suffered 100% mortality within 24 h of infection
at inoculum doses where 0% of wild-type mice with normal iron metabolism died
(Table 1). Thus, hepcidin is essential for protection against E. coli infection-associated
mortality. The dramatic difference in survival was observed for 8 out of the 10 clinical
isolates, while the remaining 2 isolates showed lower virulence in mice, not causing
significant mortality in either WT or HKO mice. These results suggest that hepcidin is an
important component of the innate immune response against a range of pathogens
wider than has heretofore been appreciated. Using iron depletion experiments, we
showed that the protective effect of hepcidin is dependent on its effects on iron
distribution rather than a direct antimicrobial effect. The hepcidin analogue PR73
completely protected the highly susceptible HKO mice with only two doses, given at 3 h
and 24 h postinfection.

Hepcidin controls extracellular iron levels by occluding and degrading the iron
transporter ferroportin. Inflammation resulting from administration of different
pathogen-associated molecular patterns (PAMPs) in mice was reported to decrease
ferroportin expression independently of hepcidin (35). In our hepcidin-deficient mice,
however, this mechanism was not sufficient to alter plasma iron levels or protect mice
from sepsis, indicating that in infection in vivo, hepcidin plays an essential and
dominant role in controlling iron availability to pathogens.

Iron supplementation has been linked to increased infection rates in some human
trials (13, 14). As a result, medical guidelines recommend avoiding i.v. iron in infected
patients, although without strong evidence supporting causality (38). In our model of
E. coli infection, i.v. iron administration dramatically increased sepsis and mortality (Fig.
2), thus supporting the concern about iron supplementation in patients with infections.
Moreover, parenteral iron administration may be linked to systemic oxidative stress-
induced mortality in experimental murine sepsis models with heat-killed E. coli (39). We
cannot exclude the possibility that increased oxidative stress also contributes to
mortality in our models of E. coli sepsis.

We suggest that assessing the infection status of patients should be an important
consideration in the timing of iron therapy. Furthermore, as with the classical sidero-
philic bacteria (22), the iron species that played an important role in increased suscep-
tibility to sepsis with clinical isolates of E. coli was NTBI. Apparently, NTBI, not tightly
bound to chaperone proteins, is more readily available to pathogens and may allow
them to acquire iron faster or with a lower energy expenditure, thus allowing faster
growth. We cannot, however, exclude the possibility that other iron species also
contribute to susceptibility to infection. E. coli has not been considered a classic
siderophilic pathogen because, unlike Y. enterocolitica and V. vulnificus, its disease-
causing ability has not been clearly linked to iron availability. Furthermore, most E. coli
isolates produce siderophores (40) and should be able to access iron from multiple
sources. However, siderophore production incurs a high metabolic cost, and secreted
siderophores are readily pirated by niche competitors. Many bacteria do not produce
siderophores constitutively but induce production in response to environmental clues.
The initial survival of bacteria entering the host may depend on the rates of bacterial
proliferation relative to the rates of bacterial clearance by host defense mechanisms.

FIG 4 Legend (Continued)
E. coli isolate 1 was plated and incubated for 38 to 41 h at 37°C, and the number of bacterial CFU was

documented by photography. The results of two separate experiments using plasma from different
donors are shown. Conditions below the red line had detectable NTBI.
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We hypothesize that if NTBI is present during early phases of infection, the bacteria may
rapidly replicate, overwhelming local defense mechanisms and causing severe infection
and mortality like that which we saw in HKO mice and i.v. iron-injected WT mice (Table
1 and Fig. 1). In the absence of NTBI, the bacteria depend on the induction of more
complex iron acquisition systems that require additional metabolic resources, slowing
the initial proliferation of bacteria (8).

Our current understanding of the role of iron in infections is still limited, and future
studies may find that the disease-causing ability of many more bacterial species is
enhanced by genetic or iatrogenic iron excess. In these settings, the manipulation of
iron metabolism by hepcidin agonists early in the course of the disease could be an
effective adjunctive treatment.

