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The Role of Iron in the Susceptibility of Neonatal Mice to
Escherichia coli K1 Sepsis
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Sepsis from Escherichia coli expressing the K1 antigen is a leading cause of death in neonates. In a murine model, E. coli K1 grew
rapidly in the peritoneal cavity of neonatal mice, causing fatal disease. In contrast, adult mice cleared the infection. Neonatal mice
mounted a rapid and equivalent antimicrobial immune response compared to adult mice. Interestingly, peritoneal fluid from neo-
natal mice contained significantly more total iron than that of adult mice, which was sufficient to support enhanced E. coli growth.
Transient iron overload in adult mice infected with E. coli resulted in 100% mortality. Maternal diet-induced mild iron deficiency
decreased offspring peritoneal iron, decreased bacterial growth, and conferred protection against sepsis. Taken together, neonatal
susceptibility to E. coli K1 sepsis is enhanced by a localized excess of peritoneal iron that allows for unchecked bacterial growth.

Targeting this excess iron may provide a new therapeutic target in human patients.
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Early-onset sepsis, which occurs within the first 3-5 days after
birth, afflicts 1 in 1000 live births in the United States and has
a case fatality rate approaching 25% [1, 2]. Escherichia coli is
a leading cause of early-onset sepsis in both preterm and
term infants [2, 3]. Escherichia coli expressing the K1 antigen,
which confers resistance to phagocytosis, is a neonatal-specific
pathogen associated with neonatal sepsis and meningitis [4].
Infection occurs by translocation of E. coli K1 from the lumen
of the gut and subsequent invasion into the bloodstream [5].
Antibiotic treatment must be initiated immediately to control
disease and permit survival. This is challenging because sepsis
often presents with nonspecific signs and symptoms without
reliable biomarkers to assist in diagnosis. Antibiotic adminis-
tration for all critically ill neonates is undesirable because un-
necessary antibiotic exposure is associated with disruption in
beneficial microbial colonization and increased autoimmunity
and allergy later in life [3, 6]. It is therefore critical to identify
additional therapeutic options in the treatment of neonatal
sepsis.
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Neonatal susceptibility to infections has been studied almost
exclusively in the context of immune system immaturity [1, 3].
Previous research has shown that many aspects of the neonatal
immune system are hyporesponsive when compared to that of
adults. This includes decreased cytokine responses following
Toll-like receptor (TLR) stimulation of leukocyte subsets and
reduced ability to mobilize mature neutrophils during acute in-
fection [7-10]. However, recent work suggests that neonatal im-
munity is not as suppressed as previously believed. Some studies
report that neonatal monocytes and cord blood leukocytes
produce equivalent, or enhanced, cytokine responses when
stimulated with TLR agonists compared to adult cells [9, 11-
13]. It is therefore important to consider both immune cell in-
trinsic and extrinsic factors when studying neonatal immunity.

Iron is a trace nutrient that virtually all organisms need for
survival. Reduced iron acquisition cripples the virulence of
many pathogens [14], and disrupted iron homeostasis renders
hosts susceptible to infections [15-17]. In adult mammals at
homeostasis, most iron is used for renewing erythrocytes with
relatively low iron demand in other tissue types, which can be
sustained with minimal dietary input [18]. In contrast, neonates
have high iron demands to support blood expansion, tissue
growth, and neurodevelopment [19, 20]. In the first 6 months of
life, most iron needs can be met by mobilizing abundant stores
of iron in the liver, which are present at birth. In the gut, the pro-
tein lactoferrin promotes high-efficiency iron absorption from
breast milk [21]. In contrast to adults, who limit iron absorption
if their internal stores are sufficient, iron absorption in the neo-
natal gut is more rapid and not downregulated by sufficient iron
stores [22-24]. The developing neonate therefore must mobilize
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large amounts of iron to support growth, yet keep local levels
low to prevent toxicity and infection.

In this study, we present evidence that neonates have an iron-
rich niche in the peritoneal cavity that can permit outgrowth
of pathogenic bacteria. This process occurs independently from
immune cell function, and highlights a novel mechanism of ne-
onatal susceptibility to a common pathogen.

