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Superparamagnetic iron oxide nanoparticles (SPION) are employed as diagnostics and
therapeutics following intravenous delivery for the treatment of iron deficiency anemia (IDA)
in adult patients with chronic kidney failure. Neutrophils are the first defense against blood
borne foreign insult and recruit to vascular sites of inflammation via a sequential process
that is characterized by adhesive capture, rolling, and shear resistant arrest. A primary
chemotactic agonist presented on the glycocalyx of inflamed endothelium is IL-8, which
upon binding to its cognate membrane receptor (CXCR1/2) activates a suite of responses
in neutrophils. An early response is degranulation with accompanying upregulation of b2-
integrin (CD11/CD18) and shedding of L-selectin (CD62L) receptors, which exert
differential effects on the efficiency of endothelial recruitment. Feraheme is an FDA
approved SPION treatment for IDA, but its effect on the innate immune response of
neutrophils during inflammation has not been reported. Here, we studied the
immunomodulatory effects of Feraheme on neutrophils freshly isolated from healthy
human subjects and stimulated in suspension or on inflammatory mimetic substrates
with IL-8. Cells treated with Feraheme exhibited reduced sensitivity to stimulation with IL-8,
indicated by reduced upregulation of membrane CD11b/CD18 receptors, high affinity (HA)
CD18, and shedding of CD62L. Feraheme also inhibited N-formyl-Met-Leu-Phe (fMLP)
induced reactive oxygen species production. Neutrophil rolling, arrest, and migration was
assessed in vascular mimetic microfluidic channels coated with E-selectin and ICAM-1 to
simulate inflamed endothelium. Neutrophils exposed to Feraheme rolled faster on E-
selectin and arrested less frequently on ICAM-1, in a manner dependent upon SPION
concentration. Subsequent neutrophil shape change, and migration were also significantly
inhibited in the presence of Feraheme. Lastly, Feraheme accelerated clearance of cytosolic
calcium flux following IL-8 stimulation. We conclude that uptake of Feraheme by
neutrophils inhibits chemotactic activation and downregulates normal rolling to arrest
under shear flow. The mechanism involves increased calcium clearance following
chemotactic activation, which may diminish the efficiency of recruitment from the
circulation at vascular sites of inflammation.
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INTRODUCTION

Superparamagnetic iron oxide nanoparticles (SPION) are used as
contrast agents for magnetic resonance imaging (MRI) in the
liver, central nervous system, gastrointestinal system, and in
macrophages (1). SPION have also found clinical use as an
FDA approved treatment of cancer (i.e., Nanotherm) and iron
deficiency anemia (IDA) in patients with chronic kidney disease
(CKD) (i.e., Feraheme) (1). While SPION have been used for
various clinical applications, a primary consideration for any
biomaterial based therapeutic is the host immune response
elicited by the interaction of the biomaterial with blood cells.
The increased use of SPION has raised concerns over their safety,
with several formulations showing cytotoxic and immunotoxic
effects (2). This motivated the current study to examine the
systemic effects of Feraheme on neutrophils in human blood.

The innate immune system is by design able to recognize and
eliminate foreign pathogens and particulatematter throughpattern
recognition receptors and opsonin receptors that sound the alarm
upon detection of danger signals (3). Opsonization involves the
binding of molecules such as antibodies or proteins of the
complement system that enhances recognition and removal via
endocytosis and phagocytosis of foreign matter by innate immune
cells (4). As nanoparticles enter the blood stream, complement and
other proteins immediately adsorb to the particle surface forming a
corona (5).Physiochemicalpropertiesofnanoparticles have adirect
influence on the composition and formation of the protein corona
in such a manner to impact particle-cell interactions (6). Induction
of immune hypersensitivity reaction in patients prompted FDA
to cancel clinical use of the SPION Feridex and GastroMARK
(7, 8). Further, studies have shown that SPION can induce
oxidative stress and cell damage in vitro and in animal models (9,
10). Upon binding to the plasma membrane and endocytosis,
nanoparticles can induce a variety of functional responses in
neutrophils such as reactive oxygen species (ROS) and chemokine
production that vary with different SPION formulations. While
some SPION can induce these immune responses, others exert an
inhibitory effect, thereby highlighting composition as a key factor
when considering nanoparticle use as a therapeutic (2, 11).
Conventional wisdom is that nanoparticle clearance is mediated
by macrophages; however, recent studies indicate that neutrophils
also play a key role in particle clearance and this process has been
exploited to deliver therapeutic nanoparticles to tumors for cancer
therapy (12, 13). Current literature on the immune effects of SPION
have largely focused on monocytes and macrophages. This has
resulted in an incomplete understanding of the full scope of SPION
immune effects on neutrophil function (14).