MATERIALS AND METHODS

Bacterial preparation. Escherichia coli blood culture isolates collected in 2015 from hospitalized
pediatric patients were kindly provided by the Pediatric Infectious Disease Division at UCLA, with brief
patient histories being provided in Table 1. A 35% glycerol stock was prepared for each of the isolates,
aliquoted, and stored at —80°C. For infection experiments, an aliquot of the stock was thawed, and 5 ul
was inoculated in 5 ml Luria-Bertani broth (LB; Becton Dickinson [BD]) and cultured overnight (ON) at
37°C (18 to 22 h). An ON culture was recultured (100 ul of the ON culture in 5 ml fresh LB) for 3 h at 37°C
in order to reach exponential phase and then centrifuged at 7,500 relative centrifugal force for 5 min and
resuspended in sterile phosphate-buffered saline (PBS). The bacteria were diluted to the desired
concentration using the optical density at 600 nm (ODg,,) as an indicator of the bacterial concentration
(an ODg,, of 1 is equivalent to 1 X 10° CFU/ml) (41).

Animal models. All animal experiments performed for this study were approved by the UCLA Office
of Animal Research Oversight. Wild-type (WT) mice (The Jackson Laboratory) and hepcidin-1 knockout
(HKO) mice (42), both on the C57BL/6 mouse background, were used for the infection experiments. For
survival experiments comparing HKO to WT mice, we used either WT and HKO littermates or WT mice
purchased from The Jackson Laboratory and acclimated to our vivarium for at least 2 weeks, with no
difference in outcomes. At arrival to the vivarium, the bedding was exchanged between purchased WT
mice and resident HKO mice to partially account for differences in the microbiome. The animals were fed
ad libitum a standard diet (iron concentration, 185 ppm). In order to achieve iron depletion of HKO mice,
the animals were fed an iron-deficient diet (4 ppm Fe; Envigo Teklad) for 5 to 6 weeks prior to the
experiment. For some experiments, WT mice were injected intravenously (i.v.) with iron sucrose or iron
dextran: the animals were anesthetized using isoflurane (Clipper) and then injected i.v. in the retroorbital
plexus using a 28-gauge insulin syringe. The dose used was 2 or 4 mg iron sucrose (Venofer; American
Regent Inc.) per mouse in a 100- or 200-ul volume, respectively, or 2 mg iron dextran (Sigma) in 100 ul
per mouse. Iron administration was performed 4 h prior to infection.

Mice were infected via intraperitoneal (i.p.) injection with different doses of E. coli. Animal well-being
and behavior were monitored closely, and mice were euthanized by isoflurane (Clipper) injection when
they showed symptoms of imminent mortality (decreased activity, weight loss, lack of grooming).

Preparation of minihepcidin. Minihepcidin PR73 was synthesized as previously described (23) using
standard solid-phase 9-fluorenylmethoxy carbonyl chemistry. Lyophilized minihepcidin was dissolved in
70% ethanol (Gold Shield Chemical Co.) together with the solvent DSPE-020 CN (NOF Corporation). The
solution was dried in a SpeedVac apparatus to decrease the ethanol content. The dried product was
stored at 4°C until needed for experiments, when it was resuspended in sterile injection water (Abbot
Laboratories). i.p. injections were administered at 100 nmol PR73 in 100 ul per mouse. Control animals
were injected with solvent only (100 ul i.p.).

Assessment of bacterial burden. Blood and liver were collected at 13 to 18 h postinfection for
bacterial burden measurement. Blood was collected through cardiac puncture and mixed with heparin
to prevent coagulation, and serial 10-fold dilutions with sterile PBS were prepared. The whole liver was
collected and homogenized, and 50 ul of the homogenate was weighed and mixed with 200 ul sterile
water. The resulting mixture was used for serial 10-fold dilutions with sterile PBS. For assessment of the
numbers of CFU in both blood and liver, 5 ul from each dilution was plated on LB 1.5% agar plates in
duplicate. The plates were incubated at 37°C for 15 to 16 h, and the number of colonies was counted
using a dissecting microscope.