METHODS

Animals

Animal protocols were approved by the University of Michigan
Institutional Animal Care and Use Committee. C57BL/6 mice
were bred and maintained at the university animal facility
under standard specific-pathogen free conditions. A female
mouse was placed in a cage with a male mouse for 5 days to
generate timed pregnancies.

Bacterial Strain and Culture

Escherichia coli strain C5 was acquired from the American
Type Culture Collection (ATCC 700973) and stored in glycerol.
Bacteria were grown overnight in tryptic soy broth at 37°C,
shaking at 200 rpm. The day of infection, bacteria were diluted
1:10 in tryptic soy broth and incubated for 1 hour at 37°C at
200 rpm. Bacterial concentration was determined by measuring
culture optical density at 600 nm on a plate reader (Molecular
Devices). Bacteria were washed in phosphate-buffered saline
(PBS) and diluted for experiments.

Sepsis Model

Male and female neonatal (4-6 days old) and adult (2-4
months) mice were infected with 1 x 10° colony-forming
units (CFU) of E. coli C5 in 50 pL PBS via intraperitoneal
(IP) injection. Adult mice were infected with 1 x 10* CFU
in 100 uL PBS. In select experiments, neonatal mice were
infected by oropharyngeal gavage with 1 x 10° CFU in 10 pL
PBS using a 24-gauge gavage needle (Prime Bioscience). Mice
were euthanized if they reached humane endpoints. Neonatal
mice were euthanized by decapitation. Blood was collected
from the carcass into a plate treated with heparin (APP
Pharmaceuticals). Adult mice were euthanized by sodium
pentobarbital (Vortech Pharmaceuticals) and exsanguinated
by cardiac puncture. Serum was collected after centrifugation
at 3000 relative centrifugal force for 15 minutes. Peritoneal
wash was performed in neonates by creating an incision in
the abdomen, pipetting 300 pL PBS into the peritoneal cavity,
and recovering the fluid via transfer pipette; in adult mice,
peritoneal wash was collected in 3 mL through an 18-gauge
needle. Bacterial burden was determined by serial dilutions,
plating on tryptic soy agar, and colony enumeration. For select
experiments, neonatal mice were injected with deferoxamine
mesylate 100 mg/kg IP (Sigma-Aldrich) or deferiprone 50
mg/kg IP (Selleckchem) 4 hours prior to E. coli infection. For

select experiments, adult mice were injected with 450 pg of
sterile ammonium iron(III) citrate (FAC; Sigma-Aldrich).
For dietary iron manipulation, females were placed on the
iron-sufficient diet for 2 weeks before mating (45 ppm iron,
custom formulation of AIN-93, Envigo). At embryonic day 14,
breeding females were either maintained on the iron-sufficient
diet or were switched to the iron-deficient diet (2-4 ppm iron,
AIN-93) for the remainder of pregnancy and lactation [25].

Adoptive Transfer

Spleens were collected from mice, disrupted into a cell sus-
pension using a syringe, and separated using Ficoll-Isopaque
centrifugation (GE Healthcare Biosciences); neutrophils and
macrophages were collected from the pellet and buffy coat, re-

spectively, and purified by CD11b%*%2

magnetic separation
(Miltenyi Biotec), and 1 x 10° neutrophils or macrophages from
neonatal or adult mice were injected IP into neonatal mice im-

mediately prior to E. coli K1 infection.

Peritoneal Wash In Vitro Experiments

Peritoneal wash fluid from naive neonatal and adult mice
was centrifuged at 2500g¢ for 5 minutes to generate cell-free
fluid. Wash fluid was diluted to match protein content be-
tween samples. Escherichia coli K1 was seeded at 1 x 10° per
100 pL and incubated at 37°C with 5% carbon dioxide. At var-
ious timepoints, aliquots of the culture were removed for enu-
meration on tryptic soy agar plates. For select experiments,
FAC 240 ng/well (Sigma-Aldrich) was added to wash fluid
samples. Deferoxamine mesylate 1.5 pg/well (Sigma-Aldrich)
or deferiprone 0.35 pg/well (Selleckchem) was added to neo-
natal wash fluid samples for select experiments.

