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Despite the prevalence and recognition of its detrimental impact, clinical complications
of sepsis remain a major challenge. Here, we investigated the effects of myeloid ferritin
heavy chain (FtH) in regulating the pathogenic sequelae of sepsis. We demonstrate
that deletion of myeloid FtH leads to protection against lipopolysaccharide-induced
endotoxemia and cecal ligation and puncture (CLP)-induced model of sepsis as
evidenced by reduced cytokine levels, multi-organ dysfunction and mortality. We
identified that such protection is predominantly mediated by the compensatory increase
in circulating ferritin (ferritin light chain; FtL) in the absence of myeloid FtH. Our in vitro
and in vivo studies indicate that prior exposure to ferritin light chain restrains an otherwise
dysregulated response to infection. These findings are mediated by an inhibitory action of
FtL on NF-kB activation, a key signaling pathway that is implicated in the pathogenesis of
sepsis. We further identified that LPS mediated activation of MAPK pathways, specifically,
JNK, and ERK were also reduced with FtL pre-treatment. Taken together, our findings
elucidate a crucial immunomodulatory function for circulating ferritin that challenges the
traditional view of this protein as a mere marker of body iron stores. Accordingly, these
findings will stimulate investigations to the adaptive nature of this protein in diverse clinical
settings.
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INTRODUCTION

Sepsis is a severe, dynamic, and deranged immune response to an infectious insult (1, 2). The
complexity of this clinical syndrome is perhaps best highlighted by its evolving definitions (3, 4).
The most recent international consensus defines sepsis as life-threatening organ dysfunction
resulting from a dysregulated host response to infection (4). The overall mortality rates of sepsis
are alarmingly high and range from 10 to 50% of diagnosed patients with development of organ
injury and septic shock as two major factors leading to higher mortality rates (5-7). Consequently,
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the massive burden of morbidity, mortality, and healthcare
expenditure associated with sepsis underscore the desperate
need for gaining more insight into this devastating clinical
syndrome and identifying novel targets for prevention and
therapy. Discovery of penicillin by Sir Alexander Fleming was a
major defining moment in human history and its struggle against
infections. Nevertheless, despite vigorous investigations, overall
improvement in our understanding of the molecular mechanisms
involved in the pathogenesis of sepsis and numerous clinical
trials, an “anti-sepsis” drug remains elusive (8, 9).

Ferritin is a spherical protein made of 24 subunits (10).
These subunits are composed of heavy (FtH) and light (FtL)
chains and their proportional contribution to the hollow
spherical shell varies among tissues. Ferritin was traditionally
considered to be a cytosolic protein with the mere function
of iron storage. However, our understanding of this highly
evolutionarily-preserved molecule has dramatically advanced in
the past couple of decades. It is now clear that within the
subcellular compartments, ferritin is present in the mitochondria
and nucleus (11-13). Additionally, several functions other than
iron storage including immunomodulatory attributes have been
described [reviewed in (14, 15)]. Another interesting aspect of
ferritin in the context of biological activity relates to serum
ferritin. The precise source of serum ferritin was long debated.
However, in an elegant study Cohen et al. revealed that serum
ferritin is mainly a secreted protein, involving a non-classical
lysosomal pathway (16). Furthermore, it was shown that FtL is
the main form of circulatory protein, its iron content is low
and more importantly, macrophages are the main source of
serum ferritin (16). Serum ferritin level has been utilized by
clinicians as part of a panel to assess iron stores. However, serum
ferritin is also increased in response to infections, inflammation
and malignancy and is generally accepted to be an acute
phase reactant similar to C-reactive protein (17, 18). Despite
this knowledge and our evolving understanding of the well-
orchestrated pathways involved in cellular and systemic iron
homeostasis, the precise role of serum ferritin and its impact on
disease progression is yet to be conspicuously defined. While the
connotation of iron’s role in infection is extensively debated, lack
of consistent evidence precludes us to comprehensively define the
paradigm of such relationship and more importantly how serum
ferritin may be involved in this context. Here, we asked whether
myeloid cell specific FtH deletion modulates inflammation and
organ injury in a commonly used and well-established model of
poly-microbial sepsis, cecal ligation and puncture (CLP).

MATERIALS AND METHODS

Experimental Model and Subject Details

Male and female H-ferritin floxed mice (FtH) and myeloid-
specific H-ferritin deletion mice (FtHYSM=/=) (10-14 weeks of
age), previously described (19, 20), were used in this study.
FtH/! mice were generated on a mixed background (C57BL/6
x 129/Sv) and were backcrossed to C57BL/6 for 10 generations.
LyzM“™ mice were generated on a mixed background (Sv129
x C57BL/6 x CB.20) but were backcrossed to a C57BL/6
background for six generations before submission to Jackson

Laboratories (Jackson Laboratories; stock 004781). Myeloid-
specific FtH deletion mice on a C57BL/6 background were
obtained by breeding FtHY/® and LyzM®® mice. All mice
were treated humanely and methods were approved by the
Institutional Animal Care and Use Committee of UAB. Studies
were performed in accordance with National Institutes of Health
guidelines.

Cecal Ligation and Puncture-Induced
Sepsis

Mice were anesthetized with isoflurane (1.5-2% isoflurane
induction, 1-1.5% maintenance). Midline laparotomy incision
(1-2cm) was made under aseptic conditions to expose the
cecum, and stool was milked to the tip and ligated 0.7 centimeter
from the tip. Using a 21G needle, two punctures were made
in the cecal wall and fecal material was expressed in to the
peritoneal cavity. The cecum was placed back in the peritoneal
cavity and musculature and skin were sutured. Sham animals
underwent laparotomy and bowel manipulation without ligation
or perforation. Mice were placed on a heating pad for recovery
and provided unrestricted access to water and food. Mice were
monitored closely for signs and symptoms of pain and distress
(usually developed 6-12h after surgery). Mice were sacrificed
8 and 24h after surgery. Serum was collected for creatinine
measurement by LC-MS/MS. Endotoxin-free recombinant FtL
(1 mg per 25g B.W.) was administered intravenously 24 h prior
to CLP surgery.

Lipopolysaccharide (LPS)-Induced Sepsis
Mice were anesthetized with isoflurane 1.5-2% isoflurane
induction, 1-1.5% maintenance and injected intraperitoneally
with 8 mg/kg LPS (Invivogen) and were sacrificed 24 h after
injection. Serum was collected for creatinine measurement by
LC-MS/MS.

Radiotelemetric Blood Pressure

Measurement

Blood pressure was recorded and analyzed via left carotid
artery PA-C10 telemetry implant (DSI, Saint Paul, MN), as
previously described (21, 22). Sepsis was induced by CLP after
baseline measurements were performed and blood pressure
was monitored. The device implantation and monitoring were
performed by the UAB-UCSD O’Brien Center Core Facility.

Transcutaneous GFR Measurement
Transcutaneous GFR was measured in mice using fluorescein
isothocyanate (FITC)-labeled = sinistrin (MediBeacon), as
previously described (23). GFR was monitored for 2h, after
which the monitors were removed and data were analyzed using
elimination kinetics curve of sinistrin clearance, as previously
described (24).

Measurement of Serum Cytokine Levels

Mouse serum cytokine levels were measured using mouse V-
PLEX Pro-inflammatory Panel I Kit (Meso Scale Discovery),
following manufacturers recommendations. Data was acquired
using a MESO Sector S600 plate reader (Meso Scale Discovery).
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Cytokine levels were represented as picograms or nanograms per
milliliter.

Flow Cytometry

Mice were anesthetized with 1.5-2% isoflurane and blood
was collected using cardiac puncture. Organs were perfused
with cold PBS and spleen was harvested and weighed. Flow
cytometry was performed as described previously (20, 25).
Following antibodies (with their respective clone numbers) were
obtained from eBioscience unless otherwise stated: 7-AAD,
MHCII-FITC (M5/114.15.2), Gr-1-APC (1A8), Ly6C-eF450
(HK1.4), CD11b-SuperBright600 (M1/70), CD45.2-BV650 (104;
BioLegend), F4/80-APC-eF780 (BMS8), CD11c-BV785 (N418;
BioLegend), NK1.1-PE (PK136), CD3e-APC (145-2C11), CD8a-
eF450 (53-6.7), CD4-SuperBright600 (RM4-5), CD19-BV785
(6D5; BioLegend). AccuCheck beads (Life Technologies) were
used to determine absolute numbers by normalizing to tissue
mass. Data were collected with a Becton-Dickinson LSRII
analyzer and analyzed using Flow]o software (Trecstar Software).