Neutrophils are themost common leukocyte in blood circulation
and are essential first responders during inflammation. Thus,
intravenous administration of nanoparticles is likely to result in
frequent neutrophil-particle interactions. Capture of SPION onto
the plasma membrane and subsequent endocytosis can perturb the
inflammatory response and recruitment of neutrophils to sites of
inflammation. Dysregulation of neutrophil activation and
recruitment is implicated in various autoimmune and
inflammatory diseases (15). Failure of neutrophils to normally
adhere to the endothelium and become activated can cause severe
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impairment of host defense against pathogens, while inappropriate
levels of cell recruitment and activation leads to chronic
inflammation and tissue damage (16, 17). There are reports of the
capacity for coated (Polyacrylic acid) and non-coated iron oxide
nanoparticles and metal oxide nanoparticles TiO2, CeO2, and ZnO,
to induceROSproduction and activate neutrophil degranulation (18,
19). Excessive release of neutrophil granules, which contain
chemokine and integrin receptors, elastase, collagenase, and
myeloperoxidase, along with overproduction of ROS can lead to
inflammatory tissue injury (20, 21). Uptake of gold nanoparticles has
been linked to endoplasmic reticulum stress and cleavage of
cytoskeletal proteins in human neutrophils leading to apoptosis
(22). Further, nano and micro particles have been reported to
inhibit the recruitment of neutrophils from the circulation to sites
of inflammation in mice and to cause a reduction in neutrophil
attachment to endothelial monolayers in vascular mimetic flow
channels (23, 24). The fine balance between the protective
functions of neutrophils that maintain immune competence versus
exuberant response that can result in tissue and organ damage has
prompted the current studies on neutrophil activation and
inflammatory recruitment in the presence of Feraheme.
Intravenous infusion with Feraheme for delivery of complexed iron
is FDA approved at a higher single dose than other products on the
market (25).A typical treatment regime consists of two510-mgdoses
separated by 5–8 days as compared to other products that require
between 5 and 10 individual doses, thereby limiting the need for
repeated infusion which typically lowers patient compliance.
Feraheme also is approved for infusion at higher rates than other
iron products with comparable safety (25, 26). The increased
application of Feraheme in anemia patients who can receive
frequent intravenous injections as a course of therapy highlight a
need to understand the effects of SPION on neutrophils and their
capacity to maintain normal immunosurveillance.

In the current study, we examined the effects of Feraheme on
neutrophil degranulation andalterations in receptor expressionand
conformation on the plasma membrane. We hypothesized that
neutrophil uptake ofFeraheme inblood alters the normal process of
adhesion receptor activation, shear stress resistant neutrophil
rolling to arrest and subsequent shape change that precedes cell
migration.Vascularmimeticflowchannelswere employed toassess
the kinematics of neutrophil interactions on a substrate of
recombinant E-selectin and ICAM-1 in an established model of
endothelial inflammation. Feraheme in suspension inhibited
neutrophil activation and degranulation induced by IL-8
stimulation, resulting in alteration in the expression of adhesion
molecules necessary for the efficient recruitment on
inflamed endothelium.
MATERIALS AND METHODS

Small Molecules, Antibodies,
and Other Reagents
Monoclonal antibodies forflowcytometricdetectionofhighaffinity
b2-integrin (mAb24), L-Selectin (Dreg-55, Dreg-56), CD11b
(M170), CD18 (1B4), CD66b (G10F5) CD11a (HI111), PSGL-1
(PL-2, KPL-1), CXCR1(8F1/CXCR1), and CXCR2 (5E8/CXCR2)
December 2020 | Volume 11 | Article 571489
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along with antibodies that block CD11b function (Mac-1 blocking,
M1/70), fixation buffer, and IL-8 were purchased from Biolegend
(San Diego, CA). Recombinant human ICAM-1-IgG and E-
Selectin-IgG produced as Fc chimeric constructs were purchased
from R&D Systems (Minneapolis, MN). Adenosine A2A receptor
agonist CGS-21680, N-formyl-Met-Leu-Phe (fMLP), and ROS
indicator Dihydrorhodamine 123 were purchased from Millipore
Sigma (Burlington, MA). Adenosine A2A receptor antagonist ZM
241385 was purchased fromTocris Bioscience (Minneapolis, MN).
Feraheme (AMAG Pharmaceuticals, Waltham, MA) was
purchased from the UC Davis Medical Center Pharmacy.