Iron and Protein Measurement

Total iron was measured in peritoneal wash fluid and serum
using the ferrozine assay from a commercial kit (Sigma-
Aldrich). Protein was measured using the Bradford assay, and
cytokines were measured by Bioplex (both from Bio-Rad).

In Vitro Phagocytosis and Killing Assays

Splenic macrophages and neutrophils were collected as previ-
ously described. Assays were conducted in complete RPMI (400
mM/L 1-glutamine, 10% fetal calf serum, 1% sodium pyruvate,
and 1% nonessential amino acids). Phagocytosis and intracel-
lular killing were assessed using a gentamicin protection assay
with 1 x 10° leukocytes and 1 x 10" E. coli K1 CFU per well
as previously described [26]. Opsonization-induced phagocy-
tosis was measured by incubating E. coli with a 1:100 dilution
of human immunoglobulin G (IgG) for 60 minutes (Sigma-
Aldrich) followed by the addition of IgG-bound E. coli to neo-
natal or adult macrophages. Select experiments were performed
after the addition of 50 uM FAC to cultures. Neutrophil total
killing was measured both with and without the addition of 50
uM FAC to complete RPMI containing adult neutrophils at a
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concentration of 1 x 10° cells/well with an E. coli K1 concentra-
tion of 1 x 10° CFU/well.

Flow Cytometry

Peritoneal cells were collected from wash fluid by centrifuga-
tion and resuspended in PBS, 1% fetal calf serum, and 2 mM
ethylenediaminetetraacetic acid. Cells were stained for 20
minutes with antimouse CD11b BV 785 clone M1/70, antimouse
Ly6C PE clone HK1.4, antimouse Ly6G fluorescein isothiocya-
nate clone 1A8, antimouse F4/80 Pe-Cy7 clone BM8 antibodies
ata 1:100 dilution (Biolegend), and purified human IgG (Sigma-
Aldrich). Cells were enumerated by counting beads (Beckman
Coulter). Cell populations were analyzed on a Novocyte with
405-, 488-, and 640-nm lasers (ACEA Biosciences).

Statistical Analysis

Data were analyzed using GraphPad Prism. Survival was
assessed by Kaplan-Meier method and log-rank test. Bacterial
burden loads were compared using the Mann-Whitney test.
Iron, protein, and cytokine concentrations were compared by
a 2-tailed f test, a one-way analysis of variance (ANOVA) with
a Tukey post hoc test, or a 2-way ANOVA (multiple groups
and multiple time points). A P value of .05 was considered
significant.

RESULTS

Neonatal Mice Are Highly Susceptible to E. coliK1 Sepsis

We generated a sepsis model by injecting 4- to 6-day-old neo-
natal mice IP with 1 x 10> CFU of E. coli K1 antigen C5. Adult
mice were given 1 x 10* CFU IP to account for the approxi-
mately 10-fold difference in body size. IP injection has been
used extensively by other groups to model both neonatal and
adult sepsis in mice [27-30]. Treatment caused rapid death in
neonatal mice, with 80% of all neonates dying within 30 hours
of infection, but spared adult mice (Figure 1A). In neonates, E.

coli K1 grew rapidly in the peritoneal cavity and blood between
2 and 20 hours postinfection, but was cleared by adults in 12
hours (Figure 1B and 1C).

Neonatal Mice Exhibit a Robust Antimicrobial Response to E. coli K1
Neonatal immunity is considered immature, so we hypothesized
that decreased immune activation contributed to E. coli K1
sepsis susceptibility. We assessed immune cell recruitment
by flow cytometry in the first 20 hours post-E. coli infection
(Supplementary Figure 1). Neonatal mice infected with E.
coli exhibited an infiltration of neutrophils, monocytes, and
macrophages shortly after infection. In contrast, there was min-
imal leukocyte recruitment in adult mice treated with E. coli
(Figure 2A). Neonates expressed significantly elevated levels
of the proinflammatory cytokines interleukin (IL) 6, IL-10,
and IL-1p compared to adult mice (Figure 2B). The lack of
proinflammatory cytokines in adult mice is consistent with the
observation that adult mice rapidly cleared the bacteria and
never became ill. These results show that neonatal mice gen-
erate a robust proinflammatory response to infection.