Peritoneal Colony Forming Unit (CFU)

Measurement

Mice were anesthetized with 1.5-2% isoflurane and peritoneal
lavage was sterilely collected in 0.9% sterile saline. Serial dilutions
of the peritoneal lavage fluid were made and plated on Trypticase
Soy Agar with Sheep Blood (Fisher Scientific). Agar plates were
incubated at 37°C for 24 h. Single colonies were counted and data
were represented as CFU per milliliter.

In vitro Phagocytosis

Bone marrow-derived macrophages (BMDMs) were changed
to DMEM + 1% FBS media 24h before being treated
with LPS (100ng/mL) or Apoferritin (0.1 mg/mL; Sigma).
BMDMs were harvested and stained with CDI11b-APC
(M1/70; eBioscience), 7AAD (eBioscience). Cells were
simultaneously incubated with MOI 10 pHrodo Red Escherichia
coli BioParticles (ThermoFisher), as previously described
with minor modifications (26). Cells were analyzed on a BD
FACSCalibur and data was analyzed using FlowJo software.

Bacterial Propagation

Xenl4 (bioluminescent Escherichia coli WS2572 parent strain,
Perkin Elmer) was cultured overnight in an orbital shaker at 200
rotations per minute at 37°C in Luria Broth medium containing
30 pg/mL kanamycin (Fisher Scientific). Initial absorbance
was determined at 600 nm and dilutions were prepared with
antibiotic-free DMDM + 1% FBS for all experiments.

In vitro Bacterial Killing

Bone marrow-derived macrophages (BMDMs) were changed to
DMEM + 1% FBS media 24h before this assay. Absorbance
of cultured Xenl4 was determined at 600nm and dilutions
were prepared in antibiotic-antimycotic free cell culture media.
BMDMs were treated with MOI 10 or 100 for 30 min. Bacterial
media was aspirated and BMDMs were washed with PBS. DMEM
+ 1% FBS + 200 pg/mL gentamicin was added for 2h and

luminescence quantified on a Biotek Synergy HT plate reader.
Data were expressed as arbitrary units (AU) of luminescence.

In vivo Bacterial Killing

Absorbance of cultured Xenl4 was determined and dilutions
were prepared in 0.9% sterile normal saline. The abdomen of
the mice was shaved and injected intraperitoneally with 10°
Xenl4. Mice were immediately imaged using a Xenogen IVIS-50
Bioluminescence Reader, housed by the UAB Preclinical Imaging
Shared Facility. Mice were imaged at 2, 4, 8, and 24h after
injection. Data were expressed as mean fluorescence index in AU.

Cecal Slurry Preparation

Cecal slurry was collected from male wild-type mice, as
previously described (27). Equal volume of 30% glycerol in sterile
PBS was added, then cecal slurry was aliquoted in to cryovials for
storage at —80°C.

Purification of Recombinant Human FtL
Recombinant human FtL was generated as previously described
(28). Briefly, FtL was expressed in E. coli using a pDS20pTrp
vector. Gel purification was performed on a Sepharose 6B
column, followed by a DEAE column. Endotoxin was removed
using Pierce High Capacity Endotoxin Removal Spin Columns
(ThermoFisher), per manufacturer protocol. Electrophoretic
purity was determined (96% pure) and removal of endotoxin was
confirmed using an E-Toxate kit (Sigma). Apoferritin derived
from equine spleen was bought from Sigma (A3641).

Cell Culture

Bone marrow-derived macrophages (BMDMs) were isolated
from FtH1/f and FtHYY*M~/~ mice, as previously described, with
minor modifications (20). BMDMs were cultured for 6 days
before experiments were performed. BMDMs were plated onto
culture dishes and treated with L-ferritin, or Apoferritin (0.1
mg/ml) for 16 h. Media was removed, the cells were washed with
PBS and treated with LPS (100 ng/mL) or cecal slurry (1 pL
per one million cells) in DMEM + 1% FBS for the indicated
times. Cells were then washed with PBS and collected for RNA
or protein analysis.

Quantification of mRNA Expression

Gene expression analysis was performed, as previously described
(29). Primers used to detect the specific genes are listed in
Table S4. For the RNA sequencing studies, total RNA was isolated
from blood via cardiac puncture using a Blood RNA isolation
kit (ThermoFisher Scientific) and subsequently, globin mRNA
was depleted using GLOBINCclear kit (ThermoFisher Scientific).
RNA was sequenced on NextSeq500 system and the library was
prepared with the Agilent SureSelect Stranded mRNA kit.

Western Blot

All western blotting was performed as previously described (20).
Membranes were blocked according to manufacturer’s protocol
(5% non-fat dry milk in TBST or 5% BSA in TBST) for
1h and incubated with a mouse p-P65 (Santa Cruz, 1:1,000),
rabbit total P65 (Cell Signaling, 1:2,000), mouse FtH (Santa
Cruz, 1:1,000), mouse FtL (Santa Cruz, 1:1,000), or goat FtL
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(Thermofisher or Santa Cruz, 1:1,000), followed by a peroxidase-
conjugated goat anti-mouse or goat anti-rabbit or donkey
anti-goat IgG antibody (Jackson ImmunoResearch Laboratories,
1:10,000). Horseradish peroxidase activity was detected using
chemiluminescence (GE Healthcare) or KwikQuant detection
system or LI-COR infrared Odyssey Imaging System. Membranes
were stripped and reprobed with anti-GAPDH (Sigma-Aldrich,
1:10,000) or anti-B-actin (Sigma-Aldrich, 1:10,000) as a loading
control. Densitometry analysis was performed using ImageStudio
Lite and results were normalized to GAPDH or total P65
expression. Data were represented as fold change over controls.

Blood Collection, Serum Preparation, and
Analysis

Mice were anesthetized with 1.5-2% isoflurane and blood
was collected by intra-cardiac puncture. Serum was isolated
from blood after 30-min room temperature incubation and

centrifugation. Aspartate transaminase activity (BioAssay
Systems), HMGB1 (LSBio), iron (Abcam), hepcidin
(eLabScience), NGAL (ENZO Life Sciences), hemopexin

(Alpha Diagnostic), haptoglobin (Alpha Diagnostic), and ferritin
(Kamiya Biomed) were measured in the serum according to
manufacturers’ protocols.

HISTOLOGY

Organs were collected and fixed in 10% neutral buffered formalin
for 16 h prior to paraffin embedding. Paraffin sections were cut in
to 4 wm sections, deparaffinized, and rehydrated using CitriSolv
and isopropanol. Tissues were stained with hematoxylin and
eosin stain using standard protocol. All images were acquired
using a Leica DMI 6000B microscope (Leica Microsystems) and
Leica Application Suite V4.2 software.

RNA Sequencing Data Processing and

Analysis

Raw sequencing (fastq) files were subjected to quality control
analysis using FastQC (v0.11.5) [http://www.bioinformatics.
babraham.ac.uk/projects/fastqc/] and using Trim Galore
(v0.4.1)  [http://www.bioinformatics.babraham.ac.uk/projects/
trim_galore/], adapter sequences and poor quality reads were
trimmed. Trimmed and cleaned sequence reads were aligned to
mouse genome (GRCm38) using TopHat v2.1.0 (30) or STAR
v2.5.3.a (31). The accepted BAM files from TopHat were sorted
using samtools (Version: 1.3.1) (32) and reads aligning each
annotated mouse gene were enumerated using HTSeq-count
(33).

Differential expression analysis was performed using DESeq2
(34), following standard protocol [https://bioconductor.org/
packages/release/bioc/vignettes/DESeq2/inst/doc/DESeq2.
html]. Genes altered by absolute fold change of two or
more with adjusted p-value < 0.01 were considered to be
significantly differentially expressed [DEG]. DAVID (Database
for Annotation, Visualization and Integrated Discovery) version
6.8 (35) was then used to conduct Gene Ontology (GO) and
KEGG pathway enrichment analysis on DEG. Heatmap figures

were generated in R 3.2.2 (https://cran.r-project.org/) using
heatmap.2 function of gplots package [https://cran.r-project.org/
web/packages/gplots/index.html].