Measuring nonheme iron. The whole liver was dissected and homogenized, and 75 ul was weighed.
Then, 1,125 ul protein precipitation solution (0.53 N HCI [Fisher] and 5.3% trichloroacetic acid [Fisher])
was added and the mixture was incubated at 100°C for 1 h. The samples were centrifuged, and the
supernatant was analyzed for the iron concentration using the colorimetric Iron SL assay (Sekisui
Diagnostics) following the manufacturer’s instructions. An iron AA standard (Ricca Chemical Company)
was used in serial dilutions to generate a standard curve and determine the iron concentration in the
samples. For serum iron measurements, blood was collected through cardiac puncture and centrifuged
in serum separator tubes (BD) to obtain serum samples. Their iron concentration was measured using the
colorimetric Iron SL assay (Sekisui Diagnostics) following the manufacturer’s instructions.

Gene expression assessment. The TRIzol reagent (Life Technologies) was used to isolate RNA from
snap-frozen liver samples following the instructions in the manufacturer’'s manual. Then, cDNA was
synthesized using an iScript cDNA synthesis kit (Bio-Rad) following the manufacturer’s protocol. Sso
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Advance SYBR green supermix (Bio-Rad) and a CFX96 Touch real-time PCR detection system (Bio-Rad)
were used to perform quantitative real-time PCR for genes for the following proteins: Saal (forward
primer, AGTCTGGGCTGCTGAGAAAA; reverse primer, ATGTCTGTTGGCTTCCTGTG), Hprt (forward primer,
CTGGTTAAGCAGTACAGCCCCAA; reverse primer, CAGGAGGTCCTTTTCACCAGC), and Hamp (forward
primer, TTGCGATACCAATGCAGAAGA; reverse primer, GATGTGGCTCTAGGCTATGTT). The gene for Hprt
was used as the housekeeping gene, and the results in the figures are shown as the change in the
threshold cycle (C;) value (AC,), which is equal to the C; for Hprt minus the C; for the test gene.

Hepcidin ELISA. The serum hepcidin protein concentration was measured by performing an
enzyme-linked immunosorbent assay (ELISA) as previously described (23) with the following reagents:
Ab2B10 (capture) and Ab2H4-horseradish peroxidase (detection) antibodies, kindly provided by Amgen,
and synthetic mouse hepcidin-25 (standard curves with concentrations ranging from 400 to 3.2 pg/ml).
NTBI assay. The non-transferrin-bound iron (NTBI) concentration was measured as previously
described (22) by a protocol adapted from that of Esposito et al. (43). All samples were frozen after
collection and stored at —80°C. Once thawed, the samples were measured in triplicate at 5 ul/well and
never reused.
Bacterial growth in human plasma agar. Human plasma (anonymous leftover plasma that is
institutional review board exempt) was inactivated by incubation at 56°C for 30 min and centrifuged at
9,200 X g to remove precipitated protein. Then, 0 uM to 60 uM ferric ammonium citrate (FAC; Sigma)
was added and the plasma was incubated ON at 37°C to allow the iron to bind transferrin. On the
following day, a few drops of hot 12% agar were added to the warm plasma and the mixture was quickly
pipetted into a 96-well plate. E. coli isolates were cultured as described above and diluted to a
concentration of 10 CFU/ml, and 5 ul was plated in each well in duplicate. The bacteria were incubated
for up to 42 h at 37°C, and the bacterial growth was photographed.

Statistics. Statistical analysis was performed using the SigmaPlot program. Survival was analyzed

using Kaplan-Meier survival curves and the log-rank test. For the rest of the data, Student’s t test was
used for normally distributed data and the Mann-Whitney rank-sum test was used for data that were not
normally distributed. Box plots with error bars show the median and 10th, 25th, 75th, and 90th
percentiles.
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