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Increased Ferroportin-1 Expression and Rapid Splenic Iron Loss
Occur with Anemia Caused by Salmonella enterica Serovar
Typhimurium Infection in Mice
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The Gram-negative intracellular bacterium Salmonella enterica serovar Typhimurium causes persistent systemic inflamma-
tory disease in immunocompetent mice. Following oral inoculation with S. Typhimurium, mice develop a hematopathological
syndrome akin to typhoid fever with splenomegaly, microcytic anemia, extramedullary erythropoiesis, and increased he-
mophagocytic macrophages in the bone marrow, liver, and spleen. Additionally, there is marked loss of iron from the spleen, an
unanticipated result, given the iron sequestration reported in anemia of inflammatory disease. To establish why tissue iron does
not accumulate, we evaluated multiple measures of pathology for 4 weeks following oral infection in mice. We demonstrate a
quantitative decrease in splenic iron following infection despite increased numbers of splenic phagocytes. Infected mice have
increased duodenal expression of the iron exporter ferroportin-1, consistent with increased uptake of dietary iron. Liver and
splenic macrophages also express high levels of ferroportin-1. These observations indicate that splenic and hepatic macrophages
export iron during S. Typhimurium infection, in contrast to macrophage iron sequestration observed in anemia of inflammatory
disease. Tissue macrophage export of iron occurs concurrent with high serum concentrations of interferon gamma (IFN-v) and
interleukin 12 (IL-12). In individual mice, high concentrations of both proinflammatory (tumor necrosis factor alpha [TNF-«])
and anti-inflammatory (IL-10) cytokines in serum correlate with increased tissue bacterial loads throughout 4 weeks of infec-
tion. These in vivo observations are consistent with previous cell culture studies and suggest that the relocation of iron from tis-

sue macrophages during infection may contribute to anemia and also to host survival of acute S. Typhimurium infection.

yphoid fever is acquired upon oral ingestion of food or water

contaminated with Salmonella enterica serovar Typhi or Para-
typhi and remains a serious threat to public health, especially in
developing countries (1). Human typhoid fever causes a broad
range of clinical signs, including splenomegaly, neuropathy, and
hematopathology, such as cytopenias (2), that have been modeled
in laboratory mice infected with Salmonella enterica serovar Ty-
phimurium (3). Inbred mouse strains with differing genetic back-
grounds are characterized as either sensitive or resistant to S. Ty-
phimurium. Sensitivity to the intracellular bacterial infection is
caused by genetic deficiencies in the innate or adaptive immune
system (4, 5). For instance, mice lacking the cation transporter
Nrampl (Slcllal), a regulator of cellular iron metabolism, are
extremely sensitive to infection. Nrampl™ mice are considered
resistant to S. Typhimurium, because infection is generally non-
fatal (6-8). Resistant mice infected by natural oral inoculation
develop systemic infection with an acute hematopathological syn-
drome similar to that of humans with typhoid fever, including
fever, anemia, inflammatory disease characterized by peripheral
blood neutrophilia and monocytosis, bone marrow myeloid hy-
perplasia and hemophagocytosis, and splenomegaly secondary to
extramedullary hematopoiesis (EMH) and phagocyte infiltration
(7, 8). The bacteria reside within tissue macrophages (6, 9) and
hemophagocytic macrophages (10, 56), which have phagocytosed
intact erythrocytes and leukocytes. Recently, it has been observed
that S. Typhimurium acquires iron from hemophagocytes (11).

During inflammation, macrophages typically sequester iron, a
process that reduces iron availability in serum (12). Macrophage
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sequestration of iron is a form of “nutritional immunity,” because
most bacteria require iron to replicate (13—15). However, infec-
tions with intracellular pathogens, such as S. Typhimurium and
Mpycobacterium tuberculosis, appear to represent a special case. For
instance, cell culture macrophages infected with S. Typhimurium
restrict pathogen iron access by increasing expression of the iron
transporter ferroportin-1 (Fpnl) (16, 17). Fpnl is the only known
eukaryotic cellular iron exporter (18) and, as such, is a major
contributor to host iron regulation. Fpn1 expression is induced by
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nitric oxide, which in turn is induced by the proinflammatory
cytokines interferon gamma (IFN-y) (19) and tumor necrosis fac-
tor alpha (TNF-a) (20). In cell culture, IFN-vy treatment of S.
Typhimurium-infected macrophage-like cells increases Fpn1 ex-
pression while reducing the cellular iron content and inhibiting
bacterial replication (16). Further experiments have shown Fpn1-
mediated control of intracellular S. Typhimurium growth in cul-
tured murine macrophages and HeLa cells (21). However, the
relationship of these cellular observations to in vivo pathology is
not known.

We previously demonstrated that during the acute-phase re-
sponse to inflammation, resistant (Nramp1™) mice infected with
S. Typhimurium by the natural oral route develop decreased se-
rum iron, increased serum ferritin, and increased hemophagocy-
tosis in bone marrow, liver, and spleen. Infected mice develop
microcytic anemia that is most severe 1 to 3 weeks postinfection
and persistent for 9 weeks, along with erythrocyte fragmentation
and severely diminished tissue iron staining from 1 to 6 weeks
postinfection (7, 8). These hematopathological findings are char-
acteristic features of systemic iron deficiency (22). The observa-
tion of decreased tissue iron in infected, anemic mice in the face of
marked inflammatory disease was unexpected based on the well-
described macrophage iron sequestration that occurs with anemia
of inflammatory (or chronic) disease (AID) (23). Our aim was to
quantitate and establish mechanisms by which tissue iron declines
in mice infected with the intracellular pathogen S. Typhimurium
by monitoring measures of iron metabolism, cellular infiltrates,
and cytokine responses over an infection course that is acute to
subacute (between acute and chronic in character).