Human Neutrophil Isolation
Whole bloodwas obtained fromhealthy donors consented through
aUniversity ofCalifornia, Davis institutional reviewboard protocol
#235586-9. Neutrophils were isolated from whole blood via
negative enrichment using EasySep™ direct human neutrophil
isolation kit purchased from StemCell Technologies as per
manufacturers instruction (Cambridge, MA). Some studies
employed a percoll gradient separation using Polymorphoprep®

as per manufacturers instruction (Fresenius Kabi). Briefly, for
gradient based isolation, whole blood is layered on an equal
volume of Polymorphoprep solution and centrifuged at 760g for
30 min at 25°C. The neutrophil layer is collected and washed in
Phosphate-buffered saline (PBS) before resuspension in HBSS
buffer containing 0.1% human serum albumin (HSA) without
Ca2+ and Mg2+ and kept at 1 × 107 cells/ml on ice after isolation
and prior to experimentation. For EasySep neutrophil isolation,
whole blood was diluted 1:1 with PBS then 100 µl of isolation
cocktail and magnetic RapidSpheres each were added and
incubated for 5 min. Cells were then placed in the EasySep
magnet for 5 min. Cells were poured into a new tube and treated
for an additional 5 min with 100 µl of magnetic RapidSpheres and
placed on the EasySepmagnet for 5min twicemore.Cellswere then
spundownandresuspended inHBSScontaining0.1%HSAwithout
Ca2+ andMg2+ and kept at 1 × 10 cells/mL on ice after isolation and
prior to experimentation. Cell purity was >90% as determined by
Beckmancell coulter counter.Cell viabilitywas~99%asdetermined
by flow cytometry detection of zombie violet fluorescent dye
staining (Biolegend).

Flow Cytometry Detection of Cell Surface
Marker Expression
Neutrophils (1 × 106 cells/ml) in HBSS buffer containing Ca2+ and
Mg2+ at 1 mM were treated with IL-8 at a dose range of
concentrations (0.01–100 nM) and Feraheme (1–6 mg/ml) for
5 min at 37°C before addition of antibody (1.5–5 µg/ml). Cells were
stained with antibodies for high affinity b2-integrin (mAb24), L-
Selectin (Dreg-56), CD11b (M1/70), CD18 (1B4), CD11a (HI111),
PSGL-1(KPL-1), CXCR1(8F1/CXCR1), and CXCR2 (5E8/CXCR2)
for 20 min at 37°C before fixation with 4% paraformaldehyde at
room temperature. After two washes with PBS cells were analyzed
using the Attune NxT flow cytometer (Thermofisher). Neutrophils
were gated by their characteristic forward scatter vs side scatter
profile. Receptor expression in terms of sites/cell was determined by
comparing the MFI of bound antibody to Quantum Simply Cellular
beads (Bangs Laboratories, Inc., Fishers, IN) which contain five bead
Frontiers in Immunology | www.frontiersin.org 3
sets with increasing numbers of antibody binding sites on their
surface. From this analysis, a linear relation between MFI and
receptor expression was determined for each directly conjugated
antibody bound to cells and the calibration bead set.

Microfluidic Shear Flow Assay
Vascularmimetic flow chambers were utilized to record neutrophil
rolling and arrest behavior on substrates of endothelial ligands
under physiological shear stresses. Devices were prepared as
described previously (27). Briefly, polydimethylsiloxane (PDMS)
microfluidic flow chambers with a minimum feature size of 5 mm
were produced by curing Sylgard 184 prepolymer (Dow Corning,
Midland, MI, USA) over a patterned silicon wafer. Holes were
punched into the PDMS for flow channel and vacuum port access
and the device was reversibly vacuum sealed on a glass coverslip
coatedwith E-selectin (1 µg/ml) alone orwith ICAM-1 (1 µg/ml) in
PBS for 60minat roomtemperature.To limitnon-specific adhesion
of neutrophils, coverslips were treated with 1% casein for 10 min
before washing with PBS and assembly of the microfluidic device.

