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IMMUNOLOGY

Plasma iron controls neutrophil production
and function

Joe N. Frost't, Sarah K. Wideman'#, Alexandra E. Preston'+, Megan R. Teh'$, Zhichao Ai’t,
Lihui Wang?#, Amy Cross>, Natasha White', Yavuz Yazicioglu?, Michael Bonadonna*?,
Alexander J. Clarke?, Andrew E. Armitage’, Bruno Galy*, Irina A. Udalova?, Hal Drakesmith'*

Low plasma iron (hypoferremia) induced by hepcidin is a conserved inflammatory response that protects against
infections but inhibits erythropoiesis. How hypoferremia influences leukocytogenesis is unclear. Using proteomic
data, we predicted that neutrophil production would be profoundly more iron-demanding than generation of other
white blood cell types. Accordingly in mice, hepcidin-mediated hypoferremia substantially reduced numbers of
granulocytes but not monocytes, lymphocytes, or dendritic cells. Neutrophil rebound after anti-Gr-1-induced neutro-
penia was blunted during hypoferremia but was rescued by supplemental iron. Similarly, hypoferremia markedly
inhibited pharmacologically stimulated granulopoiesis mediated by granulocyte colony-stimulating factor and
inflammation-induced accumulation of neutrophils in the spleen and peritoneal cavity. Furthermore, hypoferremia
specifically altered neutrophil effector functions, suppressing antibacterial mechanisms but enhancing mitochondrial
reactive oxygen species—dependent NETosis associated with chronic inflammation. Notably, antagonizing
endogenous hepcidin during acute inflammation enhanced production of neutrophils. We propose plasma iron
modulates the profile of innate immunity by controlling monocyte-to-neutrophil ratio and neutrophil activity in
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a therapeutically targetable system.

INTRODUCTION

Iron is required for cellular biochemistry, supporting processes such
as oxidative metabolism, DNA synthesis, and epigenetic remodeling
(1, 2). Sequestration of iron from plasma, termed hypoferremia,
commonly occurs during the acute phase of infection, driven by in-
flammatory induction of the iron regulatory hormone, hepcidin (3).
Hepcidin blocks iron recycling by hemophagocytic macrophages
and iron absorption by duodenal enterocytes, suppressing serum
iron concentrations (4). This response can protect against certain
siderophilic bacterial pathogens, constituting an acute “nutritional
immune” mechanism but, if prolonged, leads to inflammatory
anemia and can inhibit proliferative lymphocyte responses to im-
munization and infection (5-7).

Of particular note, inflammatory hypoferremia during acute
infection frequently coincides with a need to remodel hematopoiesis
(8) and to support metabolically demanding innate cell effector
functions—both potentially iron-dependent processes. While studies
have highlighted that the neutrophil oxidative burst is impaired by
iron deficiency, how cellular innate immunity is affected by plasma
iron status and extracellular iron availability more broadly remains
unclear (9-16). Here, we show, via pharmacological manipulation
of plasma iron availability in mice, that neutrophil production and
functionality are highly iron-sensitive processes, thereby providing
insights into how physiologically relevant systemic shifts in nutrient
availability modulate innate immunity.
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RESULTS

Neutrophil production is iron-requiring and sensitive to low
iron availability

Erythropoiesis consumes ~25 mg of iron per day in humans (17).
However, the iron needs of leukocytes are unknown. Having previously
modeled iron demands during T cell activation (2), we applied the
same method to a published proteomic resource (18) to estimate the
iron content of resting human peripheral blood leukocytes. We
predict that neutrophils have substantially higher iron content per
cell than other leukocytes (Fig. 1A). Moreover, a larger proportion
of the neutrophil and eosinophil proteomes is “iron-interacting”
compared to other leukocytes (Fig. 1A). Using estimates for the
number of leukocytes generated per day (19), we predict neutrophil
production uses ~100-fold more iron than B cells, T cells, or mono-
cytes and only 10-fold less iron than estimated for erythropoiesis
(Fig. 1B) (17). Thus, neutrophil production is likely to be particularly
sensitive to changes in serum iron.

To evaluate the sensitivity of leukocyte subsets to physiological
variation in plasma iron availability experimentally, we administered
a mimetic of the iron regulatory hormone hepcidin—minihepcidin
(mHep)—daily for 4 days to C57BL/6 mice (Fig. 1C) (6). This
caused hypoferremia and suppressed endogenous hepatic hepcidin
expression (fig. SIA) (20). Mice given mHep had fewer neutrophils
and eosinophils, but unchanged Ly6C" and Ly6C™ monocyte fre-
quency, in the spleen and blood (Fig. 1, D and E, and fig. S1D).
Splenic basophils, dendritic cells and lymphocyte subsets (fig. S1,
B and C), and bone marrow (BM) B cells (fig. S1C) were also unaffected.
In addition, fewer mature neutrophils [CD101" Ly6G"* (21)] and
Siglec F* eosinophils were present in the BM after mHep treatment
(Fig. 1F); in contrast, mature BM monocytes [CXCR4™ CD115" (22)]
were increased in treated mice (Fig. 1G). BM neutrophil and mono-
cyte production are driven by highly proliferative committed
progenitors: Ly6C" c-kit" CD115~ CXCR4" granulocytic myeloblasts
and Ly6C"* c-kit" CD115" CXCR4" committed monocyte progenitors
(cMoPs), respectively (21, 23). Following mHep treatment, we observed
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Fig. 1. Hepcidin reduces systemic neutrophil numbers. (A) Predicted absolute number of iron atoms in total and grouped by pathway, as well as percentage of detected
proteins that are iron-interacting proteins in resting human peripheral blood leukocytes. Means + SD. mDC, myeloid dendritic cell; pDC, plasmacytoid dendritic cell; FA,
fatty acid. (B) Predicted iron requirements (in milligrams per day) for hematopoietic production of the specified lineage, compared to literature-derived value for red
blood cell (RBC) production. (C) Experiment scheme to test effect of mHep on hematopoiesis. i.p., intraperitoneally. (D) Number of splenic myeloid subsets in experiment
described in (C). Representative of three independent replicates. Neutrophils and eosinophils, Mann-Whitney test; monocytes, unpaired t test. Means + SD. (E) Blood
myeloid subsets (numbers per microliter) in experiment described in (C). Representative of three independent replicates. Neutrophils, Welch’s unpaired t test; eosinophils
and monocytes, unpaired t test. Means + SD. (F) Numbers of mature neutrophils and eosinophils in the bone marrow (BM) in the experiment described in (C). Representative
of three independent replicates. Unpaired t test. Means + SD. (G) Numbers of mature monocytes in the BM in experiment described in (C). Representative to three
independent replicates. Unpaired t test. Means + SD. (H) Numbers of committed granulocyte progenitors and committed monocyte progenitors (cMoPs) in experiment
described in (C). Representative of three independent replicates. Unpaired t test. Means + SD. (I) Comparison of CD71 expression between myeloblasts (granulocyte
progenitors) and cMoPs in experiment described in (C). Paired t test. Effect of mHep treatment on CD71 expression by myeloblasts and cMoPs. Unpaired t test.
Means + SD. MFI, median fluorescence intensity. (J) Graphical summary of changes in cell numbers observed after mHep treatment. NK, natural killer.
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no change in myeloblasts but increased cMoP numbers (Fig. 1H)
that could be driving the accumulation of mature BM monocytes.