To further interrogate the neonatal immune response, we iso-
lated splenic macrophages and neutrophils from naive neonatal
and adult mice and assessed their phagocytosis and intracel-
lular killing capacity. We could not harvest sufficient purified
peritoneal leukocytes from naive mice to conduct functional
assays. Splenic macrophages isolated from neonatal mice had
an enhanced capacity to phagocytose E. coli K1 compared to
those from adult mice, both with and without pretreatment
with IgG (Figure 3A). Internalized bacteria were killed simi-
larly by splenic macrophages and neutrophils from adult and
neonatal mice (Figure 3B). We hypothesized that the in vitro
assays may not recapitulate differences between neonatal and
adult phagocytes present in vivo. We therefore harvested splenic
macrophages from adult and neonatal mice, and infected ne-
onatal mice with 1 x 10° E. coli CFU alone, E. coli plus 1 x
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Figure 1. Neonatal mice are highly susceptible to Escherichia coliK1 sepsis. Neonatal 4- to 6-day-old mice and adult 2- to 4-month-old mice were infected intraperitoneally

with 1x 10%and 1 x 10* colony-forming units (CFU), respectively, of £. coli. A, Survival for 72 hours following infection (n &#x003D; 18 adults, n 8#x003D; 79 neonates). ****P
<0001, log-rank test. Bacterial burden in the peritoneal wash (B) and blood (C) of infected animals. Results are combined for 2 independent experiments. Bars represent

median. *P< .05, **P< .01, ****P<.0001, Mann—Whitney test.
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Figure 2. Neonatal mice have an intact innate immune response to Escherichia coli K1 infection. Adult 2- to 4-month-old mice and neonatal 4- to 6-day-old mice were
injected intraperitoneally with 10* or 10° £, colicolony-forming units, respectively, or an equivalent volume of phosphate-buffered saline. Peritoneal wash was harvested from
mice at indicated timepoints (300 pL from neonates, 3 mL from adults). Cell populations were analyzed for CD11b%%28/Ly6G&#%2: Neutrophils, CD11b3#0028 #0028
Monocytes, and CD11b*#%25£4/80 Macrophages (A). #P< .05, indicating that £. coli adult is significantly different from PBS adult. *P< .05, **P< .01, ***P< 001, ****P<
.0001, indicating that £. coli neonate is significantly different from all other groups, 2-way analysis of variance (ANOVA) Tukey multiple comparisons test. NS, not significant;
n &#x003D; 4-6, representative results of 2 independent experiments. Peritoneal wash fluid from infected neonates and adults was analyzed for interleukin (IL) 6, IL-10, and
IL-1B (B). *P< .05, **P< .01, ***P< 001, * ***P<.0001, 2-way ANOVA Tukey multiple comparisons test; n &#x003D; 4-8 per group per time point, combined results from 2

separate experiments. Bars indicate +1 standard error of the mean.

10° macrophages from adult donors, or E. coli plus 1 x 10°
macrophages from neonatal donors. There was no protective
benefit from transferring adult macrophages at the time of
infection (Figure 3C). We found similar results with splenic
neutrophils (Figure 3C). Taken together, these results suggest
that inherent defects in neonatal immune cell function do not
fully account for the rapid outgrowth of bacteria in the perito-
neal cavity and subsequent death of neonatal mice.