Isolated neutrophils were treated with Ca2+ indicators 1 Fluo-4
AMorRhod-2AM(1µg/ml) for 20min at room temperature in the
dark. Cells were spundown and resuspended at 1 × 106 cells/ml and
were treated with Mac-1 blocking antibody M1/70 and incubated
with or without MNP in HBSS buffer containing Ca2+ and Mg2+
for 20min at 37°C. Neutrophils were then treated with 0.5 nM IL-8
or vehicle control and immediately loaded into an open 100-µl
reservoir andwere drawn through the channel by negative pressure
produced by a syringe pump at a shear of 2 dynes/cm2.

Utilizing real time fluorescence microscopy, images of rolling
neutrophils were acquired at 60 frames per minute for 4 min per
field of view on an inverted microscope (Nikon) using a phase
contrast 20× objective and recorded with 16-bit digital
complementary metal oxide semiconductor (CMOS) camera
(Andor ZYLA) connected to a PC (Dell) with NIS Elements
imaging software (Nikon Instruments Inc.). Arrested neutrophils
were defined as having a velocity less than 0.1 µm/s. Migrating
neutrophils were identified by exhibition of a polarized shape
defined as exceeding a length/width aspect ratio greater than 1.4
andphasedark contrast indicativeofbeingoutside the focal planeof
rolling cells.

L-Selectin and PSGL-1 Clustering
Total internal reflection fluorescence (TIRF) microscopy and
quantitative dynamic foot printing (qDF) were employed to
record fluorescently tagged antibodies targeting L-selectin (non-
blocking clone: DREG55) and PSGL-1(non-blocking clone: PL2).
Cluster area and frequency during rolling of isolated neutrophils
over E-selectin in the presence or absence of Feraheme was
observed. A cluster was defined as an area of uniform
fluorescence intensity two standard deviations above the mean
fluorescence intensity of the cell. Additionally, a cluster was defined
as having a surface area of 0.4 µm2 or greater.

Measurement of Reactive Oxygen Species
Neutrophils (1 × 106 cells/ml) in HBSS buffer containing Ca2+
and Mg2+ at 1 mM were incubated with the ROS indicator
Dihydrorhodamine 123 (2 µM) and treated with or without IL-8
December 2020 | Volume 11 | Article 571489
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(1 nM) and Feraheme (4 mg/ml) for 10 min at 37°C before
addition of 1 µM fMLP. Cells were incubated with fMLP at 37°C
for 5 min and then placed on ice to end reactions and ROS was
then quantified through flow cytometry.

Measurement of Calcium Flux
Isolated neutrophils were treated with the Ca2+ indicator Fluo-4
AM (1 µg/ml) for 20 min at room temperature in the dark. Cells
were spundownand resuspendedat 1×106 cells/mL inHBSSbuffer
containing Ca2+ and Mg2+ at 1 mM and treated with or without
the adenosine A2A receptor antagonist ZM 241385 (2.5 µM) for
5 min at 37C. Feraheme (4 mg/ml) and or adenosine A2a
receptor agonist CGS 21680 (1 µM) were then added to the cell
solutions for 10 min at 37C. After incubation, IL-8 (1 nM) was
added to cell solutions and calcium fluorescence time course was
immediately read on the Facscan flow cytometer (BDbiosciences)
RESULTS

Feraheme Inhibits Neutrophil Activation
and Degranulation Stimulated by IL-8
Stimulation with chemotactic factors activate within seconds
neutrophil degranulation, which results from the fusion of
granule membranes to the plasma membrane resulting in
upregulation of additional CD11b/CD18 and CD66b receptors.
Activation also results in a shift in the conformation of CD18
from a constitutive low affinity conformation at rest to high
affinity upon CXCR ligation, as well as the shedding of L-selectin
receptors through the action of the metalloprotease ADAM17
(28, 29). We first assessed the capacity of different concentrations
of Feraheme in suspension to alter neutrophil responses to
chemotactic activation via CXCR1/2 in cells stimulated at the
KD of IL-8 stimulation (~1 nM). Neutrophils were incubated at
37°C in the presence and absence of Feraheme and IL-8 for 5 min
before the addition of fluorescent antibodies for 20 min followed
by cell fixation. The presence of Feraheme led to significant
alterations in expression of CD62L, CD11b, and high affinity
(HA) CD18 at each dose applied (1–6 mg/ml) (Figure 1). A dose
dependent increase in the inhibition of degranulation was
observed, as well as diminished activation of integrin and
proteolytic cleavage of L-selectin. Since the effect of Feraheme
was observed to plateau at 4 mg/ml, subsequent studies were
performed using this concentration.