QUANTIFICATION AND STATISTICAL
ANALYSIS

Data are represented as mean £ SEM. Unpaired 2-tailed t-test
was used for comparisons between two groups. ANOVA and
Tukey’s multiple comparisons tests were used for comparisons
between more than two groups. Survival significance was
determined by Kaplan-Meier curve and log rank test. P < 0.05
were considered significant. All analysis was performed using
GraphPad Prism 7.

DATA AVAILABILITY

The accession numbers for the RNA sequencing data reported in
this paper are Gene Expression Omnibus (GEO): GSE114078.

CONTACT FOR REAGENT AND
RESOURCE SHARING

Further information and requests for resources and reagents
should be directed to and will be fulfilled by the corresponding
author, Subhashini Bolisetty (sbolisetty@uabmec.edu).

RESULTS

Myeloid FtH Deficiency Prevents
Multi-organ Failure and Mortality in

Experimental Sepsis

Following CLP, wild-type mice (FtH/) succumbed to significant
mortality within 72h following surgery whereas mice deficient
in myeloid FtH (FtHWM~/~) displayed significantly improved
survival that was independent of gender (Figures 1A,B). Two
important life-threatening attributes of sepsis are related to
organ dysfunction and septic shock. Accordingly, we assessed
the extent of organ injury following CLP and determined
that myeloid FtH deficiency was associated with significantly
improved preservation of renal function as evidenced by
serum creatinine (Figure 1C) and transcutaneous glomerular
filtration rate measurement (Figure 1D), lesser hepatic injury
(AST, Figure1E), and preserved circulatory status when
compared to FtH?/f mice (mean arterial pressure, systolic
and diastolic blood pressure, Figures 1F-I). Additionally,
structural damage to the lung and liver was less prominent,
as confirmed by histological analyses (FigureS1). These
findings suggest that FtH deficiency in the myeloid cells
is associated with defense against sepsis induced organ
dysfunction.

Myeloid FtH Deficiency Dampens the

Inflammatory Response in Sepsis
A dysregulated hyperinflammatory immune response is a
hallmark of sepsis. In this context, we next assessed the levels
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of cytokines in the sera of mice that underwent sham or
CLP surgery. In accordance with organ dysfunction in the
FtH/ mice, 24h after CLP surgery, there was a significant
increase in the levels of cytokines that have been implicated
in the pathogenesis of sepsis, including the pro-inflammatory
cytokines, TNF-a, IFN-y, IL-6, IL-12, CXCL1, IL-1f, and IL-
2 (Figure 2). In contrast, FtHYM~/~ mice displayed a non-
significant increase in the levels of these cytokines when
compared to sham controls. This response was also associated
with a lack of significant induction in the anti-inflammatory
cytokines such as IL-4 and IL-10 and had no apparent difference
in the expression of IL-5, a cytokine that is predominantly
produced by non-myeloid cells such as mast cells and T
cells.

To assess the cross-talk between parenchymal and immune
cells, we next analyzed several well-established markers of
inflammation. Figure S2 depicts the expression profile of pro-
inflammatory and anti-inflammatory cytokines and chemokines
in the organs of myeloid FtH-deficient mice compared to
their floxed wild-type controls that underwent sham or sepsis.
Whether such regulation is contributed by the parenchymal
cells or the resident myeloid cells within these organs is
currently unknown. As expected, we found that splenic FtH
induction following CLP was blunted in the FtHYYM~/~ mice
(Figure S2). However, we did not find any association of
FtH expression and cytokine levels in the organs following
CLP. Expression of Heme oxygenase-1 (HO-1), an anti-oxidant

enzyme with potent anti-inflammatory properties, was not
significantly different following CLP in the organs of FtHf/
compared to FtHYM~/~ mice, suggesting that the protective
effects of myeloid FtH deletion were independent of HO-1
(Figure S2).

We next characterized the profile of immune cell populations
in the blood, spleen and lung to determine whether the
protective effect of myeloid FtH deficiency is secondary to its
role in regulating inflammation (Figures 3A,B and Figure S3A).
Corroborating previous reports, we demonstrate that sepsis
results in marked leukopenia in mice, leading to reduced
CD45" hematopoietic cells (Figure 3C) (36). More specifically,
there was a significant reduction in the number of neutrophils
in the blood and spleen following CLP in both FtHY/fl and
FtHYM~/~ mice. Interestingly, there was no difference in
monocytes/macrophages (MM) (Figure 3C) or inflammatory
MM (as defined by expression of Ly6C™ and CX3CR1+CCR2*
macrophages) (Figure S3B). In support of previous reports, there
is a significant reduction in peripheral as well as splenic T
cells (CD3"), and specifically a decrease in cytotoxic CD8"
T cells following CLP in both the myeloid-ferritin knockout
mice and controls (Figure 3C) (37-39). We also found a similar
trend in the reduction of B cells following CLP (Figure 3C).
In the spleen, we demonstrate a decrease in neutrophils and
inflammatory macrophages (Ly6CM and CX3CR1TCCR27"),
but no difference in the total macrophage, dendritic cell or
lymphoid cell populations (Figure 3D and Figure S3C). We
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FIGURE 2 | Myeloid FtH deficiency dampens the inflammatory response
during sepsis Serum levels of tumor necrosis factor-a (TNF-a), interferon-y
(IFN-y), interleukin-6 (IL-6), IL-12, chemokine ligand 1 (CXCL1), IL-10, IL-18,
IL-4, IL-2, and IL-5 were measured 24 h following sham or CLP surgery. Data
are expressed in nanograms or picograms per milliliter (hg/mL or pg/mL) as
mean + SEM. Sham, n = 7 per group; CLP, n = 9-11 per group. Data are from
two independent experiments. *p < 0.05 vs. sham, #p < 0.05 vs. FtH1/,

further demonstrate that while there was a significant increase
in the proportion of macrophages, there was no significant
difference in the neutrophil or dendritic cell populations in lungs
of both the transgenic mice following CLP compared to sham
(Figure S3D). Taken together, there was no significant difference
in the lymphoid and myeloid populations following sepsis in the
FtHY/ M vs, FtHYM~/~ mice.

FtH Expression Does Not Influence

Phagocytosis or Bacterial Clearance

We next investigated whether the dampened cytokine response
in the mice incompetent of FtH expression in the myeloid
compartment was due to a difference in bacterial load or an
inability of myeloid cells to detect, phagocytose, and clear
bacteria. As evident from Figure S4A, there was no difference
in the bacterial load in the peritoneal lavage of FtHYM~/= vs,
FtH/! mice at 24 h following CLP. We also assessed the effect of
myeloid FtH deficiency on bacterial clearance in vivo. Following
intraperitoneal administration of chemiluminescent E. coli strain
Xen 14, real-time IVIS imaging revealed no difference in bacterial
clearance in FtHWYM~/~ vs. FtHYf mice (Figure S4B). These
findings were further corroborated in vitro with infection of
BMDMs with Xen 14 (Figure S4C). Additionally, there was no
significant difference in the phagocytic ability of myeloid FtH
deficient BMDMs compared to wild-type BMDM:s (Figure S4D).
These results effectively rule out any attributable function
of myeloid FtH in the context of bacterial recognition or
phagocytosis by macrophages.

Myeloid FtH Deletion Diminishes Response

to Lipopolysacharide

To further determine whether FtH expression regulates the
response to lipopolysaccharide (LPS), a potent endotoxin that
is implicated in the pathogenesis of gram-negative bacterial
induced sepsis, we administered LPS to wild-type and myeloid
FtH deficient mice. While FtH1/fl mice exhibited a significant
loss of kidney function, FtHYM~/~ mice were resistant to LPS-
induced kidney injury (Figure 4A). Upon further investigation,
we demonstrate that while LPS-induced IL-6 and IL-1B
expression were significantly lower in FtH"YM~/~ macrophages
compared to FtHYf macrophages, a non-significant trend
was observed for TNF-o and NLRP3 mRNA expression
(Figures 4B-F).