To probe the differential sensitivity of neutrophil and monocyte
lineages to low iron, we quantified CD71 expression (transferrin
receptor, which mediates cellular iron acquisition) on committed
progenitors. Myeloblasts had significantly higher CD71 expression
than cMoPs in control mice, consistent with our in silico prediction
of greater neutrophil iron demand (Fig. 1I). Moreover, mHep treat-
ment markedly increased CD71 expression by both progenitor
subsets, likely indicating cellular iron deficiency (Fig. 1I). A slight,
but significant, increase in the proportion of myeloblasts in S phase
was observed in mHep-treated animals, potentially indicating an
iron-associated cell cycle perturbation that could link to reduced
BM neutrophil production (fig. S1E) (24). No difference in cMoP cell
cycle profile was observed (fig. SIE). mHep also suppressed erythro-
poiesis and increased circulating platelet counts (fig. S1, F and G) as
previously described under low iron conditions (25, 26).

Alongside a lineage-intrinsic dependence of granulopoiesis
on iron, low iron could also indirectly influence granulocyte pro-
duction. Granulocyte colony-stimulating factor (G-CSF) and
interleukin-5 (IL-5) are key cell-extrinsic hematopoietic cytokines
controlling neutrophil and eosinophil production, respectively
(27, 28). We found no evidence of reduced serum G-CSF or IL-5
mHep-treated mice (fig. SIH). G-CSF was elevated in hypoferremic
animals, consistent with the reduced peripheral neutrophil fre-
quency (29).

Together, these data indicate that mHep-induced hypoferremia
associates with altered hematopoietic output, particularly reduced
circulating frequencies of neutrophils and eosinophils (Fig. 1), in
line with the predicted lineage-specific iron demands. In contrast,
we observed an expansion of monocytes and their precursors
in the BM.

Hepcidin-driven hypoferremia impairs enhanced
granulopoiesis

We next considered whether acute hypoferremia would affect the
response to enhanced granulopoiesis. We administered low dose
anti-Gr-1 to mice to transiently and selectively deplete mature
neutrophil numbers indicated by peripheral blood cell frequencies
24 hours after antibody treatment (fig. S2A), followed by four daily
mHep doses to induce hypoferremia during granulopoietic recovery
(Fig. 2A). Differentiation from committed granulocyte progenitor
to mature neutrophil can be defined by decreased c-kit and increased
Ly6G expression (fig. S2B) (30). After 4 days of mHep administra-
tion, mature Ly6G-high BM neutrophil production was suppressed,
while more immature cells accumulated (Fig. 2B and fig. S2C); blood
neutrophil counts were also reduced (fig. S2D).

To test whether mHep-mediated suppression of neutrophil
production was directly related to iron limitation, mice were ad-
ministered ferric ammonium citrate (FAC; an exogenous iron
source) concurrently with mHep following anti-Gr-1 treatment
(Fig. 2C). FAC rescued CD101" Ly6G* BM neutrophil numbers in
mHep-treated mice and reduced myeloblast CD71 expression,
suggesting that cellular iron deficiency was ameliorated (Fig. 2D);
FAC also rescued splenic eosinophil numbers (fig. S2E). Therefore,
suppression of granulopoiesis by mHep is iron dependent.

During inflammation, cytokines such as G-CSF drive enhanced
neutrophil production, termed emergency granulopoiesis (31). G-CSF
is also used clinically to mobilize neutrophils after chemotherapy.

Frost et al., Sci. Adv. 8, eabq5384 (2022) 5 October 2022

We injected mice with G-CSF/anti-G-CSF complex [more potent
than G-CSF alone (32)] to stimulate granulopoiesis, with or without
mHep as above (Fig. 2E). mHep-treated mice were hypoferremic,
while mice treated with G-CSF complex alone had elevated serum
iron, likely because of granulopoiesis displacing more iron-requiring
erythropoiesis (fig. S2, F and G). The expansion of blood and splenic
Ly6G" and mature CD101" Ly6G™ neutrophils in G-CSF complex-
treated mice was suppressed by mHep (Fig. 2, F and G, and fig.
S2H). Although total circulating and BM granulocytes were reduced
by mHep treatment (Fig. 2H and fig. S2I), a greater proportion of
blood granulocytes had an immature CXCR4" phenotype, and the
number of CXCR4" c-kit" BM progenitors was elevated (fig. S2, J
and K). mHep treatment also led to a modest, but significant, accu-
mulation of CXCR4" c-kit" BM granulocyte progenitors in S phase,
which may contribute to reduced production (fig. S2L). In contrast, we
found that mHep treatment did not prevent the G-CSF complex-
driven increase in monocytes in the blood, spleen, and BM (Fig. 2I
and fig. S2M). Thus, mHep-mediated granulopoietic suppression is
still observed even in the presence of excess exogenous G-CSF com-
plex, further supporting the hypothesis that the suppressive effect is
not due to inhibition of inductive signals.