We next evaluated the effect of Feraheme on adhesion receptor
expression over a dose range of chemotactic stimulation with IL-8.
A typical sigmoidal dose dependent decrease in L-selectin
expression followed addition of IL-8 between 0.1 and 100 nM,
which reached amaximumof~90% loss at 5 nM IL-8 frombaseline
expression on quiescent neutrophils (Figure 2A). Upregulation in
surface expression of CD11b and CD18 provided a sensitive
measure of activation, increasing by 2-fold and 2.3-fold from
baseline up to maximum expression at 10 nM IL-8 (Figures 2B,
C). Another sensitive measure of neutrophil activation was
provided by the increased binding of mAb24 that reports on the
allosteric conversion of CD18 receptors from low to high affinity,
Frontiers in Immunology | www.frontiersin.org 4
which yielded a 3-fold increase in expression at maximum IL-8
stimulation (Figures 2B, D). It is noteworthy that the maximum
extent of L-selectin shedding was lowered by Feraheme at 4 mg/ml
compared with 0 mg/ml, as indicated by the elevated plateau at a
dose of IL-8 > 5 nM from 10% up to 25% total receptor expression
(Figure 2A).Moreover, the extent of upregulation ofCD11b/CD18
and conversion of CD18 to the HA conformation was significantly
inhibited, as indicated by a ~2-fold increase in the EC50 of IL-8
stimulation. This resulted in a reduced sensitivity to activation that
was significant at IL-8doses of 0.5 and1nMforCD11b, totalCD18,
and HA CD18 (Figures 2B–D). A marker of the release of
secondary granules is the increase in membrane expression of
CD66b, which is transported to the plasma membrane along with
CD11b/CD18 (20). The presence of Feraheme elicited a significant
inhibition in upregulation of CD66b, increasing the EC50 of IL-8
stimulation by ~30% (Supplemental Figure 1). In contrast, CD11a
andPSGL-1 adhesion receptors that are constitutively expressed on
circulating neutrophils and typically do not register a change in
receptor number in response to chemotactic stimulation, remained
constant over the dose range of IL-8 stimulation in the presence of
Feraheme (Supplemental Figure 1).

Neutrophils are reported to endocytose CXCR1/2 following
ligation and signaling by IL-8 (30). This motivated experiments to
determine if Feraheme altered the expression of CXCR1/2,
consequently accounting for the diminished capacity to induce
changes in adhesion molecule expression following stimulation.
Unexpectedly, incubating unstimulated neutrophils in suspension
with Feraheme at 4mg/ml elicited a ~26% increase in expression of
CXCR1 and a ~15% increase in CXCR2 (Figure 3). A significant
amount of CXCR1 endocytosis following IL-8 simulation was not
observed in the presence or absence of Feraheme (Figure 3A). In
contrast, the small amountofCXCR2endocytosis in response to IL-
8 stimulation was not altered in the presence of Feraheme (Figure
3B). These results indicate thatCXCR1/2 expression either remains
constant or increases in the presence of Feraheme and IL-8
stimulation as compared to controls. Thus, it is unlikely that the
mechanism left-shifting the IL-8 dose response for activation is
diminished expression of chemotactic receptors. Feraheme is also
not altering theendocytosis ofCXCR2receptors in cells treatedwith
1 nM IL-8 indicating it is not interfering with IL-8 ligation of
CXCR2. Thus, it is probable that Feraheme is leading to
dramatically reduced responses to IL-8 stimulation by affecting
intracellular signaling downstream of receptor ligation.