Absence of FtH Led to Blunted Activation
of NF-kB Following LPS

We next addressed whether the protective effects of FtH deletion
are related to the regulation of nuclear factor kappa-light-
chain enhancer of activated B cells (NF-kB; p65), a principal
determinant of sepsis mediated injury (40). We demonstrate that
LPS induced a time-dependent increase in the phosphorylation
of p65 in FtHY/ macrophages, an effect that was remarkably
blunted in the FtHYM—/— cells (Figure 4H). We further
evaluated macrophages for the expression of phosphorylated JNK
and ERK, two key MAPK pathways that are activated following
LPS stimulation. In corroboration with previous studies, absence
of FtH led to an increase in LPS-induced phosphorylation of JNK
(41) and ERK kinase (Figures 4H,I). Interestingly, we observed
a bi-phasic activation of ERK following LPS stimulation, the
latter activation is possibly driven by cytokines. As previously
reported, lack of FtH in the macrophages from FtHYM~/~ mice
was associated with a compensatory increase in the levels of FtL
(Figure 4G) (20).
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FIGURE 3 | Myeloid FtH deficiency dampens the inflammatory response without altering the proportions of immune cell populations. (A,B) Representative flow
cytometry histograms of (A) myeloid and (B) lymphoid panels from FtH/f sham control spleen demonstrating gating scheme and proportions of immune cell
populations. (C,D) Quantification of number of cells in the (C) blood and (D) spleen 24 h after CLP. Data are from three independent experiments and are represented
as number of cells per gram spleen (cells/g) or number of cells per ml blood as mean + SEM. n = 4-5 per group. *o < 0.05 vs. sham.
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Serum Ferritin Is Significantly Higher in the
Myeloid FtH Deficient Mice

At 24h following CLP, there was no significant difference in
the levels of high mobility group box 1 (HMGBI1), a potential
mediator of pathogenic events in sepsis (Figure 5A). HMGBI1
is also implicated in leukocyte apoptosis and therefore may

contribute to the significant decrease in leukocyte populations
following CLP in both transgenic mice (Figure 3C). While serum
iron levels were not different between sham-operated animals,
CLP led to a significant reduction in serum iron levels in both the
transgenic groups (Figure 5B). Additionally, serum iron levels
were significantly higher in the FtHYYM~/~ mice that underwent
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CLP compared to FtHY mice. As expected, hepcidin, an anti-
microbial peptide, and a master regulator of iron homeostasis,
was significantly higher in both the FtH"*M~/~ and FtH/ mice
after CLP when compared to their respective sham controls.
However, hepcidin levels were significantly lower in FtHWYsM=/~
mice compared to FtHY1 mice that underwent CLP (Figure 5C),
which may explain the higher serum iron levels in FtHWsM—/~
mice following CLP. Furthermore, while neutrophil gelatinase-
associated lipocalin (NGAL), another iron chelating protein
with anti-bacterial properties, was significantly increased after
CLP surgery, there was no significant difference attributed to
myeloid FtH expression (Figure 5D). These results suggest that
iron regulatory proteins, hepcidin and NGAL, do not account
for the observed protective response in myeloid FtH deficient
mice.

Hemolysis and resultant heme burden are implicated in
the pathogenesis of sepsis (42). In fact, administration of
hemopexin to quench free heme prevents sepsis injury in
rodent models (42, 43). While we observed that hemopexin
was significantly higher in mice that underwent CLP surgery,
there was no influence of myeloid FtH on circulating hemopexin
levels (Figure 5E). Haptoglobin, a protein that binds free
hemoglobin is protective against sepsis pathogenesis and has
been shown to decrease in the acute phase after sepsis (44, 45).
We observed a significant reduction in serum haptogloboin
levels 8h after CLP, which was not different between FtH/
and FtHYM~/~ mice (data not shown). However, we found
significantly higher levels of haptoglobin at 24 h following CLP
in the serum of FtHWYM~/~ when compared to FtHY/ mice
(Figure 5F).

We next investigated whether levels of serum ferritin, mainly
comprised of ferritin light chain (FtL), were differentially
regulated in the absence of myeloid FtH expression.
Interestingly, we found that serum ferritin levels were
significantly higher in the FtHYM~/~ mice compared to
FtH/ mice. Furthermore, we observed a significant increase
in ferritin levels in mice that underwent CLP (irrespective of
their myeloid FtH status) when compared to sham surgery
(Figure 5QG).

FtL Confers Protection Against
Sepsis-Induced Hyperinflammation and

Organ Dysfunction

To investigate whether increased serum ferritin levels offered
resistance to sepsis, we administered recombinant FtL to FtH1/
mice, performed CLP surgery and measured the levels of
inflammatory cytokines in the serum after 24 h (Table S1). We
demonstrate a significant inhibitory effect on serum cytokine
production in the presence of FtL following CLP surgery.
Additionally, we also found that FtL administration led to
significantly lesser hepatic injury as evidenced by AST (FtL
CLP: 144 £ 9.4 vs. Vehicle CLP: 219 £ 168 U/L; p <
0.001). These findings suggest that FtL is associated with
defense against sepsis-induced hyperinflammation and organ
dysfunction.

FtL Mitigates LPS-Induced MAPK and

NF-kB Activation in Macrophages
Pre-treatment of BMDMs with FtL led to significantly lower
induction of expression of inflammatory markers (IL-6, IL-
1B, TNF-a, MCP-1) and inducible nitric oxide synthase (iNOS;
Figure 6A). Pre-treatment with apoferritin, a holosphere that
contains equal proportions of FtH and FtL, yielded similar
results (Figure S5A). Pre-treatment with FtL led to reduced
activation of LPS-mediated phosphorylation of JNK and ERK
(Figure 6B). Additionally, pre-treatment with apoferritin also led
to reduced phosphorylation of JNK when compared to vehicle
treated cells (Figure 6D). These JNK activation data contrast our
findings in LPS treated FtH"Y*M~/~ macrophages (Figure 4I),
suggesting a cumulative effect of FtH and FtL expression on
mitigating JNK activation. LPS treatment activates the NF-
kB pathway (Figure 4), therefore, we determined whether FtL
regulates NF-kB activation. Interestingly, we demonstrate that
pre-treatment with FtL or apoferritin mitigates LPS-induced
phosphorylation of p65 (Figures 6C,D). In addition, we found
that LPS-mediated degradation of IkBa was markedly less
pronounced in macrophages that were pre-treated with FtL or
apoferritin (Figures 6C,D). Of note, we found that treatment
with FtL led to an increase in expression of FtH expression.
Also, phosphorylated p65 levels were significantly lower in the
spleens of FtHY*M~/~ mice compared to FtH/ mice following
CLP (Figures S5C-E). Taken together these data suggest that
FtL diminishes NF-kB activation and downstream inflammatory
response and confers resistance to sepsis.

To mimic the polymicrobial flora of our in vivo model, we
prepared cecal slurry from FtH/! mice as previously described
(27). Our data demonstrated that pre-treatment with apoferritin
led to an abated immune response in the presence of cecal
slurry (Figure S5B). Specifically, induction of IL-6, MCP-1, TNF-
«, and IL-1 was markedly lower in the presence of apoferritin.
Corroborating our previous findings, we demonstrate that
apoferritin treatment induced expression of iNOS (Figure S5B)
(20).

Alteration of Gene Expression Profile of

Blood Leukocytes Following Sepsis

We next performed transcriptomic analyses of blood leukocytes
from FtH*M~/~ and FtHY? mice following sham or CLP
surgery. The heatmap shown in Figure 7A highlights the
significant (p < 0.01) differential expression of transcripts
following CLP in both the transgenic mice compared to sham
controls. Corroborating our cytokine data, we found that CLP
led to enrichment of biological processes that are associated
with an immune response (TablesS2, S3). Interestingly, in
comparison with FtH/f, CLP induced transcriptomic changes in
the FtHY*M~/~ mice demonstrated a clear pattern of dampened
immune response. These include downregulation of genes
associated with processes such as the inflammatory response, the
response to LPS and cell proliferation (Table S2). Additionally,
genes associated with processes such as oxidant detoxification
and regulation of NF-«kB signaling were upregulated in the
myeloid FtH deficient mice (Table S3). Hierarchical clustering of
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the NF-kB-dependent gene pathway identified several genes that
were differentially regulated in the FtH"Y*M~/~ mice (Figure 7B).
Additionally, there was a clear difference in the expression levels
of genes associated with the immune response between the
FtHYM~/~ and FtHY! mice that underwent CLP (Figure 7C).