Functional impairment of neutrophils by plasma

iron deficiency

To examine whether in vivo iron restriction influenced neutrophil
effector functions, we characterized isolated BM neutrophils (fig. S3A)
following anti-Gr-1 depletion/recovery with and without mHep, as
above (fig. S2A). Isolated neutrophils from hypoferremic mice dis-
played blunted phorbol 12-myristate 13-acetate (PMA)-induced
reactive oxygen species (ROS) production, impaired phagocytosis of
fluorescently labeled Escherichia coli and reduced Staphylococcus
aureus killing (Fig. 3A). Production of C-C motif chemokine ligand 2
(CCL2) and tumor necrosis factor-o (TNF-a) upon ex vivo stimu-
lation with zymosan was also suppressed (Fig. 3B).

We then evaluated NETosis, an important neutrophil effector
function playing a central role in both host defense and immuno-
pathology (33). NETosis was absent in unstimulated neutrophils
(fig. S3B), but, unexpectedly, given the reduced ROS production of
PMA-stimulated iron restricted neutrophils (Fig. 3A), neutrophils
from hypoferremic mice showed a heightened propensity to undergo
NETosis in response to PMA-ionomycin stimulation (Fig. 3C).
We confirmed the ROS dependence of NETosis in our hands using
combined cytoplasmic and mitochondrial ROS (mitoROS) inhibi-
tor diphenyleneiodonium chloride (DPI; Fig. 3C and fig. S3C) (34).
Attempting to reconcile these NETosis measurements with our
observations of the reduced ROS production of PMA-stimulated iron
restricted neutrophils (Fig. 3A), we measured NETosis after PMA
stimulation alone. Consistent with our PMA-induced ROS mea-
surements and the known catalytic role of iron in reduced form
of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase
(NOX) (35) and myeloperoxidase (36) function, iron-depleted neu-
trophils underwent NOX-dependent NETosis less efficiently in
response to PMA (Fig. 3D and fig. S3D).

While PMA drives NOX-dependent ROS production and NET osis,
ionomycin induces NETosis dependent on mitoROS (37). We
evaluated whether iron deficiency disrupted mitochondrial func-
tion by assessing neutrophil energy metabolism in vivo using
SCENITH (single-cell metabolism by profiling translation inhibi-
tion) (38). Mitochondrial-dependent adenosine 5'-triphosphate
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Fig. 2. Control of enhanced myelopoiesis by hepcidin-driven iron deficiency. (A) Experimental scheme for effect of mHep treatment on recovery after neutrophil
depletion. (B) BM granulocyte differentiation trajectory in mice treated as in (A), representative to two independent experiments. Two-way analysis of variance (ANOVA).

Mean, quartiles, and range. (C) Experimental scheme for studying the effect of mHep-i

nduced hypoferremia and its amelioration with FAC on recovery from aGr1-mediated

neutrophil depletion. All mice received anti-Gr-1. (D) Number of mature BM CD101* neutrophils and myeloblast CD71 expression from mice treated as in (C). One-way
ANOVA. Means + SD. (E) Experimental scheme for studying the effect of mHep on G-CSF complex driven granulocyte expansion. (F) Example flow cytometry scatter plot
indicating frequency of neutrophils in the blood from experiment outlined in (E). SSC, side scatter; FSC; forwrd scatter. (G) Number of blood neutrophils in the blood from
experiment outlined in (E). One-way ANOVA. Means + SD. (H) Total BM granulocytes and CXCR4" c-kit* granulocyte precursors in the BM from experiment outlined in
(E). One-way ANOVA. Means + SD. (I) Number of blood monocytes in the blood from experiment outlined in (E). One-way ANOVA. Means + SD.

(ATP) production was reduced in Ly6G" granulocytes from mHep-
treated mice, while proportional glucose dependence was unaffected
(Fig. 3E). In parallel to reduced mitochondrial ATP production,
iron-restricted neutrophils produced greater amounts of mitoROS
(Fig. 3F) and had an increased propensity to undergo mitoROS-
dependent NETosis in response to ionomycin (Fig. 3G and fig. S3E).