MATERIALS AND METHODS

Bacterial cultures. Freshly struck colonies of virulent S. Typhimurium
strain SL1344 (Str*) (24), inoculated into Luria-Bertani broth with strep-
tomycin (200 mg/ml), were grown at 37°C with aeration overnight. The
bacteria were pelleted and resuspended in sterile phosphate-buffered sa-
line (PBS).

Animals. The research protocols were in accordance with the NIH
Guide for the Care and Use of Laboratory Animals and approved by the
University of Colorado Institutional Biosafety and Animal Care and Use
Committees. Seven- to 8-week-old Sv129S6/SvEvTac (Sv129) female and
male mice (Taconic Farms, Inc., Hudson, NY) were bred in-house. The
mice received 2918 Teklad Global 18% Protein Rodent Diet (Harlan Lab-
oratories). This chow contains iron at 200 ppm, well above the minimum
daily requirement (35 ppm [25]) but below what is considered a high-iron
diet (300 ppm [26]). The mice were fasted for 2 to 4 h prior to infection via
oral gavage with 1 X 10° CFU S. Typhimurium in 100 pl PBS, as deter-
mined by plating. Control mice were mock infected with 100 wl PBS and
housed separately. Mice were euthanized and evaluated at 1, 2, 3, and 4
weeks postinfection (repeated experiments). The numbers of animals are
indicated in the figure legends.

Blood and tissue collection and processing. Blood was collected by
cardiocentesis immediately following carbon dioxide asphyxiation. Fol-
lowing euthanasia, the whole spleen and liver were weighed, and a section
of each was weighed, homogenized, and plated for bacterial CFU per gram
of tissue. No CFU were found in any mock-infected animals. The remain-
ing liver and spleen tissue and one femur were collected into 10% neutral
buffered formalin. Bone marrow brush preparations, made immediately
postmortem from the second femur, were Wright stained for cytological
evaluation. The tissues were processed by routine histological methods;
paraffin sections were stained with hematoxylin and eosin (H&E) and
Perl’s Prussian blue for ferric iron (hemosiderin). The intensity of iron
tissue staining was subjectively scored in a blinded fashion by a board-
certified veterinary pathologist (D.E.B.), using a scale of 0 to 4+, by
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light microscopy. All photomicrographs were taken with an Olympus
BX50 (Olympus Corporation, Center Valley, PA) using QImaging-
MicroPublisher RTV 5.0 (JH Technologies, Fremont, CA).

Immunohistochemistry. All tissue sections for immunohistochemis-
try were formalin fixed, paraffin embedded, sectioned at 3 pm, baked at
60°C for 1 h, deparaffinized and rehydrated, pretreated with proteinase K
for antigenic retrieval, and then treated specifically as described below for
each antibody. All sections were reviewed in a blinded fashion by a board-
certified veterinary pathologist (D.E.B.).

Fpn1/Prussian blue. To quench endogenous peroxidase activity, sec-
tions were treated with 3.0% hydrogen peroxide solution for 5 min at
room temperature (RT). Enzymatic pretreatment with proteinase K
(Dako; $3020) for 5 min at RT was used for antigenic retrieval. Serum Free
Protein Block (Dako; X0909) was used at 5 min at RT to neutralize any
charged molecules on the tissue sections that might cause nonspecific
staining. Rabbit anti-mouse Fpnl antibody (Life Span Biosciences; LS-
C16620) was prepared at a working dilution of 0.02 mg/ml by diluting the
stock solution in antibody diluent (Dako; S0809). Fpnl antibody was
incubated on tissue sections for 30 min at RT. A negative control was
incubated with rabbit IgG isotype solution (Calbiochem; NIO1) at a con-
centration of 0.02 mg/ml for the same duration and at the same temper-
ature as the primary antibody. The Fpnl antibody was then conjugated
with an Envision plus horseradish peroxidase rabbit polymer (Dako;
K4003) for 30 min at RT. Staining was developed with a DAB+ chromo-
gen system (Dako; K3468) for 5 min at RT. The detection of ferric iron was
accomplished by following a routine Prussian blue histological staining
method. The Prussian blue working solution was prepared by mixing
equal parts 2.0% hydrochloric acid and 2.0% potassium ferrocyanide and
then preheated to 60°C. The slides were incubated in the Prussian blue
working solution for 30 min at 60°C. The slides were finally counter-
stained in nuclear fast red for 5 min at RT.