DISCUSSION

In this study we investigated whether deletion of FtH in the
myeloid cells impacts CLP-induced inflammation and organ
injury. Our findings revealed that deletion of FtH was associated
with significant disease protection against sepsis. This was
evident by lower mortality, better preserved kidney function
and blood pressure, lesser hepatic injury and serum cytokine
levels, and decreased organ inflammation in myeloid FtH
deficient mice. We found similar bacterial killing capabilities
ruling out these processes as underlying mechanisms for
the observed differences. Importantly, our results showed a
significantly higher level of serum ferritin in both sham
and CLP groups of FtHYM~/~ mice compared to their
floxed counterparts. Since the macrophages are the main
source of circulating ferritin (16), the higher serum ferritin
was likely due to consequent compensatory overexpression
of FtL in myeloid cells lacking FtH. Our in vitro and in
vivo FtL administration studies indicate that prior exposure
to FtL provides significant resistance to the septic process
by mitigating overproduction of cytokines involved in the
pathogenesis of sepsis. Our results indicate a major inhibitory
action by ferritin on NF-kB activation and its downstream
effects. RNA-Seq analyses of circulating leukocytes validate the
paramount importance of serum ferritin in inhibition of the

NF-«kB pathway identifying novel functional properties of this
protein.

The exact role of iron in the pathogenesis of sepsis and
how iron regulatory proteins are involved in this process
remains under investigation (46-49). In this context, little is
known about the role of serum ferritin and its association with
sepsis, particularly its pathogenesis and outcomes. Immediately
following infection, a cascade of events shapes an environment
known as state of hypoferremia that is intended to limit
availability of iron to the infectious microbes (50, 51). This
process is primarily driven by synthesis of hepcidin which in
turn leads to endocytosis and degradation of ferroportin (52).
Other pathways that are modulated by robust elevation of
cytokines further solidify this strategy (53). The overall effect is
decreased iron absorption and increased iron retention within
reticuloendothelial cells. Serum ferritin (mainly FtL) is used to
measure body iron stores in healthy individuals but its increased
level in response to infection and inflammation limits its utility
(17, 54). The perplexing evolutionary purpose of this increase in
circulating iron poor ferritin during inflammatory processes is
yet to be fully divulged.

To understand the adaptation to sepsis induced inflammation,
we examined iron regulatory proteins that are beneficial during
sepsis. Our findings do not support such protection to be
mediated by hepcidin or NGAL, as neither of these proteins
were significantly elevated in FtHY*M~/~ mice compared to
floxed controls. However, we found that serum ferritin was
strikingly high in both groups of FtHYM~/~ mice undergoing
sham or CLP surgeries. Further analysis revealed high levels
of FtL expression in macrophages of FtHWM~/~ mice that
underscores a compensatory mechanism to FtH gene deletion.
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FIGURE 6 | Ferritin light chain (FtL) mitigates LPS-induced MAPK and NF-«B activation. (A) BMDMs from FtH1/f mice were pre-treated with FtL for 16 h followed by
treatment with LPS or saline control. Cell lysates were collected 8 h later and analyzed for mMRNA expression levels of IL-6, monocyte chemoattractant protein-1
(MCP-1), TNF-a, inducible nitric oxide synthase (iNOS), and IL-1p, Data are normalized to GAPDH and fold change relative to saline vehicle are expressed as mean +
SEM. n = 3 from three independent experiments. *p < 0.05 vs. vehicle, #p < 0.05 vs. LPS+FtL. (B,C) FtHf1/f BMDMs were pre-treated with FtL for 16 h, then
washed and treated with LPS and collected at 0, 0.25, 0.5, 1, 2, 4, and 8 h. Cell lysates were analyzed for expression of (B) pJNK, total JNK, pERK, FtL, and FtH.
B-actin was used as a loading control. Total ERK levels were examined in these lysates on a different membrane. (C) pP65, P65, and IkBa. GAPDH was used as a
loading control. (D) FtHf/ BMDMSs were pre-treated with Apoferritin (ApoF) for 16 h, then washed and treated with LPS and collected at 0, 0.5, 1, 3, and 8 h. Cell
lysates were analyzed for expression of pP65, P65, IkBa, pJNK, total JNK, and FtH. GAPDH was used as a loading control. Representative western blot from one out
of three mice per treatment group.

Since the major source of circulating ferritin is FtL (16), we  profound, and restrained response to infectious stimuli. As
postulated that this elevated serum ferritin may play a role in  expected, we found a significant increase in intracellular FtL
inflammation during sepsis. In support of this premise, we found  following administration of apoferritin and FtL. The cardinal
a mitigated inflammatory response to LPS in macrophages with ~ pathway that mediates the response of inflammatory cells to
overexpression of FtL to compensate for FtH deletion. Moreover,  infectious or injurious stimuli is the NF-kB pathway (40, 55). Our
when wild-type macrophages were treated with apoferritin or  in vitro findings disclose a striking blockade of this pathway with
recombinant FtL (all devoid of iron) we found a similar pattern  preconditioning cells to various forms of ferritin. Also, a recent
of resistance toward LPS or bacterial exposure that was evident  study demonstrated that transfection of macrophages with FtL
by lesser induction of inflammatory markers, suggesting a less  led to reduced nuclear accumulation of p65 subunit after LPS
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treatment (56). Given the importance of the spleen as a secondary ~ mice. Moreover, taking advantage of the unbiased analysis of the
lymphoid organ and its role in orchestrating adaptive immune  transcriptome of circulating leukocytes by RNA-Seq, we further
responses, we validated the abrogation of the NF-kB pathway as  corroborate the unique signature of downregulation of the
a central regulator of the phenotypes observed in FtHYM~=/~  NF-kB pathway and genes associated with “immune response”
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biological process in FtHWYM~/~ mice following CLP induced
sepsis.

Our understanding of iron metabolism and role of ferritin
in various disease models is evolving. In a study published
by Lipinski et al. in 1991, it was reported that tissue ferritin
administration protects against E. coli-induced sepsis in mice
(57). Furthermore, Weis et al. recently described how FtH
mediated metabolic adaptation markedly improves disease
tolerance to sepsis (58). It is important to note that these
studies demonstrate how FtH induction plays a protective
role during sepsis by inhibiting the iron-mediated oxidative
inhibition of liver glucose-6-phosphatase and consequently
sustain adequate gluconeogenesis. In contrast, our findings
predominantly emphasize the significance of circulating FtL in
modulating inflammatory cells toward a restrained response to
infection.

It is recognized that a well-established anti-inflammatory
cytokine, IL-10, is also robustly induced during inflammation to
provide a counterbalance to an otherwise unchecked deleterious
immune response. Similar pathways have been well-described in
other physiological contexts such as the rapid induction of the
anti-coagulation pathway during activation of the coagulation
cascade. For the first time, our findings provide insight into
the elusive nature and function of circulating ferritin. These
findings suggest an important role for serum ferritin in regulating
a controlled and measured response to infection in order to
minimize a dysregulated and heightened injurious inflammatory
process that is central to the detrimental outcomes of sepsis.
These findings introduce a novel function for circulating FtL
that establishes its role as an immunomodulatory cytokine.
It must be noted that these results neither preclude utility
of serum FtL as a marker of iron stores under physiological
circumstances, nor do they rule out the association that has
been described between high levels of circulating ferritin and
worse outcomes in various inflammatory diseases (14). In
contrast, our results suggest that similar to IL-10, the increment
in the level of circulating ferritin should be regarded as an
ongoing struggle to limit the body’s inflammatory reaction
toward injurious stimuli. Notably, elevated serum ferritin is
a common finding in patients with end stage renal disease
who require renal replacement therapy. Such elevated serum
ferritin levels do not always mirror the iron status of these
patients (17). Furthermore, a significant number of these
patients dialyze via a permcath that distinctively predisposes
them to bacteremia (59-61). Hence, future studies will need
to investigate the rate of bacteremia/sepsis in these patients
and their outcomes compared to patients with normal ferritin
levels.