Neonatal Mice Have Excess Iron in the Peritoneal Cavity

We investigated other factors that might influence bacte-
rial growth. As iron is known to influence bacterial growth
during infections, we measured iron levels in adult and neo-
nate peritoneal wash fluid and found elevated iron levels in
neonates compared to adults, which gradually decreased with
age (Figure 4A and 4B). Iron concentration was higher in
neonates when normalized to either body size or protein con-
tent (Supplementary Figure 2A and 2B). We found that naive
neonatal and adult mice had similar serum iron levels, and that

these iron levels dropped in the neonates but not in the adults
following infection (Figure 4C). Thus the neonates exhibited a
well-described defensive action against infection [17]. Neonatal
and adult mice had similar iron content in the lung, a relevant
target in sepsis (Supplementary Figure 2C). As adults were able
to rapidly clear bacteria with minimal inflammation, they did
not develop hypoferremia.

We next removed cells from the peritoneal wash fluid of ex-
perimental mice by centrifugation. We seeded wells with E.
coli K1, added the cell free wash fluid, and assessed bacterial
growth in wells containing wash fluid from neonates, adults,
or adult wash fluid supplemented with sufficient FAC to nor-
malize iron levels between adults and neonates. Escherichia coli
K1 grew more slowly in adult peritoneal wash fluid compared
to neonatal peritoneal wash fluid, but had equivalent growth
with the addition of FAC (Figure 4C). These results suggest
that the difference in iron availability between the neonatal
and adult environment is sufficient to enhance bacterial
growth. Because neonatal sepsis is caused by translocation of
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Figure 3. Neonatal neutrophils and macrophages do not demonstrate defects in Escherichia coli K1 phagocytosis and killing. A, Phagocytic capacity of neonatal or adult
CD11b%%: splenic macrophages plated at a multiplicity of infection of 100, treated with or without human immunoglobulin G (IgG) followed by a gentamicin protection
assay to determine how many bacteria were engulfed; n &#x003D; 6 per group and results combined from 2 separate experiments. ****P<.0001, one-way analysis of vari-
ance, multiple comparisons test (Fvalue &#x003D; 87.94, degrees of freedom &#x003D; 35). Escherichia coliintracellular killing capacity determined by gentamicin protection
assay using splenic CD116%#%% macrophages and splenic CD11b%%% neutrophils collected from neonatal and adult mice (B); n &#x003D; 6 per group per time point and
results are combined from 2 independent experiments. Bars represent + standard error of the mean. C, 1 x 10° splenic macrophages (n &#x003D; 12-14 per group) or 1 x 10°
splenic neutrophils from adult (2—4 months old) or neonatal (4—6 days old) mice (n &#x003D; 10—12 per group) were adoptively transferred intraperitoneally (IP) into neonatal

mice immediately prior to IP £. coli infection with 10° colony-forming units (CFU). Recipients were monitored for survival using the log-rank test.

bacteria from the lumen of the gut, we investigated whether
bacteria could gain access to the peritoneal cavity and blood-
stream by the oral route. We gavaged neonatal mice with E.
coli K1, and observed that 47% of neonates had detectable bac-
teria in the peritoneal cavity and 53% had detectable bacteria
in the blood 24 hours after treatment, suggesting translocation
can occur during orally acquired infection (Supplementary
Figure 3). These results show that neonatal mice have localized
excess iron in the peritoneal cavity that might contribute to
their enhanced susceptibility to infection.

Iron Supplementation Sensitizes Adult Mice to E. coli K1 Sepsis
Next, we sought to determine whether elevated iron levels could
sensitize adult mice to E. coli K1 infection. We injected adult

mice with either PBS or with 450 ug of FAC IP at the time of
E. coli injection. This amount of FAC is 1000-fold lower than
the dose required to induce clinically relevant iron overload [15,
31]. We observed that adult mice injected with E. coli and PBS or
FAC alone all survived, but adult mice injected with FAC and E.
coli all died (Figure 5A). Treatment resulted in increased serum
iron and peritoneal iron 2 and 6 hours postinjection (Figure 5B
and 5C). Mice injected with FAC displayed a rapid outgrowth
of bacteria in the peritoneal cavity and blood compared to PBS-
treated mice (Figure 5D). In vitro, the addition 50 uM FAC (a
concentration 40% higher than peak iron levels detected in the
serum of FAC-treated mice) had no effect on the bactericidal
capacity of adult splenic macrophages or neutrophils (Figure
6A and 6B). These results suggest that modestly elevated iron
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levels at the site of infection are sufficient to allow bacterial out-
growth without significantly impacting immune function.