Frost et al., Sci. Adv. 8, eabq5384 (2022) 5 October 2022

Monopoiesis is relatively resistant to perturbation by hypoferremia
(Fig. 1, G and H). Therefore, we asked whether monocyte function was
also preserved. In splenic monocytes from mHep-treated mice, secretion
of IL-12, TNF, and IL-6 in response to ex vivo lipopolysaccharide
(LPS) stimulation was unchanged compared to monocytes from
control mice (fig. S3D).
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Fig. 3. Functional alteration of neutrophils in serum iron deficiency. (A) Phenotyping ex vivo of isolated BM neutrophils (obtained from mice treated as in Fig. 2A).
Dihydrorhodamine 123 (DHR123) fluorescence as a reporter for cytoplasmic ROS in PMA-stimulated cells. Phagocytosis of GFP-labeled E. coli. FMO, fluorescence minus
one. Two-way ANOVA. Mean, quartiles, and range. Bacterial killing of S. aureus, resolved as colony-forming units of S. aureus recovered after coculture with neutrophils.
Unpaired t test. Means + SD. (B) Supernatant CCL2 and TNF levels produced by zymosan-stimulated neutrophils measured by enzyme-linked immunosorbent assay (ELISA).
Unpaired t test. Mean, quartiles, and range. (C) NETosis was evaluated in isolated BM neutrophils after stimulation ex vivo with PMA and ionomycin + DPI. A minimum of
250 cells from two replicates per sample counted. Two-way ANOVA. Mean, quartiles, and range. Representative microscopy images taken at x20 magnification. (D) NETosis was
evaluated in isolated BM neutrophils after stimulation ex vivo with PMA +apocynin (APO). A minimum of 250 cells from two replicates per sample counted. Two-way
ANOVA. Mean, quartiles, and range. Representative microscopy images taken at x20 magnification. (E) SCENITH (single-cell metabolism by profiling translation inhibition)
analysis of Ly6G* BM neutrophils from experiment described in Fig. 1A, analyzing proportional shifts in O-propargyl-puromycin (OPP) incorporation after ex vivo treat-
ment with metabolic inhibitors as detailed in Materials and Methods. Two-way ANOVA with matching for sample. Reported P value is the effect of mHep treatment. Mean.
FAO, fatty acid oxidation; AAO,amino acid oxidation. (F) MitoSOX fluorescence as a reporter for mitoROS in ionomycin stimulated isolated BM neutrophils. Two-way
ANOVA. Mean, quartiles, and range. (G) NETosis was evaluated in isolated BM neutrophils after stimulation ex vivo with ionomycin (iono) £ mitoTEMPO. A minimum
of 250 cells from two replicates per sample counted. Two-way ANOVA. Mean, quartiles, and range. Representative microscopy images taken at x20 magnification.
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Counteracting inflammatory hepcidin induction improves
neutrophil production

Low plasma iron and raised hepcidin are commonly observed in the
context of inflammation (39). Having demonstrated iron-dependent
granulopoietic suppression under noninflammatory conditions, we
challenged mice after 4 days of mHep treatment with LPS to interro-
gate how intensified hypoferremia alters the neutrophil response in
the context of inflammation (Fig. 4A). Hypoferremia reduced in-
flammatory accumulation of neutrophils in the spleen and peritoneal
cavity (Fig. 4B) consistent with published reduced splenic neutro-
phil counts in iron-deficient animals infected with Salmonella (40);
however, no difference in the number of Ly6G" neutrophils re-
maining in the BM was observed (fig. S4A). This is possibly because
inflammatory mobilization out of the BM dominated over produc-
tion under these conditions.

We next considered whether endogenous hepcidin would suppress
granulopoiesis during inflammation. Hepatic hepcidin transcription
is induced during inflammation by IL-6 via a signaling axis that also
requires sustained tonic bone morphogenetic protein 6 (BMP6)/SMAD

A
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signaling (20). After depleting neutrophils using anti-Gr-1 to enhance
granulopoietic demand, we administered mice with LPS as a hepcidin-
stimulatory inflammatory signal, with or without anti-BMP6 antibody
(Fig. 4C). As previously shown (41), BMP6 neutralization suppressed
the endogenous hepcidin response to inflammation and increased
plasma iron at 24 hours after LPS injection (Fig. 4D). The LPS dose
used here previously caused transient hepcidin-dependent hypofer-
remia at 6 hours after injection that was resolved by 24 hours (42).
Accordingly, in the present experiment, although serum iron in an-
imals treated with LPS alone was similar to that of controls at 24 hours,
these mice had likely experienced transient inflammatory hypofer-
remia (Fig. 4D). Although anti-BMP6 increased serum iron, it did
not alter other aspects of systemic LPS-mediated inflammation, as
determined by weight loss (fig. S4B), liver Saal and Fga mRNA ex-
pression (fig. S4C), and serum cytokine levels (fig. S4D).

Focusing on granulopoiesis, anti-BMP6 increased numbers of
mature Ly6G " neutrophils and CD115 ve c-kit" neutrophil progeni-
tors in the BM of inflamed mice (Fig. 4, E and F). Furthermore,
CD?71 expression by both Ly6G" cells and progenitors was decreased
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Fig. 4. Modulation of hepcidin during inflammation alters neutrophil production. (A) Experimental scheme for investigation of effect of sustained hypoferremia on
neutrophil response to sterile inflammatory challenge. (B) Number of mature Ly6G* neutrophils in the spleen and peritoneal cavity in mice treated as in (A). t test.
Means + SD. (C) Experimental scheme for investigation of effect of endogenous hepcidin response on granulopoiesis. (D) Liver hepcidin expression (Mann-Whitney test)
and serum iron from mice treated as in (C). Means + SD. Non-LPS-treated control group was treated with aGr1 24 hours before culling to reflect the systemic iron environment
before LPS injection. Representative of two independent experiments. (E) Number of BM Ly6G* neutrophils and CD71 MFl on Ly6G* neutrophils in mice treated as in (C).
t test. Means = SD. Representative of three independent experiments. (F) Number of BM c-kit" CD115~ Ly6G~ myeloblasts and CD71 MFI on c-kit* myeloblasts in mice
treated as in (C). t test. Means + SD. Representative of three independent experiments.
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in anti-BMP6 treated mice, indicating that improved iron acquisi-
tion by granulopoiesis during inflammation was associated with
increased production of neutrophils (Fig. 4, E and F).

DISCUSSION

Systemic hypoferremia is a feature of the acute phase response of
human infections (43-46) and likely protects against extracellular
siderophilic infections. However, beyond the well-characterized
anemia of inflammation (39), further consequences of hypoferremia
for host physiology are poorly defined. We show that granulopoiesis
is particularly sensitive to iron availability, commensurate with
the relatively high production of neutrophils containing a relatively
iron-rich proteome.