Feraheme Inhibits the Activation of ROS
Production in Neutrophils
To further explore the influence of Feraheme on neutrophil
function, ROS production was quantified using flow cytometry
to detect intracellular Dihydrorhodamine 123 fluorescence.
Production of ROS is a key antimicrobial mechanism of
neutrophils and has also been implicated in recruitment to sites
of inflammation by increasing vascular permeability (31). The
bacterial tripeptide fMLP is a potent chemotactic factor that binds
to G-protein coupled Formyl peptide receptors expressed on
neutrophils and activates the respiratory burst and production
of ROS. Feraheme led to a significant 30% reduction of ROS
December 2020 | Volume 11 | Article 571489

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Garcia et al. Feraheme Downregulates Neutrophil Activation
production in neutrophils stimulated with 1 µM fMLP (Figure 4).
Pre-treatment with IL-8 has previously been reported to prime
neutrophils for enhanced fMLP induced ROS production through
assembly of the NADPH oxidase components into lipid rafts on
the plasma membrane (32). Feraheme significantly reduced ROS
production by 48% in cells primed with low dose IL-8 and
stimulated with fMLP. While uptake of SPION other than
Feraheme have been reported to induce ROS production, the
presence of Feraheme did not lead to detectable ROS production
in unstimulated neutrophils. This data indicates that Feraheme
inhibits formyl peptide receptor signaling of ROS production,
including increased ROS induced by IL-8 priming.
Frontiers in Immunology | www.frontiersin.org 5
Neutrophil Recruitment on Endothelial
Adhesion Molecules Is Altered in the
Presence of Feraheme
It has been reported that exposure to nanoparticles and
microparticles reduced neutrophil recruitment to inflamed
mesentery microvasculature in mice (23). Moreover, polystyrene
nanoparticles have been shown to reduce adhesion of human
neutrophils to inflamed human umbilical vein endothelial cells in
parallel plate flow chamber studies (24). This motivated
determination of the effect of Feraheme on the multistep process
of recruitment in vitro usingmicrofluidicflowchannels (23, 24, 33).
Fluorescence microscopy was employed to image the dynamics of
A

B

C

FIGURE 1 | Effect of Feraheme concentration on integrin and selectin expression following chemotactic stimulation of neutrophils. Isolated human neutrophils were
incubated with 1 nM IL-8 and Feraheme magnetic nanoparticles (MNP) for 25 min and cell surface expression of (A) CD62L, (B) CD11b, and (C) HA CD18 was
assessed by flow cytometry. Representative histograms depict fluorescent antibody detection for each adhesion receptor at baseline receptor expression and
following IL-8 stimulation in presence and absence of MNP. Bivariate data are presented as the percent shedding from unstimulated baseline mean ± SEM for
CD62L and percent of unstimulated baseline expression mean ± SEM for CD11b and HA CD18 (n ≥ 4 donors) with experimental replicates averaged for each donor.
Paired T-test was performed comparing the average value at each concentration to the 0 mg/ml Feraheme condition of the same donor * and ** denote p value ≤.05
and ≤ 0.01, respectively.
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neutrophil rolling and arrest within vascular mimetic microfluidic
channels containing substrates coated with E-selectin alone or in
conjunctionwith ICAM-1. Neutrophil suspensions were incubated
for 20 min with Feraheme at 1 mg/ml or 4 mg/ml and compared
with vehicle control in response to stimulation with 0.5 nM IL-8
prior to perfusion through the flow channel. This dose of IL-8
corresponded with the lowest concentration of stimulus in which a
significant inhibition of CD18 activation and L-selectin shedding
was elicited by Feraheme. Capture and rolling on E-selectin is
primarily mediated by recognition of sLex presenting ligands on L-
selectin and PSGL-1 expressed on neutrophils. The velocity of
neutrophil rolling on E-selectin at a venular shear stress of 2
dyne/cm2 increased ~37% in the presence of Feraheme at 4 mg/
ml compared to vehicle alone, whereas no alteration in rolling
velocity was detected at 1 mg/ml (Figures 5A, B). This increased
rolling velocity was accompanied by a 40% increase in the variance
of the mean velocity, which is consistent with interruption of
adhesive bond formation resulting in an unsteady trajectory of
neutrophil rolling on the substrate under shear flow. Neutrophils
require ICAM-1 on the substrate to provide an anchor for activated
integrins to bind in order to achieve shear resistant cell arrest (28).
Perfusion through flow channels derivatized with E-selectin and
ICAM-1 were used to study Feraheme’s effect on the kinematics of
neutrophil arrest and transition to a migratory phenotype. In the
absence of IL-8 chemotactic stimulation, Feraheme lead to a dose
dependent increase in rolling velocity on E-selectin coated
Frontiers in Immunology | www.frontiersin.org 6
substrates, which increased by ~30% and ~60% when neutrophils
were exposed to 1 and 4mg/mlFeraheme, respectively (Figures 5C,
D). Moreover, an ~80% increase in variance of mean velocity
corresponded to treatment at 4 mg/ml Feraheme, while 1 mg/ml
increased variance by 17%. Stimulation with IL-8 leads to the
activation of HA CD18 that binds ICAM-1 and mediates
deceleration to arrest (28). Consequently, stimulation with IL-8
on E-selectin/ICAM-1 coated substrates resulted in a 50% decrease
in rolling velocity and within ~40 s most neutrophils exhibited a
rapid transition to arrest (Figures 5C, F). Neutrophils treated with
Feraheme at 4 mg/ml exhibited ~40% higher rolling velocity
compared to the 1 mg/ml or vehicle control conditions (Figure
5D). In the absence of IL-8 stimulation, outside-in signaling via E-
selectin binding and clustering of L-selectin is sufficient to activate
~40% of cells to convert from rolling to arrest that is supported by
activation of HA CD18 to bind ICAM-1 (34). Feraheme at 1 and 4
mg/ml concentrations inhibited this L-selectin mediated signaling
of arrest, as well as decreased transition to a migratory state from
12%of cells to <1% of cells assuming a polarized shape (Figure 5E).
In contrast, in the presence of IL-8 stimulation, we did not detect
significant inhibition in the frequency of neutrophils rolling to
arrest in presence of Feraheme (Figure 5E). This is likely due to the
fact that coupled with shear force mediated L-selectin signaling,
even very low concentrations of IL-8 can lead to activation of HA
CD18 receptors sufficient to mediate conversion from rolling to
arrest (35). However, in the presence of Feraheme, a significant
A B