F4/80 antibody. To quench endogenous alkaline phosphatase activity,
the tissue sections were treated with a Dual Endogenous Enzyme Block
solution (Dako; S2003) for 10 min at RT. Enzymatic pretreatment with
proteinase K (Dako; $3020) for 5 min at RT was used for antigenic re-
trieval. Serum Free Protein Block (Dako; X0909) was used at 5 min at RT
to neutralize any charged molecules on the tissue sections that might cause
nonspecific staining. Rat anti-mouse F4/80 antibody (Serotec; MCA497)
was prepared at a working dilution of 1:300 by diluting the stock solution
in antibody diluent (Dako; S0809). The F4/80 antibody was incubated on
tissue sections for 30 min at RT. The negative-control section was incu-
bated with rat IgG2b isotype solution (Serotec; MCA1125) for the same
duration and at the same concentration and temperature as the primary
antibody (approximately 0.166 pg/ml). The F4/80 antibody was then con-
jugated with biotinylated rabbit anti-rat immunoglobulin (Dako; E0468)
for 30 min at RT. The secondary antibody was then enhanced with an
anti-rabbit-alkaline phosphatase-labeled polymer (BioCare Medical;
RALP525L) for 30 min at RT. Staining was developed with a red chromo-
gen system (BioCare Medical; FR805S) for 10 min at RT. Counterstaining
was performed with hematoxylin for 10 min at RT. The positive-control
tissue used was a mouse tissue xenograft injected with a human HT-29
tumor cell line (data not shown).

NOS2/iNOS. Anti-nitric oxide synthase 2/inducible nitric oxide syn-
thase (anti-NOS2/iNOS) (1:100; Abcam, Cambridge, MA) and controls
were run in parallel and included secondary-only serum and isotype se-
rum (rabbit IgG; Santa Cruz Biotechnology, Santa Cruz, CA). Slides were
blocked in donkey serum in PBS-Triton X for 45 min, incubated with
primary antibodies diluted in PBS overnight at 4°C, washed with PBS,
incubated with donkey anti-rabbit Alexa Fluor 594 (Invitrogen, Grand
Island, NY) for 30 min at 37°C in the dark, and then coverslipped with
Vectashield mounting medium with DAPI (4',6-diamidino-2-phenylin-
dole) (Vector Laboratories, Inc., Burlingame, CA). All sections were pho-
tographed at X400 magnification (40X objective) using identical expo-
sure times.
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Real-time reverse transcription-PCR. Spleens and livers were har-
vested from mock- or S. Typhimurium-infected mice at 1 and 3 weeks
postinfection. A portion of each was weighed, placed into =10 pl of
RNAlater (Qiagen) per 1 mg of tissue, and stored at —80°C until subse-
quent isolation of total RNA using the RNeasy Midi kit (Qiagen), includ-
ing on-column DNase treatment, according to the manufacturer’s in-
structions. First-strand cDNA was synthesized from 250 ng of total RNA
using the iScript cDNA synthesis kit [Bio-Rad; 170-8891; a blend of oli-
go(dT) and random hexamers] according to the manufacturer’s protocol.
The cDNA was subsequently diluted 4-fold (Nos2) or 20-fold (hepcidin
and Fpnl) with nuclease-free water. TagMan quantitative reverse tran-
scription (qRT)-PCR assays were carried out using the following prede-
signed primer-probe sets: Hprt (VIC-MGB probe; primer limited; Invit-
rogen 4448484; assay identifier [ID], Mm00446968_m1), hepcidin
(Hampl; Invitrogen 4331182; assay ID, Mm04231240_s1; detects Hamp1
only), Fpnl (6-carboxyfluorescein [FAM]-MGB probe; Invitrogen
4331182; assay ID, Mm01254822_m1), and Nos2 (FAM-MGB probe; In-
vitrogen 4331182; assay ID, Mm00440502_m1). The selection of Hprt for
normalization was based on validation experiments, which determined
that splenic and hepatic Hprt expression levels were not significantly dif-
ferent for mock versus infected mice. The qRT-PCR mixtures (20 wl)
contained 8 pl of 4- or 20-fold-diluted cDNA, 10 .l of TagMan Universal
PCR master mix II with uracil N-glycosylase (UNG) (Invitrogen;
4440038), 1 pl of Hprt primer-probe, and 1 pl target gene primer-probe
or water. Hamp1 and Fpnl expression assays were multiplexed with Hprt,
while Nos2 expression assays were singleplexed due to interference be-
tween the Nos2 and Hprt primer-probe sets, as determined by validation
and optimization experiments. Reactions were run on a CFX384 real-time
PCR detection system (Bio-Rad) under the following cycling conditions: 2
min at 50°C, 10 min at 95°C, and then 45 cycles at 95°C for 15 s and 60°C
for 60 s. No-RNA and no-reverse transcriptase controls were included for
each gene assayed. Amplification results were baseline and drift corrected
using CFX Manager software (Bio-Rad), followed by manual adjustment
of the quantification cycle (Cq) threshold for each fluorophore. The data
were then exported to Microsoft Excel for further analysis. The relative
gene expression was determined according to the Livak and Schmittgen
method (27) as follows: (i) Fpnl, Nos2, and Hampl expression for each
sample were normalized to that of Hprt (AC,); (ii) on a tissue- and time
point-specific basis, the mean of the target gene AC;s of the control
mouse group was set as the calibrator for calculation of the AAC;- values
for each sample; (iii) the fold difference in target gene expression for each
sample was then calculated using the 2724 equation. Reaction efficien-
cies for each primer-probe set were assessed by performing real-time PCR
on serial 10-fold dilutions of cDNA, plotting the threshold cycle (C;)
values for each dilution against the log of the input concentration, and
determining the efficiency using the following equation: efficiency = —1
+ 107 1sloPe)  Statistical analysis of the mean fold changes between
groups of mock-infected and infected mice was carried out using one-way
analysis of variance (ANOVA), followed by Tukey’s multiple-comparison
test (GraphPad Prism version 5.00).