In contrast to granulopoiesis, steady-state and G-CSF-stimulated
monocyte production appeared resistant to hypoferremia, with evi-
dence of increased numbers of BM monocyte and their progenitors
in resting mice. Monocyte cytokine production ex vivo was also
preserved. This is a notable result as, similar to neutrophils, mono-
cytes are an innate cell type exhibiting rapid turnover in vivo
(21, 47), supporting our hypothesis that iron may be particularly
important to neutrophils beyond the requirement to support the
production of a cell type with a short half-life. Notably, the “iron
resistance” of the monocyte lineage is supported by observations of
normal NO, production by LPS-stimulated monocytes from iron-
deficient individuals (15).

Our results suggest that neutrophil progenitors have higher
baseline iron requirements than monocyte progenitors and that
iron restriction does not perturb monocyte progenitor cell cycle
profiles. Functionally, hypoferremia could modulate the overall pro-
file of innate immunity at baseline and during stress myelopoiesis
by controlling the ratio of monocytes to neutrophils. In addition to
these systemic effects, local skin-derived hepcidin also influences
innate immunity by facilitating mature neutrophil chemotaxis (48).

We found that neutrophils produced during hypoferremia ex-
hibited reduced ability to phagocytose fluorescent E. coli produce
cytokines and kill S. aureus. We also observed suppression of
NOX-dependent NETosis, linking systemic nutrient availability
to NETosis and building on previous reports of inhibited NOX-
dependent ROS production during iron deficiency (10, 13, 15).
Although nonphysiological iron chelation has previously been linked
to NETosis with conflicting results (49, 50), we observe that physio-
logical iron restriction greatly enhanced mitoROS production and
mitoROS-dependent NETosis. The importance of different NETosis
pathways in response to different stimuli is complex and an ongoing
area of study (51). However, notably, mitoROS-dependent NETosis
may play a dominant role in immune complex-driven NETosis
during lupus-like autoimmunity (52), where NETs play a key role
in driving pathology (53). These patients frequently present with
raised hepcidin and low serum iron (54). Our results prompt the
question of whether prolonged iron restriction due to raised hepcidin
under chronic inflammatory conditions contributes to neutrophil
dysfunction, NETosis, and propagation of immunopathology in
autoimmunity.

Consistent with our observations in T cells (6), we show that
iron restriction changes hematopoietic cell metabolism in vivo,
suppressing oxidative mitochondrial metabolism in BM granulocytes.
Disrupted mitochondrial metabolism may be linked to increased
mitoROS production. While mature neutrophils are extremely reliant
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on glycolysis for ATP production (55), oxidative mitochondrial
metabolism, which is a highly iron-dependent process, has been
suggested to be important for neutrophil differentiation and develop-
ment in the BM (30). The impaired metabolism, differentiation,
and function of iron-deficient neutrophils in our study are consistent
with this. Further studies will be required to elucidate how iron
mechanistically supports neutrophil differentiation, biosynthesis of
effector proteins, metabolism, and progenitor proliferation.

Blocking hepcidin and increasing serum iron in a mouse model
of acute inflammatory hypoferremia increased the number of BM
granulocytes without altering markers of inflammation. We hypoth-
esize that therapeutic hepcidin suppression could be leveraged to
control neutrophil numbers and functionality during infection with
pathogens insensitive to hepcidin-mediated hypoferremia (56) or
during autoimmunity where raised hepcidin might contribute to
neutrophil dysfunction and proinflammatory NETosis. However, given
results from iron-loaded hemochromatosis and dialysis patients, it
will be important to avoid extreme iron loading of neutrophils as
this may also lead to dysfunction (16, 57, 58).

Relatively little is known regarding how changes in systemic
nutrient availability, including hypoferremia, modulate innate
immune cell function in vivo. Our results highlight that neutrophil
production is a particularly iron-dependent aspect of hematopoiesis,
sensitive to rapid physiological changes in serum iron concentration.
We propose that hepcidin-mediated hypoferremia is a previously un-
identified immune axis regulating myelopoiesis, specifically nega-
tively regulating granulopoiesis, resulting in fewer neutrophils with
altered effector functions. In contrast, monopoiesis is unscathed by
hypoferremia. These findings have implications for understanding
inflammatory pathology and for the clinical use of granulopoiesis-
mobilizing agents in patients at risk of infection and iron deficiency.

MATERIALS AND METHODS

Experimental design

We used computational methods to extract the iron-associated pro-
tein proteome from a published proteomics dataset and then pre-
dicted the number of iron atoms within by human hematopoietic
cells. Mice were also injected with mHep to induce hypoferremia
and the sensitivity of various immune cell subsets, detected by flow
cytometry, was determined at baseline, during inflammation and in
response to G-CSF. The capacity of iron supplementation to rescue
the effect of mHep was also determined. BM neutrophils were
isolated from mice treated with mHep, and their function was evaluated
using ex vivo assays. Last, hepcidin blockade was used to determine
whether neutrophil production was improved when endogenous
hepcidin-mediated hypoferremia was ameliorated. Age- and sex-
matched wild-type (WT) mice were used, and treatments were
randomized within cages. Evaluation of NETosis histologically was
blinded, but other aspects of analysis were not.

Mice

Unless otherwise stated, animal procedures were performed under
the authority of U.K. Home Office project and personal licenses in
accordance with the Animals (Scientific Procedures) Act 1986 and
were approved by the University of Oxford ethical review committee.
Mice were housed in individually ventilated cages and fed ad libitum
with a standard diet containing 188 parts per million of iron (SDS
Dietex Services, diet 801161). Mice were euthanized in increasing

7 of 11



SCIENCE ADVANCES | RESEARCH ARTICLE

CO; concentrations. All mice were sex-matched and age-matched
(to within 2 weeks) within individual experiment. WT C57BL/6]JOlaHsd
mice were ordered from Envigo (057). Mice were used between 6
and 10 weeks of age when initiating each experiment. Female mice
were used for all experiments, aside from experiment described in
Fig. 4C where male mice were used because of their lower liver iron
stores and more pronounced acute phase response. Sample size was
determined according to prior experience of effect sizes and vari-
ability in response to mHep-driven hypoferremia. Within each ex-
periment, mice were randomly allocated to treatment groups such
that an equal number of mice in each cage received each treatment.
Investigators were not blinded aside from for microscopy analysis
of NETosis.