In summary, we provide novel findings that identify the
NF-kB pathway as a main target of circulating ferritin to
establish a restrained response to infection. These results
will provide a novel platform for future studies to better
understand the pathogenesis of sepsis and novel targets for
potentially new strategies to challenge the significant burden of
sepsis induced morbidity, mortality and substantial health care
expenditure.
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Figure S1 | Myeloid FtH deficiency prevents multi-organ failure and mortality in
experimental sepsis. Hematoxylin and eosin (HandE) staining of liver and lung
tissue from FtH1/ and FtHYSM~/~ mice 24 h following CLP. Structural damage to
the liver is evidenced by steatosis, necrosis, and ballooning degeneration of
hepatocytes. Histologic examination of the lung demonstrates interstitial edema
and infiltration of immune cells. Scale bar = 100 um.

Figure S2 | Myeloid FtH deficiency dampens the inflammatory response following
sepsis. Spleen, liver, lung, and kidney tissues were analyzed for gene expression
levels of IL-6, IL-10, MCP-1, TNF-a, iINOS, HO-1, and FtH in FtH"/f and
FtHWYSM—/~ mice 24 h after CLP. Data are expressed as fold change relative to
GAPDH as mean 4+ SEM. Sham, n = 4 per group; CLP, n = 8 per group. *p <
0.05 vs. sham, #p < 0.05 vs. FtHf/f,

Figure S3 | Myeloid FtH deficiency dampens the inflammatory response without
altering the proportions of immune cell populations. (A) Representative flow
cytometry histograms of monocyte/macrophage populations from FtHf/fl sham
control demonstrating gating scheme and proportions of immune cell populations.
(B-D) Quantification of number of cells in the (B) blood, (C) spleen, and (D) lung
24 h after CLP. Data are represented as number of cells per gram kidney (cells/g)
as mean + SEM. n = 4-5 per group. *p < 0.05 vs. sham.

Figure S4 | FtH expression does not influence phagocytosis or bacterial
clearance. (A) Colony forming units (CFU) in FtH/! and FtHLYSM—/~ mice
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peritoneal fluid 24 h after CLP. Data are expressed in CFU/mL as mean + SEM.
n = 9-12 per group. (B) In vivo bacterial clearance was assessed by VIS

bioluminescence. Mice were infected with E. coli Xen14 (1 06) intraperitoneally and

imaged. Data are expressed in photons per second (photons/sec) as mean +
SEM. n = 7-8 per group; *p < 0.05 vs. OH. (C) /n vitro bacterial kiling was
measured in mouse bone marrow-derived macrophages infected with E. coli
Xen14 (MOI 10 and 100). Data are expressed as mean = SEM in A.U. n = 6 per
group. (D) In vitro phagocytic activity was assessed using pHrodo Red E. coli
BioParticles using flow cytometry. Median fluorescence intensity is expressed as
arbitrary units (A.U.) £ SEM. n = 3 per group.

Figure S5 | FtL confers protection against sepsis by mitigating NF-«xB activation.

(A) FtH/ BMDMs were treated with LPS with or without pre-treatment with
apoferritin or vehicle control for 16 h. Cells were collected after 8 h and analyzed

(B) FtHf/f BMDMSs were treated with cecal slurry (C.S.) after pretreatment with

apoferritin or saline control. Cells were collected after 8 h and analyzed for
expression of MCP-1, IL-6, TNF-«, IL-18, and iINOS. Data are normalized to
GAPDH and fold change relative to controls are expressed as mean + SEM. n =5
per group. (C-E) Spleens from FtH1/ and FtHYYSM~=/~ mice 24 h after CLP were
analyzed for expression of pP65, P65, and FtH. GAPDH was used as a loading
control. (D) pP65 was normalized to P65 and (E) FtH was normalized to GAPDH
andﬂdﬂensitometrio values were expressed as A.U. n = 7 per group. #p < 0.05 vs.
/1,

Table S1 | Serum cytokine profile of FtH/! ++ FtL compared to FtH"/f.

Table S2 | Downregulated genes in FtH'-ySM*F compared to FrHfl/A during
sepsis.

for expression of FtH, IL-6, TNF-a, NLRP3, and IL-18 mRNA. Data are normalized
to GAPDH and fold change relative to controls are expressed as mean + SEM.
n = 6 per group. *p < 0.05 vs. vehicle, #p < 0.05 vs. LPS+Apoferritin.

REFERENCES

10.

11.

12.

13.

14.

15.

16.

. Stearns-Kurosawa DJ, Osuchowski MF, Valentine C, Kurosawa S, Remick

DG. The pathogenesis of sepsis. Annu Rev Pathol. (2011) 6:19-48.
doi: 10.1146/annurev-pathol-011110-130327

. Bosmann M, Ward PA. The inflammatory response in sepsis. Trends

Immunol. (2013) 34:129-36. doi: 10.1016/.it.2012.09.004

. Levy MM, Fink MP, Marshall JC, Abraham E, Angus D, Cook D, et al. 2001

SCCM/ESICM/ACCP/ATS/SIS international sepsis definitions conference.
Crit Care Med. (2003) 31:1250-6. doi: 10.1097/01.CCM.0000050454.01
978.3B

. Singer M, Deutschman CS, Seymour CW, Shankar-Hari M, Annane D,

Bauer M, et al. The Third international consensus definitions for Sepsis
and Septic Shock (Sepsis-3). JAMA (2016) 315:801-10. doi: 10.1001/jama.20
16.0287

. Winters BD, Eberlein M, Leung J, Needham DM, Pronovost PJ, Sevransky JE.

Long-term mortality and quality of life in sepsis: a systematic review. Crit Care
Med. (2010) 38:1276-83. doi: 10.1097/CCM.0b013e3181d8ccld

. Pavon A, Binquet C, Kara E, Martinet O, Ganster E, Navellou JC, et al. Profile of

the risk of death after septic shock in the present era: an epidemiologic study.
Crit Care Med. (2013) 41:2600-9. doi: 10.1097/CCM.0b013e31829a6e89

. Stevenson EK, Rubenstein AR, Radin GT, Wiener RS, Walkey AJ.

Two decades of mortality trends among patients with severe sepsis:
a comparative meta-analysis*. Crit Care Med. (2014) 42:625-31.
doi: 10.1097/CCM.0000000000000026

. Cohen J. The immunopathogenesis of sepsis. Nature (2002) 420:885-91.

doi: 10.1038/nature01326

. Marshall JC. Why have clinical trials in sepsis failed? Trends Mol Med. (2014)

20:195-203. doi: 10.1016/j.molmed.2014.01.007

Arosio P, Ingrassia R, Cavadini P. Ferritins: a family of molecules for iron
storage, antioxidation and more. Biochim Biophys Acta (2009) 1790:589-99.
doi: 10.1016/j.bbagen.2008.09.004

Cai CX, Birk DE, Linsenmayer TF. Nuclear ferritin protects DNA from UV
damage in corneal epithelial cells. Mol Biol Cell (1998) 9:1037-51.

Levi S, Corsi B, Bosisio M, Invernizzi R, Volz A, Sanford D, et al. A human
mitochondrial ferritin encoded by an intronless gene. ] Biol Chem. (2001)
276:24437-40. doi: 10.1074/jbc.C100141200

Surguladze N, Patton S, Cozzi A, Fried MG, Connor JR. Characterization of
nuclear ferritin and mechanism of translocation. Biochem J. (2005) 388 (Pt
3):731-40. doi: 10.1042/BJ20041853

Wang W, Knovich MA, Coffman LG, Torti FM, Torti SV. Serum
ferritin: past, present and future. Biochim Biophys Acta (2010) 1800:760-9.
doi: 10.1016/j.bbagen.2010.03.011

Watt RK. The many faces of the octahedral ferritin protein. Biometals (2011)
24:489-500. doi: 10.1007/s10534-011-9415-8

Cohen LA, Gutierrez L, Weiss A, Leichtmann-Bardoogo Y, Zhang DL,
Crooks DR, et al. Serum ferritin is derived primarily from macrophages

Table S3 | Upregulated genes in FtHLySM_/_ compared to FrHf/A during sepsis.