Flow cytometry. Portions of spleens were mechanically homogenized
and passed through a 70-pm cell strainer. Nonnucleated erythrocytes in
aliquots of each suspension were lysed in hypotonic buffer containing 0.16
M NH,Cl, 10 mM KHCOj;, and 0.1 mM EDTA, and the remaining cells
were then counted on a hemocytometer to estimate the number of nucle-
ated cells per spleen. Additional aliquots were lysed in PBS with 0.2%
NP-40 and plated for bacterial CFU. The unlysed cells were washed in
RPMI, passed through a 40-pum cell strainer, and resuspended in staining
buffer (PBS plus 1% fetal bovine serum and 0.02% sodium azide) con-
taining anti-mouse CD16/32 (eBioscience, San Diego, CA) to block Fc
receptors. The cells were then stained with phycoerythrin-conjugated an-
ti-mouse CD68 (AbDSerotec, Raleigh, NC), allophycocyanin-conjugated
anti-mouse CD11c (eBioscience, San Diego, CA), and phycoerythrin-
Cy7-conjugated anti-mouse Gr-1 (Ly-6G; eBioscience, San Diego, CA);
fixed in 1% paraformaldehyde-1% sucrose; permeabilized in 0.1% sapo-
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nin; and stained for DNA in 10 pg/ml DAPI in buffer containing 0.1%
saponin. Fluorescently labeled cells were quantified using a CyAn ADP
flow cytometer (Beckman Coulter, Indianapolis, IN) and analyzed using
FlowJo software (Tree Star, Ashland, OR). Macrophages were identified as
CD68", CD11c"Y~ (aX integrin, a dendritic cell marker), and Gr- 1=
(a monocyte and granulocyte/neutrophil marker). Dendritic cells were
identified as CD11cMseh, neutrophils as Gr-1Me" and monocytes as Gr-
1™ CD11¢°Y~, and CD68~ (28). The numbers of granulocytes, mono-
cytes, macrophages, and dendritic cells per spleen were calculated as fol-
lows: (number of flow-identified cells) X [(number of nucleated cells per
spleen)/(total number of nucleated cells per flow sample) ]. The number of
total nucleated cells per flow sample was established based on cell size
(forward scatter) and DAPI content.

Serum cytokines. Serum cytokine concentrations were analyzed us-
ing kits from MesoScale Discovery (Gaithersburg, MD), including
Mouse TH1/TH2 9-Plex and Mouse MCP-1 Ultra-Sensitive. The se-
rum cytokine concentrations assayed included IFN-v, interleukin 18
(IL-1pB), IL-2,IL-4, IL-5, KC/GRO, IL-10, IL-12, and TNF-a. Analyses
were performed as recommended by the manufacturer, and standard
curves, run in parallel, were used to interpolate the concentration
(picograms per milliliter) of each analyte. Standards for the cytokine
and MCP-1 kits were run in duplicate. The plates for all the kits were
incubated, washed, and then scanned on a Sector Imager 2400
(MesoScale Discovery, Gaithersburg, MD), and the data were analyzed
using Discovery Workbench (3.0) software (MesoScale Discovery).
The lower level of detection was calculated as 2.5 standard deviations
above the signal for the zero calibrator; the upper level was set to the
highest calibrator (10,000 pg/ml). An extended standard curve on a
subsequent run was used to detect levels of cytokines above the origi-
nal high calibrator (up to 40,000 pg/ml).

Splenic-iron analysis. At weeks 1 to 4 postinfection, spleens were
collected from infected and control mice and homogenized. The total
nonheme iron was quantified using a spectrophotometric iron assay kit
(BioVision, Mountain View, CA) according to the manufacturer’s direc-
tions. To quantify iron, samples were treated with a reducing agent prior
to incubation with Ferene S (Sigma-Aldrich, St. Louis, MO). The optical
density at 593 nm (ODs,;) was measured after 1 h with a Synergy 2 mi-
croplate reader (Biotek, Winooski, VT). A standard curve was routinely
established (0 to 10 nmol of iron).

Statistics. One-way ANOVA with Tukey’s post hoc test and Student’s ¢
test were performed (GraphPad Software, Inc., La Jolla, CA), and the
results were considered significant at a P value of <0.05. Spearman’s rank
correlation coefficient was used for cytokine-CFU comparisons; correla-
tions range from 1.0 to —1.0, where zero is no correlation.

RESULTS

Quantification of reduced splenic iron in infected mice. The
spleen is the predominant site for iron storage in mice (29, 30),
and splenic iron is stored in tissue macrophages (30). We previ-
ously reported reduced tissue iron histochemical staining in resis-
tant (Sv129S6 and C57/BL6 Nrampleg) mice infected with S.
Typhimurium that became acutely anemic; Prussian blue staining of
ferric iron in the spleen was scored at 3 to 4+ (on a scale of 0 to 4) in
red pulp reticuloendothelial cells of control mice compared to 0 to
1+ in infected mice (7, 8). While infection with S. Typhimurium
causes mice to become anemic, the apparent decrease in tissue iron
differs from classic AID (23). To confirm and quantify this observa-
tion, total splenic nonheme iron was measured at 1 and 3 weeks
postinfection in resistant mice. Total splenic nonheme iron decreased
in infected animals by greater than 60% on average compared with
control spleens (Fig. 1). Thus, the histochemical findings and bio-
chemical measurements of splenic iron are consistent and indicate
markedly reduced splenic iron from 1 to 3 weeks following oral in-
fection of Sv129S6 mice with S. Typhimurium.
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FIG 1 Total splenic nonheme iron is markedly decreased 1 and 3 weeks after oral
infection with S. enterica serovar Typhimurium in Sv129S6 mice. Shown are
control (white) and infected (gray) mice at 1 and 3 weeks postinfection; n = 13
at each time point for each condition. Means and standard errors of the mean
(SEM) are shown. *, P < 0.05; one-way ANOVA with Tukey’s post hoc test.