Injected substances

An appropriate mass of mHep PR73 (da-TH-Dpa-bhPro-RCR-
bhPhe-Ahx-Ida(Hexadecylamine)-NH2; Chinese Peptide Com-
pany) was dissolved in 80% ethanol and then mixed with 60 mg
of Purebright SL-220/Sunbright DSPE-020CN (NOF). The con-
trol solution was Purebright SL-220 dissolved in ethanol. The
ethanol was evaporated off using a vacuum chamber warmed to
50°C. The resultant gel was stored up to 24 hours at 4°C and redis-
solved in an appropriate volume of water to give an mHep con-
centration of 1 mM: 100 nM mHep in 100 pl of water was injected
per mouse per dose.

FAC (Sigma-Aldrich, F5879) was dissolved to 3 mg/ml in
phosphate-buffered saline (PBS). A total of 150 ul was intraperitoneally
injected into mice. In anti-Gr-1-mediated neutrophil depletion,
10 ug (female mice) or 20 pg (male mice) of anti-Gr-1/mouse
(Ultra-LEAF, clone RB6-8C5, BioLegend, 108436, RRID AB_11147952)
diluted in sterile low endotoxin PBS (Gibco, 10010015) was intra-
peritoneally injected into mice. E. coli LPS-O55:B5 (Sigma-Aldrich,
L2880) was injected at a dose of 1 mg/kg of body weight diluted in
sterile low endotoxin PBS (42) and intraperitoneally injected into
mice. Anti-BMP6 and isotype control were injected at a dose of
10 mg/kg of body weight diluted in sterile low endotoxin PBS and
intraperitoneally injected into mice. G-CSF complexes were prepared
as described in (32) using recombinant human G-CSF (Filgrastim,
Sandoz, 05050650066012) and anti-human G-CSF (clone BVD11-
37G10, SouthernBiotech, 10128-0, RRID AB_2794186). A total of
7.5 pg of anti-G-CSF and 1.5 ug of G-CSF were complexed, diluted
in sterile low endotoxin PBS, and injected intraperitoneally. A total
of 7.5 pg of anti-G-CSF alone was used as the control injection to
control for trace endotoxin contamination of the antibody and
direct effects of the antibody.

Flow cytometry staining

Single-cell suspensions of the spleen were made by mechanical
dissociation through a 40-pm cell strainer. Red cells were lysed in
spleen suspensions using tris ammonium chloride (ACT) red cell
lysis buffer [tris base (2.06 g/liter), NH,Cl (7.47 g/liter), and 1 liter
of H,0, adjusted to pH 7.2]. BM was flushed though a 70-um filter
to make a single-cell suspension. Peritoneal lavage was obtained by
flushing the peritoneal cavity with a BD 23-gauge needle and sy-
ringe filled with 8 ml of cold PBS.

For analysis of murine peripheral blood leukocytes, 50 to 100 ul
of whole blood collected by tail bleed into a BD microtainer EDTA
tube (BD, 365974) was mixed with 1 ml of ACT red cell lysis buffer
and incubated at room temperature (RT) for 20 min. The blood
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solution was spun down at 400g for 5 min, supernatant was removed,
and the leukocyte pellet was transferred to a round bottom 96-well
plate for flow cytometric staining.

Tissue cell suspensions or in vitro—activated cells at appropriate
time points after activation cells were transferred to a 96-well round
bottom plate, spun down, and washed with 200 ul of PBS. Cells
were stained with appropriate concentrations of FC receptor block
(TruStain FcX, BioLegend, 101319), fluorophore-conjugated anti-
bodies, and a fixable live dead dye (LIVE/DEAD Fixable Near-IR
stain, Invitrogen, 15519340, or Zombie Aqua Fixable Viability Kit,
BioLegend, 423101) in 40 pl of PBS for 20 min at 4°C in the dark.
Cells were washed and ran directly on an Invitrogen Attune or BD
LSRFortessa, and analysis was carried out using FlowJo 10.8.1. For
some experiments, cells were fixed for 10 min in 100 ul of 4% para-
formaldehyde (Fixation Buffer, BioLegend, 420801), at 4°C in the
dark before washing and resuspension for analysis or resuspended
in saponin-based perm buffer (BioLegend, 421002) to stain intra-
cellular antigens. Intracellular Ly6G staining was used 24 hours after
anti-Gr-1 treatment to accurately resolve neutrophil depletion despite
masking of surface epitopes (59). Cell numbers were calculated using
both total counts from tissues and Precision Count Beads (BioLegend,
424902) where appropriate. DAPI (4',6-diamidino-2-phenylindole; 1 pg/ml;
Sigma-Aldrich, D9542) was added before running, to fixed and per-
meabilized cells, for DNA content staining.

Cell culture

All cells were cultured at 37°C with 20% O, and 5% CO,. For mono-
cyte intracellular cytokine production, 2 million whole splenocytes
(in a round bottom 96-well plate) were activated for 3 hours in the
presence of brefeldin A (5 pg/ml; BioLegend, 420601) with/without
E. coli LPS-O55:B5 (5 ng/ml; Sigma-Aldrich, L2880) in iron-free
medium. Iron-free medium [RPMI 1640 (Gibco, 21875034), gluta-
mine (2 mM; Sigma-Aldrich, G7513-100ML), penicillin (100 U/ml),
streptomycin (0.1 mg/ml; Sigma-Aldrich, P0781-100ML), and
B-mercaptoethanol (55 uM; Gibco, 31350010)] to preserve in vivo
iron status fetal bovine serum was replaced with 10% (v/v) Panexin
NTS serum substitute (Pan Biotech, P04-95080, custom order).
Splenocytes were then washed and stained for surface epitopes and
intracellular cytokines as described in flow cytometry.