Dietary Iron Restriction During Pregnancy Provides a Survival Advantage
in Neonatal E. coliK1 Sepsis

To determine whether elevated peritoneal iron contributed to
neonatal sepsis, we manipulated iron levels in the neonates.
Treatment with the iron chelators deferiprone and deferoxamine
did not inhibit bacterial growth in vitro (Supplementary Figure
4A and 4B), lower peritoneal iron content in the neonates
(Supplementary Figure 4C), or protect against infection
(Supplementary Figure 4D and 4E), and showed evidence of
toxicity. These results are consistent with reports that clin-
ical iron chelators do not directly inhibit iron acquisition in
Enterobacteriaceae, suggesting that iron chelation therapy does
not target the peritoneally localized excess of iron in neonatal
mice [32]. We then developed a model of mild maternal dietary

iron deficiency during pregnancy and lactation to evaluate its
impact on iron status and response to E. coli K1 sepsis in off-
spring [25]. We placed breeding females on an iron-sufficient
diet (45 ppm) for 2 weeks before mating. On embryonic day 14,
females were either switched to a diet containing 2-4 ppm iron
or were maintained on their current diet of 45 ppm iron.

Oftspring from mothers placed on an iron-deficient diet during
late gestation had a marked survival advantage during neonatal
sepsis compared to offspring of mothers on an iron-sufficient diet
(Figure 7A). Increased survival was accompanied by decreased
bacterial burden in the peritoneal cavity and blood 6 hours
postinfection (Figure 7B). Consistent with increased protection,
offspring from the iron-deficient mothers had significantly lower
iron content in the peritoneal wash fluid compared to offspring
from iron-sufficient mothers (Figure 7C). Offspring from iron-
deficient and iron-sufficient mothers had similar serum iron levels
(Figure 7D).
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pendent experiments. Abbreviations: CFU, colony-forming units; FAC, ammonium iron(lll) citrate; PMN, polymorphonuclear cells.
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Maternal diet-induced mild iron deficiency decreased offspring peritoneal iron and provided a survival advantage in neonatal Escherichia coliK1 sepsis. Breeding

female mice were placed on an iron-sufficient diet (45 ppm iron) for 14 days prior to mating, and at day E14 were switched to an iron-deficient diet (2—4 ppm iron) or were
maintained on the iron-sufficient diet (45 ppm iron). Offspring were infected with 10° colony-forming units (CFU) of £ coli K1 IP when 46 days old. A, Survival of offspring
infected with £. coli. Iron-deficient, n &#x003D; 15; iron-sufficient, n &#x003D; 21. Results are a combination of 2 independent experiments. ****P < .0001, log-rank test.
B, Bacterial burden in the peritoneal wash and blood of infected offspring. Iron-deficient, n &#x003D; 12; iron-sufficient, n &#x003D; 15. Results are a combination of 2
independent experiments. *P < .05, Mann—Whitney test. Iron levels in the peritoneal wash fluid (n &#x003D; 12—23 per group, t &#x003D; 2.093, degrees of freedom [df]
&#x003D; 37) (C) and serum (n &#x003D; 6-12 per group, t &#x003D; 0.323, df &#x003D; 19) (D) of offspring 6 hours after infection. Results are a combination of 2 inde-
pendent experiments. *P< .05, Mann—Whitney test. NS &#x003D; not significant. Error bars indicate +1 standard error of the mean.

DISCUSSION

This study demonstrates that neonatal mice have increased iron
levels in the peritoneal cavity compared to adult mice, which
is sufficient to promote the rapid outgrowth of E. coli K1. Host
sequestration of trace minerals is known to play a pivotal role
in resistance to infectious disease [14, 28, 33]. The clinical rel-
evance of our findings is supported by reports that parenteral
iron supplementation in healthy term infants has been associ-
ated with increased rates of E. coli sepsis and meningitis [34,
35]. Taken together, these studies and our own data identify
iron availability as an important factor in determining neonatal
susceptibility to infection.