DC

FIGURE 2 | Feraheme alters adhesion receptor expression over a dose range in stimulation with IL-8. Isolated human neutrophils were incubated with IL-8 and
Feraheme MNP for 25 min and cell surface expression of (A) CD62L, (B) CD11b, (C) CD18, and (D) HA CD18 was assessed by flow cytometry. The data are
presented as the percent of maximum receptor expression mean ± SEM (n ≥ 5 donors) with experimental replicates averaged for each donor. Paired T-tests were
performed comparing the average of the 0 mg/ml to the 4 mg/ml conditions for the same donor *, **, and *** denote p value ≤.05, ≤ 0.01, and ≤ 0.001, respectively.
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increase was detected in the duration of rolling before the onset of
cell arrest for both IL-8 stimulated and unstimulated neutrophil
suspensions. In the absence of IL-8, rolling time to arrest increased
from42.1 seconds in the0mg/mlcondition to55.1and91.9 seconds
in the 1mg/ml and4mg/ml conditions, respectively (Figure 5F). In
IL-8 treated cells only the 4 mg/ml condition resulted in
significantly increasing the time to arrest compared to the 0 mg/
ml condition, from20.0 to34.7 s.Weconclude that Ferahemeexerts
a significant effect on thekinematics of rolling toarrest onE-selectin
and ICAM-1 in terms of increasing the velocity and signaling
associated with HA CD18 mediated arrest.

Feraheme Perturbs the Process of E-Selectin
Ligand Clustering on Rolling Neutrophils
E-selectin recognition of L-selectin and PSGL-1 under shear flow
leads to receptor co-clustering andmechanotransduction of signals
leading to HA CD18 binding to ICAM-1 (34). To further examine
Frontiers in Immunology | www.frontiersin.org 7
how uptake of Feraheme effects the process of selectin mediated
rolling and deceleration to arrest, total internal reflection
fluorescence (TIRF) microscopy and quantitative dynamic
footprinting (qDF) was performed to determine the L-selectin
and PSGL-1 bond cluster formation during rolling on a substrate
of E-selectin. TreatmentwithFeraheme resulted in an increase inL-
selectin bond cluster area (i.e., lower density of L-selectin) and
marginal changes in the frequency of cluster formation detected in
the presence and absence of IL-8 stimulation (Figures 6A, B).
Examining the average density of L-selectin receptors within
clusters bound to E-selectin, a significant decrease was detected in
the presence of IL-8 stimulation for 4 mg/ml compared to 0 mg/ml
Feraheme (Figure 6C). In contrast, Feraheme did not affect E-
selectin mediated formation of PSGL-1 cluster area and frequency
nor PSGL-1 cluster density (Figures 6D, E). These data are
consistent with the observed increase in rolling velocity and
decreased outside-in signaling via E-selectin in the presence of
Ferahemeand indicate this effectmaybea functionofdiminishedL-
selectin bond formation despite the observed higher frequency and
area of L-selectin within sites of adhesive contact.