Table S4 | Primers for Real-time PCR analysis.

through a nonclassical secretory pathway. Blood (2010) 116:1574-84.
doi: 10.1182/blood-2009-11-253815

17. Kalantar-Zadeh K, Kalantar-Zadeh K, Lee GH. The fascinating but deceptive
ferritin: to measure it or not to measure it in chronic kidney disease? Clin |
Am Soc Nephrol. (2006) 1(Suppl. 1):S9-18. doi: 10.2215/CJN.01390406

18. Zandman-Goddard G, Shoenfeld Y. Ferritin in autoimmune diseases.
Autoimmun Rev (2007) 6:457-63. doi: 10.1016/j.autrev.2007.01.016

19. Darshan D, Vanoaica L, Richman L, Beermann E Kuhn LC. Conditional
deletion of ferritin H in mice induces loss of iron storage and liver damage.
Hepatology (2009) 50:852-60. doi: 10.1002/hep.23058

20. Bolisetty S, Zarjou A, Hull TD, Traylor AM, Perianayagam A, Joseph R,
et al. Macrophage and epithelial cell H-ferritin expression regulates renal
inflammation. Kidney Int. (2015) 88:95-108. doi: 10.1038/ki.2015.102

21. Feng W, Chumley P, Hua P, Rezonzew G, Jaimes D, Duckworth
MW, et al. Role of the transcription factor erythroblastosis virus E26
oncogen homolog-1 (ETS-1) as mediator of the renal proinflammatory
and profibrotic effects of angiotensin II. Hypertension (2012) 60:1226-33.
doi: 10.1161/HYPERTENSIONAHA.112.197871

22. Srivastava R, Traylor AM, Li C, Feng W, Guo L, Antony VB, et al. Cutaneous
exposure to lewisite causes acute kidney injury by invoking DNA damage
and autophagic response. Am ] Physiol Renal Physiol. (2018) 314:F1166-76.
doi: 10.1152/ajprenal.00277.2017

23. Black LM, Lever JM, Traylor AM, Chen B, Yang Z, Esman SK, et al. Divergent
effects of AKI to CKD models on inflammation and fibrosis. Am ] Physiol
Renal Physiol. (2018) 315:F1107-18. doi: 10.1152/ajprenal.00179.2018

24. Schock-Kusch D, Xie Q, Shulhevich Y, Hesser ], Stsepankou D, Sadick M,
et al. Transcutaneous assessment of renal function in conscious rats with a
device for measuring FITC-sinistrin disappearance curves. Kidney Int. (2011)
79:1254-8. doi: 10.1038/ki.2011.31

25. Hull TD, Kamal AI, Boddu R, Bolisetty S, Guo L, Tisher CC, et al. Heme
Oxygenase-1 regulates myeloid cell trafficking in AKIL. J Am Soc Nephrol.
(2015) 26:2139-51. doi: 10.1681/ASN.2014080770

26. Jun HS, Cheung YY, Lee YM, Mansfield BC, Chou JY. Glucose-6-phosphatase-
beta, implicated in a congenital neutropenia syndrome, is essential for
macrophage energy homeostasis and functionality. Blood (2012) 119:4047-55.
doi: 10.1182/blood-2011-09-377820

27. Starr ME, Steele AM, Saito M, Hacker BJ, Evers BM, Saito H. A
new cecal slurry preparation protocol with improved long-term
reproducibility for animal models of sepsis. PLoS ONE (2014) 9:e115705.
doi: 10.1371/journal.pone.0115705

28. Santambrogio P, Cozzi A, Levi S, Rovida E, Magni E Albertini A, et al.
Functional and immunological analysis of recombinant mouse H- and
L-ferritins from Escherichia coli. Protein Expr Purif. (2000) 19:212-8.
doi: 10.1006/prep.2000.1212

29. Bolisetty S, Traylor A, Joseph R, Zarjou A, Agarwal A. Proximal tubule-
targeted heme oxygenase-1 in cisplatin-induced acute kidney injury. Am J
Physiol Renal Physiol. (2016) 310:F385-394. doi: 10.1152/ajprenal.00335.2015

Frontiers in Immunology | www.frontiersin.org

February 2019 | Volume 10 | Article 131


https://doi.org/10.1146/annurev-pathol-011110-130327
https://doi.org/10.1016/j.it.2012.09.004
https://doi.org/10.1097/01.CCM.0000050454.01978.3B
https://doi.org/10.1001/jama.2016.0287
https://doi.org/10.1097/CCM.0b013e3181d8cc1d
https://doi.org/10.1097/CCM.0b013e31829a6e89
https://doi.org/10.1097/CCM.0000000000000026
https://doi.org/10.1038/nature01326
https://doi.org/10.1016/j.molmed.2014.01.007
https://doi.org/10.1016/j.bbagen.2008.09.004
https://doi.org/10.1074/jbc.C100141200
https://doi.org/10.1042/BJ20041853
https://doi.org/10.1016/j.bbagen.2010.03.011
https://doi.org/10.1007/s10534-011-9415-8
https://doi.org/10.1182/blood-2009-11-253815
https://doi.org/10.2215/CJN.01390406
https://doi.org/10.1016/j.autrev.2007.01.016
https://doi.org/10.1002/hep.23058
https://doi.org/10.1038/ki.2015.102
https://doi.org/10.1161/HYPERTENSIONAHA.112.197871
https://doi.org/10.1152/ajprenal.00277.2017
https://doi.org/10.1152/ajprenal.00179.2018
https://doi.org/10.1038/ki.2011.31
https://doi.org/10.1681/ASN.2014080770
https://doi.org/10.1182/blood-2011-09-377820
https://doi.org/10.1371/journal.pone.0115705
https://doi.org/10.1006/prep.2000.1212
https://doi.org/10.1152/ajprenal.00335.2015
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Zarjou et al.

Ferritin Mitigates Sepsis-Mediated Pathogenic Sequelae

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Kim D, Pertea G, Trapnell C, Pimentel H, Kelley R, Salzberg SL. TopHat2:
accurate alignment of transcriptomes in the presence of insertions, deletions
and gene fusions. Genome Biol. (2013) 14:R36. doi: 10.1186/gb-2013-14-4-r36
Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, et al.
STAR: ultrafast universal RNA-seq aligner. Bioinformatics (2013) 29:15-21.
doi: 10.1093/bioinformatics/bts635

Li H. A statistical framework for SNP calling, mutation discovery, association
mapping and population genetical parameter estimation from sequencing
data. Bioinformatics (2011) 27:2987-93. doi: 10.1093/bioinformatics/btr509
Anders S, Pyl PT, Huber W. HTSeq-a Python framework to work
with high-throughput sequencing data. Bioinformatics (2015) 31:166-9.
doi: 10.1093/bioinformatics/btu638

Love MI, Huber W, Anders S. Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol. (2014) 15:550.
doi: 10.1186/s13059-014-0550-8

Huang da W, Sherman BT, Lempicki RA. Systematic and integrative analysis
of large gene lists using DAVID bioinformatics resources. Nat Protoc. (2009)
4:44-57. doi: 10.1038/nprot.2008.211

Wesche DE, Lomas-Neira JL, Perl M, Chung CS, Ayala A. Leukocyte apoptosis
and its significance in sepsis and shock. J Leukoc Biol. (2005) 78:325-37.
doi: 10.1189/j1b.0105017.

Hotchkiss RS, Swanson PE, Cobb JP, Jacobson A, Buchman TG, Karl IE.
Apoptosis in lymphoid and parenchymal cells during sepsis: findings in
normal and T- and B-cell-deficient mice. Crit Care Med. (1997) 25:1298-307.
Unsinger J, Kazama H, McDonough JS, Hotchkiss RS, Ferguson TA.
Differential lymphopenia-induced homeostatic proliferation for CD4+ and
CD8+ T cells following septic injury. J Leukoc Biol. (2009) 85:382-90.
doi: 10.1189/j1b.0808491

Serbanescu MA, Ramonell KM, Hadley A, Margoles LM, Mittal R, Lyons JD,
et al. Attrition of memory CD8 T cells during sepsis requires LFA-1. J Leukoc
Biol. (2016) 100:1167-80. doi: 10.1189/j1b.4A1215-563RR

Liu SE Malik AB. NF-kappa B activation as a pathological mechanism of
septic shock and inflammation. Am J Physiol Lung Cell Mol Physiol. (2006)
290:L622-45. doi: 10.1152/ajplung.00477.2005

Gozzelino R, Andrade BB, Larsen R, Luz NE Vanoaica L, Seixas E,
et al. Metabolic adaptation to tissue iron overload confers tolerance to
malaria. Cell Host Microbe (2012) 12:693-704. doi: 10.1016/j.chom.2012.
10.011