Reduced splenic iron despite increased numbers of splenic
macrophages. Splenic macrophages are the major iron storage
site in mice (30). To establish whether the finding of decreased
splenic iron in infected mice reflected decreased numbers of
splenic macrophages, we quantified phagocytes in the spleen by
flow cytometry with cell-type-specific markers. Splenic phagocyte
infiltration during the first 4 weeks postinfection was demon-
strated by accumulation of macrophages (CD68* CD11c"~ Gr-
1"%7), dendritic cells (CD11cMs8h), neutrophils (Gr1"#") and in-
flammatory monocytes (Gr-1"™ CD11c*~ CD68 ™) concurrent
with splenic bacterial colonization (Fig. 2) and splenomegaly. S.
Typhimurium-infected mice had at least 2-fold more macro-
phages than control mice at each of the 4 weeks examined. Also, S.
Typhimurium-infected mice had approximately twice as many
macrophages as dendritic cells at all time points. Immunohisto-
chemical analyses further demonstrated increased numbers of F4/
807 cells (macrophages) (31) in the splenic red pulp and enlarged
F4/80" Kupffer cells, including hemophagocytic macrophages, in
hepatic sinusoids (Fig. 3) and within inflammatory lesions (data
not shown). Taken together, the flow cytometric and immunobhis-
tochemical analyses demonstrate marked increases in splenic
phagocytes of 2- to 3-fold relative to controls for 1 to 4 weeks
postinfection. These data are consistent with previous observa-
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tions (32, 33) and indicate that decreased splenic iron upon infec-
tion is not caused by decreased numbers of tissue macrophages.

Increased Fpnl expression in splenic and hepatic macro-
phages. Macrophages of the reticuloendothelial system express
the iron exporter Fpnl to regulate cellular iron levels (18, 30). To
establish whether increased Fpnl expression by tissue macro-
phages could suggest a mechanism by which tissue iron is de-
creased following infection, we performed Fpnl immunohisto-
chemistry on the spleens and livers of infected and control mice.
Splenic and hepatic (Kupffer cell) macrophages of infected mice
showed greater expression of Fpnl than macrophages of control
mice, and costaining with Prussian blue for ferric iron demon-
strated concurrent loss of cellular iron staining in hepatic and
splenic macrophages in infected mice (Fig. 4). Analysis by qRT-
PCR at 1 and 3 weeks postinfection revealed no significant differ-
ences for infected versus control Fprnl mRNA in the liver or spleen
(Fig. 5), possibly because qRT-PCR reflects bulk tissue levels. Liver
hepcidin (Hampl) mRNA levels did not differ between control
and infected mice but decreased between 1 and 3 weeks postinfec-
tion. Hepcidin is a negative regulator of Fpn1 protein (34). NOS2/
iNOS expression increased at the protein and RNA levels and was
demonstrated in liver sinusoidal (Kupffer) cells and splenic in-
flammatory foci of infected mice (Fig. 4 and 5). Nitric oxide, a
product of NOS2 activity, is an activator of Fpnl expression in
macrophages (35) and inhibits S. Typhimurium replication (36).
Thus, increased Fpn1 expression and iron export from splenic and
hepatic macrophages may cause or contribute to the decreased
iron observed in these tissues upon infection with S. Typhimu-
rium.

Reduced splenic iron is not indicative of decreased iron ab-
sorption in the intestine. Decreased iron in tissues during infec-
tion with S. Typhimurium could also result from decreased up-
take of dietary iron in the intestine combined with the normal
daily loss of iron through enterocyte sloughing. One measure of
dietary iron uptake is Fpnl expression by enterocytes. Dietary
ferric iron is converted to ferrous iron at the apical surfaces of
enterocytes, and ferrous iron is transcytosed and exported into the
blood by Fpnl. Decreased enterocyte expression of Fpn1 increases
enterocyte iron accumulation by reducing iron export into the
blood when body stores are adequate, for example (37). Fpnl
expression was investigated by immunohistochemistry in duode-
nal tissues of S. Typhimurium-infected mice. Duodenal villi were
edematous and blunted postinfection (Fig. 6), consistent with

Neutrophils Monocytes Macrophages Dendritic Cells Colonization
* * % % ,91010 -
‘e
3108
© * % % % [e)]
S g + + + '5105 T T
P 5 ?eg
?) * % * % ;104 -
o 4 & -
2102
(&)
00
12 3 4 12 3 4 12 3 4 12 3 4 12 3 4