To our knowledge, we are the first to demonstrate that neo-
natal mice have an iron-rich niche in the peritoneal cavity that
permits bacterial growth. It is unclear how this occurs. During
the neonatal period, breast milk is the sole source of iron intake.
While breast milk is low in iron content, it is well absorbed by
the neonatal intestine [21]. Both rodent and human neonatal

intestines have enhanced iron absorption activity compared to
those of adults [22, 23, 36, 37]. The mechanisms of increased
absorption are incompletely understood, but there is evidence
that iron is retained in the intestinal wall [22, 37]. Decreased
intestinal barrier function may also influence the increased ne-
onatal intestinal iron absorption [22, 37]. Further investigation
is needed to understand the mechanisms of neonatal intestinal
iron absorption and how these contribute to excess peritoneal
iron levels.

Neonatal immunology has mostly focused on cell-intrinsic
deficiencies and hematopoietic system immaturity [13]. While
these observations are undeniably important, we have identified
iron availability as a contributor that warrants further investi-
gation. Consistent with other reports [30, 38], we found that
neonates were profoundly susceptible to E. coli K1 sepsis,
whereas adult mice easily cleared the infection. In contrast to a
previous report that neonatal rat neutrophils exhibited decreased
killing capacity against E. coli K1 compared to adult neutrophils
[39], we found that adult neutrophils and macrophages were
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able to kill E. coli K1 equivalently. We attribute this discrepancy
to more general observations that the neonatal immune re-
sponse displays effective antimicrobial responses against some
pathogens but attenuated responses against others [9, 12, 13].
Our data indicate the importance of cell-extrinsic factors in ne-
onatal sepsis, particularly the role of iron.

There are limitations that need discussion. We cannot com-
pletely exclude the possibility that neonatal immune deficiencies
contribute to E. coli K1 sepsis. Although our results suggest
that increased iron levels cause bacterial outgrowth rather
than impairment of the immune response, it has been reported
that iron overload can alter immune function by enhancing
proinflammatory responses [40-42]. However, these studies
utilized severe iron overloading protocols and reported larger
perturbations in iron homeostasis than what we observed.
Sepsis pathology occurs as a complex interaction between
unchecked bacterial growth and the host’s immune response,
making it difficult to separate the effects of bacterial growth
from immune-mediated pathology [43]. We acknowledge that
the iron-enhanced growth may not be applicable to all neonatal
infections. Furthermore, as we found excess extracellular iron
levels to be site-specific, E. coli may need to penetrate the per-
itoneal space to access iron. It is unclear if bacteria readily ac-
cess the peritoneal cavity during human infection, but our data
demonstrate that bacteria in the lumen of the gut can readily
reach the peritoneal cavity in neonatal mice [44, 45].

These findings suggest that iron metabolism is a component
in neonatal vulnerability to certain infections and is a possible
therapeutic target. While we found that marginal iron defi-
ciency during pregnancy protected against neonatal sepsis,
this is not a reasonable treatment strategy due to the impor-
tance of iron in neurodevelopment [46]. Our results highlight
the importance of understanding more about neonatal iron
metabolism so that an alternative treatment for neonatal E. coli
sepsis can be identified. Clinical trials have shown that supple-
mentation of very low birth weight neonates with bovine lac-
toferrin, an iron transporter that regulates iron availability in
the intestine and serum, protects against the development of
sepsis through unclear mechanisms [47-50]. Our studies may
provide insights into why lactoferrin supplementation trials
have been successful in other countries, and provide scientific
justification to implement more of these studies in the United
States. In conclusion, we believe our innovative studies on the
role of peritoneal iron levels in neonatal sepsis open up a pre-
viously underinvestigated avenue of research on the role of cell

extrinsic factors in neonatal immunology.

SUPPLEMENTARY DATA

Supplementary materials are available at The Journal of
Infectious Diseases online. Consisting of data provided by
the authors to benefit the reader, the posted materials are
not copyedited and are the sole responsibility of the authors,

so questions or comments should be addressed to the corre-
sponding author.
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