Larsen R, Gozzelino R, Jeney V, Tokaji L, Bozza FA, Japiassu AM, et al. A
central role for free heme in the pathogenesis of severe sepsis. Sci Transl Med.
(2010) 2:51ra71. doi: 10.1126/scitranslmed.3001118

Jung JY, Kwak YH, Chang I, Kwon WY, Suh GJ, Choi D. Protective
effect of hemopexin on systemic inflammation and acute lung
injury in an endotoxemia model. ] Surg Res. (2017) 212:15-21.
doi: 10.1016/j.jss5.2016.12.020

Janz DR, Bastarache JA, Sills G, Wickersham N, May AK, Bernard GR, et al.
Association between haptoglobin, hemopexin and mortality in adults with
sepsis. Crit Care (2013) 17:R272. doi: 10.1186/cc13108

Remy KE, Cortes-Puch I, Solomon SB, Sun ], Pockros BM, Feng
J, et al. Haptoglobin improves shock, lung injury, and survival in
canine pneumonia. JCI Insight (2018) 3:123013. doi: 10.1172/jci.insight.1
23013

Ishida JH, Johansen KL. Iron and infection in hemodialysis patients. Semin
Dial. (2014) 27:26-36. doi: 10.1111/sdi.12168

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Nairz M, Haschka D, Demetz E, Weiss G. Iron at the interface of immunity
and infection. Front Pharmacol. (2014) 5:152. doi: 10.3389/fphar.2014.00152
Soares MP, Weiss G. The Iron age of host-microbe interactions. EMBO Rep.
(2015) 16:1482-500. doi: 10.15252/embr.201540558
Ganz T. Iron and infection. Int ] Hematol.
doi: 10.1007/s12185-017-2366-2

Gangat N, Wolanskyj AP. Anemia of chronic disease. Semin Hematol. (2013)
50:232-8. doi: 10.1053/j.seminhematol.2013.06.006

Soares MP, Hamza 1. Macrophages and Iron Metabolism. Immunity (2016)
44:492-504. doi: 10.1016/j.immuni.2016.02.016

Sebastiani G, Wilkinson N, Pantopoulos K. Pharmacological targeting
of the Hepcidin/Ferroportin axis. Front Pharmacol. (2016) 7:160.
doi: 10.3389/fphar.2016.00160

Cassat JE, Skaar EP. Iron in infection and immunity. Cell Host Microbe (2013)
13:509-19. doi: 10.1016/j.chom.2013.04.010

Daru J, Colman K, Stanworth SJ, De La Salle B, Wood EM, Pasricha SR. Serum
ferritin as an indicator of iron status: what do we need to know? Am J Clin
Nutr. (2017) 106(Suppl. 6):1634S—9S. doi: 10.3945/ajcn.117.155960

Brown MA, Jones WK. NF-kappaB action in sepsis: the innate immune system
and the heart. Front Biosci. (2004) 9:1201-17. doi: 10.2741/1304

Fan Y, Zhang J, Cai L, Wang S, Liu C, Zhang Y, et al. The effect of anti-
inflammatory properties of ferritin light chain on lipopolysaccharide-induced
inflammatory response in murine macrophages. Biochim Biophys Acta (2014)
1843:2775-83. doi: 10.1016/j.bbamcr.2014.06.015

Lipinski P, Jarzabek Z, Broniek S, Zagulski T. Protective effect of tissue ferritins
in experimental Escherichia coli infection of mice in vivo. Int ] Exp Pathol.
(1991) 72:623-30.

Weis S, Carlos AR, Moita MR, Singh S, Blankenhaus B, Cardoso S, et al.
Metabolic Adaptation establishes disease tolerance to sepsis. Cell (2017)
169:1263-75 e1214. doi: 10.1016/j.cell.2017.05.031

Nissenson AR, Dylan ML, Griffiths RI, Yu HT, Dean BB, Danese MD, et al.
Clinical and economic outcomes of Staphylococcus aureus septicemia in
ESRD patients receiving hemodialysis. Am ] Kidney Dis. (2005) 46:301-8.
doi: 10.1053/j.ajkd.2005.04.019

Danese MD, Griffiths RI, Dylan M, Yu HT, Dubois R, Nissenson AR. Mortality
differences among organisms causing septicemia in hemodialysis patients.
Hemodial Int. (2006) 10:56-62. doi: 10.1111/§.1542-4758.2006.01175.x

Inrig JK, Reed SD, Szczech LA, Engemann JJ, Friedman JY, Corey GR,
et al. Relationship between clinical outcomes and vascular access type among
hemodialysis patients with Staphylococcus aureus bacteremia. Clin ] Am Soc
Nephrol. (2006) 1:518-24. doi: 10.2215/CJN.01301005

(2018) 107:7-15.

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Zarjou, Black, McCullough, Hull, Esman, Boddu, Varambally,
Chandrashekar, Feng, Arosio, Poli, Balla and Bolisetty. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Immunology | www.frontiersin.org

15

February 2019 | Volume 10 | Article 131


https://doi.org/10.1186/gb-2013-14-4-r36
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1093/bioinformatics/btr509
https://doi.org/10.1093/bioinformatics/btu638
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1038/nprot.2008.211
https://doi.org/10.1189/jlb.0105017.
https://doi.org/10.1189/jlb.0808491
https://doi.org/10.1189/jlb.4A1215-563RR
https://doi.org/10.1152/ajplung.00477.2005
https://doi.org/10.1016/j.chom.2012.10.011
https://doi.org/10.1126/scitranslmed.3001118
https://doi.org/10.1016/j.jss.2016.12.020
https://doi.org/10.1186/cc13108
https://doi.org/10.1172/jci.insight.123013
https://doi.org/10.1111/sdi.12168
https://doi.org/10.3389/fphar.2014.00152
https://doi.org/10.15252/embr.201540558
https://doi.org/10.1007/s12185-017-2366-2
https://doi.org/10.1053/j.seminhematol.2013.06.006
https://doi.org/10.1016/j.immuni.2016.02.016
https://doi.org/10.3389/fphar.2016.00160
https://doi.org/10.1016/j.chom.2013.04.010
https://doi.org/10.3945/ajcn.117.155960
https://doi.org/10.2741/1304
https://doi.org/10.1016/j.bbamcr.2014.06.015
https://doi.org/10.1016/j.cell.2017.05.031
https://doi.org/10.1053/j.ajkd.2005.04.019
https://doi.org/10.1111/j.1542-4758.2006.01175.x
https://doi.org/10.2215/CJN.01301005
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	Ferritin Light Chain Confers Protection Against Sepsis-Induced Inflammation and Organ Injury
	Introduction
	Materials and Methods
	Experimental Model and Subject Details
	Cecal Ligation and Puncture-Induced Sepsis
	Lipopolysaccharide (LPS)-Induced Sepsis
	Radiotelemetric Blood Pressure Measurement
	Transcutaneous GFR Measurement
	Measurement of Serum Cytokine Levels
	Flow Cytometry
	Peritoneal Colony Forming Unit (CFU) Measurement
	In vitro Phagocytosis
	Bacterial Propagation
	In vitro Bacterial Killing
	In vivo Bacterial Killing
	Cecal Slurry Preparation
	Purification of Recombinant Human FtL
	Cell Culture
	Quantification of mRNA Expression
	Western Blot
	Blood Collection, Serum Preparation, and Analysis

	Histology
	RNA Sequencing Data Processing and Analysis

	Quantification and Statistical Analysis
	Data Availability
	Contact for Reagent and Resource Sharing
	Results
	Myeloid FtH Deficiency Prevents Multi-organ Failure and Mortality in Experimental Sepsis
	Myeloid FtH Deficiency Dampens the Inflammatory Response in Sepsis
	FtH Expression Does Not Influence Phagocytosis or Bacterial Clearance
	Myeloid FtH Deletion Diminishes Response to Lipopolysacharide
	Absence of FtH Led to Blunted Activation of NF-κB Following LPS
	Serum Ferritin Is Significantly Higher in the Myeloid FtH Deficient Mice
	FtL Confers Protection Against Sepsis-Induced Hyperinflammation and Organ Dysfunction
	FtL Mitigates LPS-Induced MAPK and NF-κB Activation in Macrophages
	Alteration of Gene Expression Profile of Blood Leukocytes Following Sepsis

	Discussion
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