Week Post-Infection

FIG 2 Increased phagocytes in the spleens of Sv129S6 mice 1 to 4 weeks after oral infection with S. enterica serovar Typhimurium. Shown are the numbers of
neutrophils (Gr-1"&"), monocytes (Gr-1" CD11¢"**/~ CD68 ), macrophages (CD68* CD11¢'*%/~ Gr-1""), and dendritic cells (CD11c"&") at the indicated
weeks postinfection. *, P < 0.001; +, P < 0.05; Student’s ¢ test. Means and SEM are shown; n = 11 or 12 infected mice (gray bars), except for monocytes (n =
5o0r6); n =4 control mice (white bars), except for monocytes (n = 2 for weeks 1,2, and 4 and n = 1 for week 3). The numbers of CFU per gram of spleen (medians
and ranges) show splenic bacterial loads over time. All control mice had no detectable CFU.
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FIG 3 Infiltration of F4/80-positive (red) macrophages in livers and spleens of Sv129S6 mice after oral infection with S. enterica serovar Typhimurium. (A)
Control mouse liver. (B) Increased F4/80-positive (red) liver sinusoidal macrophages (Kupffer cells) at 3 weeks postinfection (original magnification, X50). Note
the F4/80-positive sinusoidal hemophagocytic macrophage (arrow) in the infected liver. (C) Control mouse spleen. (D) Expansion of macrophage-rich splenic
red pulp (RP) and loss of lymphoid follicular architecture postinfection; original magnification, X20.

prior reported intestinal pathology in infected mice (38). Fpnl
expression was increased in duodenal villi of infected mice relative
to control animals (Fig. 6), an expression pattern expected in re-
sponse to iron deficiency, not overload (37, 39). Consistent with
reported intestinal expression of Fpnl in mice with inflammatory
disease (30), Fpn1 expression was observed to be redistributed to
the basolateral membranes of villous enterocytes (Fig. 6B). In ad-
dition, costaining of the duodenum with Prussian blue demon-
strated a concurrent loss of duodenal enterocyte staining for ferric
iron (Fig. 6). Thus, increased duodenal enterocyte expression of
Fpnl is consistent with enterocyte transport of iron into the lam-
ina propria and thus increased, not decreased, host absorption of
iron. Moreover, reduced iron in the spleens of S. Typhimurium-
infected mice is not explained by reduced host intestinal iron ab-
sorption.

Proinflammatory serum cytokines spike during the first
week of infection and remain increased for the next 3 weeks. We
examined serum cytokine profiles of infected and control mice
over 4 weeks postinfection (Fig. 7) to establish whether proinflam-
matory cytokines may contribute to the observed decrease in tis-
sue iron and increase in Fpn1 expression in Sv129S6 mice. During
the first week postinfection, the mice had increased concentra-
tions of the proinflammatory cytokines IFN-v, IL-12, IL-2, and
IL-1B in serum. IFN-vy remained 100- to 1,000-fold higher on
average in infected than in control mice for 4 weeks. Serum IL-12
was high during the first week postinfection and climbed even
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higher for the next 3 weeks, consistent with sustained serum
IFN-vy concentrations (40). Extremely high concentrations of the
chemokines CXCL-1 and MCP-1, which, respectively, recruit tis-
sue neutrophils and monocytes (Fig. 7), were observed in serum
and were highest during the acute stage of infection. IL-4 was high
early in infection and further increased by 3 weeks postinfection,
consistent with a subacute, alternative activation state in select
macrophage populations (41, 42), including hemophagocytes
(28). Thus, Salmonella-infected mice have a particularly strong
proinflammatory response at 1 week postinfection that declines
but remains significantly higher than that of control mice over the
subsequent 3 weeks. The high and sustained levels of IFN-v, in
particular, are consistent with the increased tissue macrophage
expression of Fpnl (16, 35), resulting in iron export and loss of
iron storage in the spleen and liver.

Bacterial tissue load correlation with cytokines and chemo-
kines in individual mice. Mice infected with S. Typhimurium
develop a range of clinical signs and differing levels of tissue col-
onization and bacterial shedding in the feces (7, 43). We have
previously shown that hematopathology resolves in infected mice
as bacterial loads clear, as well as a correlation between lower
bacterial loads and less severe anemia (7). Consistent with such
variability, at 1 week postinfection, we observed 3-fold or greater
differences between individual mice in serum cytokine and
chemokine responses, specifically in TNF-e, IL-10, and CXCL-1
concentrations (Fig. 7). To establish whether individual mice re-
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FIG 4 Increased Fpnl (brown) expression concurrent with decreased hepatic and splenic iron staining (blue) in anemic Sv129S6 mice after oral infection with S.
enterica serovar Typhimurium. (A) Control mouse liver showing iron (blue) within an Fpnl-expressing sinusoidal Kupffer cell. (B) Increased Fpnl expression
in liver Kupffer cells (sinusoidal macrophages) from a mouse at 3 weeks postinfection. (C) Isotype control. (D) Control mouse spleen demonstrating splenic red
pulp iron staining (blue) with virtually no Fpnl (brown) expression. (E) Increased Fpnl expression in splenic red pulp macrophages and concurrent loss of
splenic red pulp macrophage iron staining 3 weeks postinfection. (F) Isotype control with Fpnl (brown) and Prussian blue (for ferric iron) costaining; original
magnification, X50. Shown is increased intralesional NOS2 expression in spleens and livers of Sv129S6 mice following oral infection with S. enterica serovar
Typhimurium. (G) Control mouse liver. (H) NOS2 expression in liver sinusoidal macrophages (Kupffer cells) 3 weeks postinfection. (I) Isotype control. (J)
Control mouse spleen. (K) NOS2 expression within splenic red pulp inflammatory lesion postinfection. (L) Isotype control. NOS2 expression was visualized by
Alexa-Fluor 594 (red) staining compared with no detectable expression in controls (G and J) and isotype controls (I and L). Exposure times were identical;
original magnification, X40. Arrows identify NOS2™ cells.