Neutrophil isolation

Neutrophils were negatively isolated from whole BM of mHep-treated
and control-treated animals as per the manufacturer’s instructions
(Neutrophil Isolation Kit, Miltenyi Biotec, 130-097-658).

Flow cytometric ROS measurement
To identify dihydrorhodamine 123 (DHR123) staining of predomi-
nantly cytoplasmic ROS, isolated neutrophils were incubated with
7 uM DHR123 (2.5 pug/ml; Thermo Fisher Scientific, D23806) in
complete RPMI 1640 medium (Gibco, 21875034, and Sigma-Aldrich,
F9665-500ML) and stimulated by 50 nM PMA (Sigma-Aldrich,
P1585) for 20 min at 37°C. Cells were subsequently washed with
PBS, and the fluorescence intensities of each subset/cell were measured
by flow cytometry. A 4°C incubation was used as a control.
MitoROS was measured using mitoSOX red (Thermo Fisher
Scientific, M36008). Isolated neutrophils in complete RPMI 1640
medium were incubated with 5 mM mitoSOX red for 20 min at
37°C in the presence of 10 mM ionomycin (Sigma-Aldrich, 19657).
Cells were subsequently washed with PBS, and the fluorescence
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intensity as the indicator of mitoROS generation was measured
by fluorescence-activated cell sorting. A 4°C incubation was used as
a control.

Phagocytosis

The phagocytosis capacity of BM neutrophils was measured by flow
cytometry-based method using fluorescent E. coli (American Type
Culture Collection, 25922GFP). Isolated neutrophils were incubated
with fluorescent E. coli at a multiplicity of infection (MOI) of 10 in
complete RPMI 1640 medium for 15 min at 37°C. Neutrophils were
subsequently washed with PBS, and the fluorescence intensity was
measured by flow cytometry.

Bacterial killing assay

Bacterial killing assay was performed with S. aureus (Heatley Oxford,
NCTC 6571), which was used at an MOI of 10. For the bacterial
killing assay, isolated neutrophils were interacted with S. aureus for
2 hours at 37°C in 5% CO; tissue culture incubator and then lysed
in 1% triton buffer. The lysates were then plated on agar plates. Bacterial
culture plates were incubated at 37°C overnight, and the colony
number on each plate was counted the following morning as an
absolute colony-forming unit count.

Measurement of cytokine production

For the cytokine array, 2 x 10° isolated neutrophils seeded in 2 ml of
RPMI 1640 were stimulated with Zymosan (50 pg/ml; Sigma-Aldrich,
74250) or dimethyl sulfoxide vehicle (Sigma-Aldrich, 41639-100ML)
for 2 hours. After incubation, Mouse CCL2 DuoSet enzyme-linked
immunosorbent assay (ELISA; R&D Systems, DY479-05) and Mouse
TNF-a DuoSet ELISA (R&D Systems, MTA00B) were used to de-
tect the levels of CCL2 and TNF-o, respectively, in the supernatants
of stimulated isolated neutrophils, following the manufacturer’s
instruction. For readout, signals were detected by chemical lumines-
cence and subsequently measured with the CLARIOstar Microplate
Reader (BMG Labtech).

NETosis

To induce NETosis, isolated neutrophils were seeded into eight-well
Lab-Tek II chamber slide (VWR International, 734-2050 1) coated
with 2% poly-1-lysine (Sigma-Aldrich, P4707) at a volume of 1 ml at
the density of 1 x 10®/ml. Neutrophils were stimulated with 10 uM
ionomycin and 10 pM PMA together or individually, overnight at
37°C in 5% CO, tissue culture incubator, and were subsequently fixed
with 4% paraformaldehyde (Sigma-Aldrich, 47608) in Dulbecco’s
PBS (D-PBS) (Gibco, 14190144) for 30 min at RT. To investigate
the effect of ROS on NETosis, different ROS inhibitors were used. A
total of 25 uM DPI (Sigma-Aldrich, D2926) was used to block total
ROS generation from ionomycin and PMA, 100 pM apocynin
(Abcam, ab120615) was used to block ROS generation via NOX2
complex by PMA, and 5 uM mitoTEMPO (Cayman Chemical,
16621) was used to inhibit mitoROS production. Afterward, cells
were washed three times with D-PBS and incubated with blocking
buffer (2% bovine serum albumin in tris-buffered saline with 0.1%
Tween 20; Sigma-Aldrich, A7030, and Sigma-Aldrich, P9416) for
20 min. Following blocking, primary antibodies [rabbit anticitrulli-
nated histone H3 (polyclonal, Abcam, ab5103, RRID AB_304752)
and mouse anti-mouse myeloperoxidase (MPO) (clone 8F4, Hycult,
HM1051BT, RRID AB_1953633) at 1:100 dilution in blocking buffer]
were added and incubated for 2 hours at RT or overnight at 4°C. Cells
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were washed with D-PBS before adding secondary antibodies: goat
anti-rabbit AF647 (Thermo Fisher Scientific, #A-21244) and goat
anti-mouse AF488 (Thermo Fisher Scientific, #A-11001) at 1:300
dilution in blocking buffer for a 1-hour incubation at RT in the dark.
Subsequently, cells were washed with D-PBS. Before imaging, the
chambers were removed from the slides, and cells were covered
with ProLong gold antifade mounting media with DAPI (Thermo
Fisher Scientific, P36931). Images were obtained by Zeiss LSM 980
confocal microscope. Neutrophils with a clear formation of fibers, to-
gether with a diffuse nucleus stained by DAPI and colocalization
with MPO and citrullinated histone 3, were counted as neutro-
phils under NETosis. For each condition, 100 to 200 cells of each
sample have been counted from three different fields of two indepen-
dent experiments. Image] was used for image analysis and presentation.