spond to infection according to distinct serum cytokine or chemo-  tion, the correlation became positive, consistent with the timeline
kine patterns, we calculated pairwise correlation coefficients be- demonstrated for increases in circulating (7) and tissue mono-
tween splenic bacterial loads (CFU) and each measured cytokine cytes and macrophages (Fig. 2). High serum concentrations of
and chemokine (Fig. 8). At 1 week postinfection, serum MCP-1  TNF-q, IL-1B, and IL-10, two pro- and one anti-inflammatory
negatively correlated with CFU, but by the second week postinfec-  cytokine, respectively, correlated positively with splenic CFU in
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FIG 5 Effects of S. enterica serovar Typhimurium infection on ferroportin-1 (Fpn1I), Nos2, and hepcidin (Hampl) mRNA expression in the livers and spleens of
mice. Total RNA was isolated from the livers and spleens of control (white bars) and infected (gray bars) Sv129S6 mice at 1 and 3 weeks after oral infection, and
the levels of Fpnl, Nos2, and Hampl mRNA were assayed using real-time reverse transcription-PCR (TagMan). The Fpnl, Nos2, and Hamp1 expression results
for each sample were normalized to those of the internal control, Hprt. The fold change in target gene expression for each mouse was then calculated relative to
the mean of the normalized expression level for the respective control mouse group (2~ 2" method). Means and SEM are shown; # = 3 or 4 control mice for

each time point; n = 5 infected mice for each time point. +, P < 0.05; *, P < 0.001; one-way ANOVA with Tukey’s post hoc test.

individual mice through several weeks of infection, including the
first week, when differences in bacterial tissue loads are largest. In
contrast, IFN-y correlated with CFU only in the fourth week
postinfection, and IL-12 and IL-2 not at all. Thus, in this mouse
model of infection, mice that have high bacterial tissue loads early
during infection respond by expressing high levels of key pro- and
anti-inflammatory cytokines.

DISCUSSION

fection in S. Typhimurium-infected Sv12956 mice. These obser-
vations indicate active export of iron from tissue macrophages
during infection. Increased Fpnl expression in vivo is consistent
with cell culture studies demonstrating Fpnl-dependent inhibi-
tion of intracellular Salmonella growth as a potential host defense
mechanism (44-46). Export of iron by cultured macrophages re-
duces the supply of iron for intracellular pathogens (in this case S.
Typhimurium) and thereby benefits the host (21, 35, 47). Consis-
tent with high Fpn1 expression at 3 weeks postinfection, liver hep-

cidin mRNA levels declined between 1 and 3 weeks. Hepcidin is a

The data here demonstrate that increased Fpnl expression in tis-
negative regulator of Fpn1 at the cell surface (34). We also found

sue macrophages is concurrent with the loss of tissue iron postin-
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FIG 6 Increased Fpnl (brown) expression concurrent with decreased duodenal enterocyte iron (blue) staining in Sv129S6 mice after oral infection with S.
enterica serovar Typhimurium. (A) Control mouse duodenum demonstrating the presence of enterocyte iron (blue). (B) Increased and basolateral (arrows) Fpn1
expression in blunted duodenal villus and concurrent loss of duodenal enterocyte iron staining 3 weeks postinfection. (C) Isotype control (without Prussian blue
counterstain) showing Fpnl (brown) and Prussian blue (ferric iron; blue) costaining; original magnification, X50.
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FIG 7 Serum cytokine concentrations from 1 to 4 weeks after oral infection
with S. enterica serovar Typhimurium in Sv129S6 mice. Shown are serum
cytokine concentrations in infected and control mice over 4 weeks postinfec-
tion. Control mice (gray lines) at weeks 1 to 4, n = 4, 3, 3, and 4; infected mice
(black lines) at weeks 1 to 4, n = 9, 10, 11, and 14. Means and SEM are shown.
*, P < 0.005; +, P < 0.05; one-way ANOVA with Tukey’s post hoc test.

that duodenal expression of Fpnl is increased postinfection,
suggesting increased absorption of dietary iron. Increased duode-
nal Fpn1 expression is a hallmark of systemic iron deficiency (39,
48) and is contrary to the decreased duodenal Fpnl expression
that is characteristic of AID (23, 48). Thus, these in vivo observa-
tions provide a physiological context for macrophage iron export
during infection. For this model, our data indicate that iron is
exported from tissue macrophages postinfection by Fpnl and is
utilized, in response to anemia, for hemoglobin synthesis, as indi-
cated by the marked erythropoietic response (EMH). EMH was
previously shown by both splenic histopathology and increased
TER119 staining of erythroblasts in the spleens of infected mice (7,
8). In other words, increased tissue Fpn1 expression and decreased
tissue iron, in concert with the previously demonstrated micro-
cytic anemia in these mice (7), are consistent with systemic iron
utilization and depletion.

Inflammation is the pathological hallmark of this mouse
model of typhoid fever, concurrent with the spectrum of acute
and persistent hematopathological findings that include mi-
crocytic anemia, inflammatory leukogram, and increased he-
mophagocytosis (6-8). The first 3 weeks postinfection corre-
late with the most severe hematopathology, which resolves over
time as bacterial loads clear (7). Here, we found this period to
be characterized by high and sustained levels of proinflamma-
tory cytokines, including IFN-y and TNF-a, as well as the
chemokines CXCL-1 and MCP-1, which recruit tissue phago-
cytes. Expression of IFN-+y, IL-12, and TNF-a is consistent with
the increased tissue macrophage expression of Fpn1 (Fig. 4 and
5) and concurrent loss of iron storage (Fig. 1 and 4) in the
spleen and liver (19, 20, 35). The observed proinflammatory
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(P < 0.05).

©.1] 0.5

serum cytokine responses and intralesional Nos2 expression
are further consistent with bacterial killing and the gradual
decline in the bacterial tissue load (Fig. 2) during acute to
subacute stages of infection.

In our studies, we correlate higher host bacterial loads with
more severe anemia (7). We found that high serum TNF-a con-
centrations correlate with increased bacterial burden in individual
mice (Fig. 8). A correlation of high TNF-a with higher bacterial
loads and more severe anemia is consistent with published studies
linking TNF-a to impaired erythropoiesis and erythrocyte mem-
brane injury (23, 49). Increased duodenal expression of Fpn1 sup-
ports a systemic need for iron and increased dietary absorption in
response to reactive erythropoiesis. This erythropoietic demand
for iron can override an inflammation-mediated anemia (50) in
which dietary iron absorption is reduced and reticuloendothelial
cells become loaded with iron (48, 50). Together, our findings
support the hypothesis that iron-trafficking processes contribute
not only to host control of infection, but also to persistent anemia
(Fig. 9).

Increased hemophagocytosis in bone marrow and liver mac-
rophages in S. Typhimurium-infected mice has been demon-
strated here (Fig. 3) and in our prior studies (7, 8, 10, 28). Sus-
tained exogenous delivery of cytokines (IFN-vy or IL-4) or a TLR9
agonist (CpG) promotes tissue hemophagocytosis and the devel-
opment of anemia (42, 51, 52). Additionally, sustained increases
in serum TNF-a contribute to erythrocyte damage (53) and sub-
sequent erythrophagocytosis (54). Sustained increases in serum
IL-4 postinfection and our correlation of tissue CFU with the anti-
inflammatory cytokine IL-10 are consistent with the presence of a
subpopulation of M2, alternatively activated macrophages in
which Salmonella may survive (9, 10, 28). Hemophagocytes that
accumulate upon S. Typhimurium infection as part of the ex-
panding macrophage population have been shown to express an
M2 phenotype; specifically, these cells express high levels of the
M2 markers MRC1/CD206 and SRB1/CD36 and low levels of
the M1 markers NOS2 and major histocompatibility complex
class IT (MHC-II) compared to other macrophages (28). Since M2
macrophages characteristically release iron by way of Fpnl (41,
55), this erythrophagocytic component of the postinfection he-
matopathology could be further contributing to the development
and persistence of anemia (51).

In summary, proliferation of tissue phagocyte populations
postinfection in conjunction with a proinflammatory cytokine re-
sponse and increased tissue Fpnl expression in response to
marked hematopoiesis result in systemic iron depletion and ane-
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FIG 9 Infection with S. enterica serovar Typhimurium results in tissue iron

loss and exacerbates anemia. (1) Intracellular bacteria trigger inflammation,

including production of the cytokines TNF-a and IFN-y. These contribute to

anemia via erythrocyte membrane damage and erythrophagocytosis, as well as

inhibition of erythropoiesis (not shown). (2) IFN-vy also increases macrophage

expression of the iron exporter Fpn1 via production of nitric oxide, helping to

control Salmonella growth by reducing its access to intracellular iron. (3 and 4)

Exported iron is then available for increased erythropoiesis in response to

anemia (3), but systemic iron becomes depleted, and erythropoiesis is there-

fore insufficient to overcome the inflammation-induced microcytic anemia

(4). (5) Due to the negative regulatory effect of iron on innate immune effector

pathways, low macrophage iron results in increased IFN-y-mediated antimi-

crobial activity, including Fpn1 expression. In an attempt to compensate for

anemia, the body responds by increasing absorption of iron via duodenal

Fpnl. (6) As bacterial numbers decline, so does the level of TNF-a production,

and recovery from anemia begins. With the eventual decrease in IFN-vy, mac-
rophages can reestablish their iron stores.

mia. The massive loss of iron from the spleen, the major site of
iron storage in the mouse, occurs concurrently with the marked
inflammatory cytokine response and increased expression of the
iron transporter Fpn1 in the reticuloendothelial cells of the spleen
and liver and in the duodenal enterocytes. We propose that the
combination of the host’s intense erythropoietic response to ane-
mia concurrent with increased hemophagocytosis presents a sup-
ply and demand problem, i.e., intestinal iron absorption cannot
meet the erythropoietic demand for iron, and therefore, the body
is systemically depleted of iron, resulting in erythrocyte microcy-
tosis and fragmentation and persistent anemia (7, 8). These in vivo
observations are consistent with prior cell culture studies and sug-
gest that the relocation of iron from tissue macrophages during
infection may further host survival of acute S. Typhimurium in-
fection but also contribute to anemia.
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