SCENITH analysis

SCENITH is a flow cytometry approach in which translation rate
is quantified by measuring puromycin incorporation into protein
(38, 60). Translation is highly ATP dependent. Therefore, changes
in the rate of translation after the addition of different metabolic
inhibitors can be used to estimate cellular glucose dependence,
mitochondrial dependence, glycolytic capacity, and fatty acid/amino
acid oxidation capacity. The SCENITH protocol was adapted from
the original method (38) for use with the Invitrogen Click-iT Plus
O-propargyl-puromycin (OPP) Protein Synthesis Assay Kit (Invitro-
gen, C10456). To prevent cells from iron loading ex vivo during
short-term culture, all steps were conducted in iron-free media. BM
cells were plated at 3 x 10° cells per well in a 96-well plate. Matched
samples were treated in parallel with 100 pl of iron-free media at 37°C
with 5% CO, with five different conditions: media alone, 2-deoxy-L-
glucose (100 mM; Alfa Aesar, L07338.03), oligomycin (1 uM; MP
Biomedicals, 151786), 2-deoxyglucose (100 mM) + oligomycin (1 pM),
and harringtonine (2 ug/ml; Cayman Chemicals, 15361). Thirty minutes
into inhibitor treatment, 100 ul of OPP was added on top for a final
OPP dilution of 1:1000 and incubated for a further 30 min at 37°C with
5% CO,. Cells were then washed, surface-stained, fixed, and permea-
bilized as described in flow cytometry. Following permeabilization,
intracellular OPP was labeled according to the manufacturer’s instruc-
tions. Analysis was conducted as described by Argiiello et al. (38).

Blood measurements

Full murine red blood cell indices and platelet counts were per-
formed on 100 ul of cardiac whole-blood taken into a BD micro-
tainer EDTA tube (Becton Dickinson, 365974) and measured on a
Sysmex KN-21 blood analyzer.

For serum, analysis of murine samples up to 400 pul of blood
obtained by cardiac puncture was placed in a BD microtainer SST
tube (Becton Dickinson, 365967). Serum was obtained by spinning
the clotted blood sample was spun at 8000g for 5 min and stored
at —80°C. Iron measurements were determined using an ABX Pentra
instrument. Serum cytokine levels were measured by Luminex
(IL-5 and G-CSF, Life Technologies) or LEGENDplex (M1 macro-
phage panel, with added G-CSF capture beads, BioLegend, 740848)
in accordance with the manufacturer’s instructions.

Liver gene expression analysis by quantitative polymerase
chain reaction

Liver explants were stored in RNAlater (Invitrogen, AM7020). RNA
was extracted using the RNeasy Mini Plus Kit (QIAGEN, 74136),
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and cDNA was synthesized using the High-Capacity RNA-to-cDNA
Kit (Applied Biosystems, 4387406), following the manufacturer’s
protocols. Quantitative polymerase chain reaction was performed on
the QuantStudio 7 Flex System (Applied Biosystems, 4485701), using
TagMan Gene Expression Master Mix (Applied Biosystems, 4369016)
and TagMan Gene Expression Assays (Applied Biosystems, 4331182),
specifically MmO01545399_m1 (Hprt), Mm04231240_s1 (Hamp),
Mm00656927_gl (Saal), and Mm00802584_m1 (Fga). Gene expres-

sion was evaluated by 2([CT of Hprt] - [CT of gene ofinterest])-

Mathematic modeling

Iron counts per cell were calculated using the method described (2).
Human iron-interacting proteins were identified in human immune
cell proteomes as described (18) by cross-referencing against the list
of human iron interacting proteins identified (1). Hemoglobin pro-
teins (HBA1, HBB, HBD, HBG1, HBG2, HBM, HBQ1, and HBZ)
were removed as these proteins should not be expressed in immune
cells and their presence is likely indicative of red cell contamination.
Protein copy number values for each iron-interacting protein spe-
cies were multiplied against the protein:iron atom stoichiometry
values previously curated as described (2) to give the number of
iron atoms per protein species. Total cellular iron counts were
calculated as the sum of iron atoms attributed across all detected
iron-interacting protein species.

Iron atoms

Iron atoms )]
Cell

= Y| (Protein species copy number ) x < protein

We assigned iron-interacting protein species to pathways using
pre-established gene ontology and Reactome gene sets: Oxidative
phosphorylation (OXPHOS), GOBP_AEROBIC_RESPIRATION;
DNA replication, GOBP_DNA_REPLICATION; iron pathways,
pooled GOBP_CELLULAR_IRON_ION_HOMEOSTASIS and
GOBP_IRON_SULFUR_CLUSTER_ASSEMBLY; demethylation,
GOBP_DEMETHYLATION; fatty acid metabolism, GOBP_FATTY_
ACID_METABOLIC_PROCESS; granule proteins, REACTOME_
NEUTROPHIL_DEGRANULATION. Where overlaps in gene sets
were present, we assigned pathways according to best fit given the
current literature (see scripts for specific designations). Atoms
attributed to protein species were in turn assigned to each protein’s
corresponding pathway.

Statistical analysis

GraphPad Prism (version 9.3.0) was used for to perform statistical
tests and generate P values. Raw P values are presented throughout,
and the absence of a P value or “ns” designates a P > 0.05. Data are
summarized as bar graphs, scatter plots, or box and whisker as ap-
propriate with description of what the bars depict for individual graphs
in the figure legends. When two groups were compared, an unpaired
t test, unpaired ¢ test with Welch’s correction when SD were different,
or Mann-Whitney U test for nonparametric data was carried out as
appropriate and noted in the figure legend. For comparing multiple
groups, a one-way or two-way analysis of variance was used with
either a Tukey or Sidak’s multiple comparison test (respectively).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abq5384

View/request a protocol for this paper from Bio-protocol.
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