Feraheme Accelerates Clearance of
Cytosolic Calcium After Flux
Calcium serves as a secondary messenger downstream of GPCR
signaling that mediate neutrophil inflammatory responses including
degranulation, integrin activation and adhesion, shape change, and
ROS production (36). IL-8 ligation of CXCR leads to a release of
endoplasmic reticulum (ER) stored calcium into the cytosolic space
which is subsequently sequestered by the ER calciosomes to
replenish stores. High concentrations of extracellular adenosine
which binds to the adenosine A2A receptor is known to dampen
neutrophil inflammatory responses (37). The mechanism, as
depicted in Figure 7A, is initiated by ligand binding to the
adenosine A2A receptor which induces disassociation and
activation of the Ga subunit of the A2A receptor linked
heterotrimeric G protein which then activates adenylyl cyclase.
Adenylyl cyclase activation leads to production of cyclic AMP
(cAMP), which in turn activates cAMP-dependent protein kinase
(PKA) and leads to accelerated sequestration of calcium through
PKA-activated endo-membrane Ca2+-ATPases. To determine if
Feraheme’s inhibitory effects on intracellular signaling are mediated
through accelerated clearance of IL-8 induced calcium flux, the time
course of cytosolic calcium stimulated by IL-8 in Feraheme treated
neutrophils was compared in the presence and absence of adenosine
A2A receptor agonist CGS 21680 (CGS). Following IL-8 induced
release of ER Ca2+, Feraheme elicited an accelerated decrease in
cytosolic calcium as compared to untreated cells. The level of
accelerated Ca2+ clearance was equivalent and not additive with
CGS (Figure 7B). The duration required for a decrease to 20% of the
maximumCa2+fluxelicitedby IL-8was60seconds inuntreatedcells
compared to 36, 22, and 22 seconds for Feraheme, CGS, and
Feraheme + CGS, respectively (Figure 7C). Neither Feraheme nor
CGS alone reduced the maximal Ca2+ flux elicited by IL-8, while
added together they resulted in a slight reduction (Figure 7D).

To determine if Feraheme mediated inhibition acts through
release and binding of extracellular adenosine, the clearance of
FIGURE 3 | Feraheme alters CXCR expression in neutrophils. Isolated human
neutrophils were incubated with IL-8 or vehicle and Feraheme for 25 min and cell
surface expression of (A) CXCR1 and (B) CXCR2 was assessed by flow
cytometry. The data are presented as mean ± SEM (n ≥4 donors) with
experimental duplicates averaged for each donor. Paired T-tests were performed
comparing the average value for the 4 mg/ml to the 0 mg/ml Feraheme
conditions of the same donor * and *** denote p value ≤.05 and ≤ 0.001,
respectively. Paired T-tests were performed comparing the average value for a
condition to the 0 nM IL-8 condition of the same donor $ denotes p value ≤.05.
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calcium after IL-8 stimulated Ca2+ flux was compared to that
activated by the adenosine A2A receptor agonist CGS 21680
(CGS) while blocking signaling via the A2A receptor with the
adenosine A2A receptor antagonist ZM 241385 (ZM) as depicted
in Figure 8A. As expected, in neutrophils preincubated with ZM
the sequestration effect of CGS was completely abrogated. In
contrast, Feraheme treatment remained effective in accelerating
the decrease in cytosolic Ca2+ following IL-8 stimulation (Figure
8B). In untreated cells the duration to 20% of maximum Ca2+

flux was 65 s compared to 46, 63, and 42 s for Feraheme, CGS,
and Feraheme+ CGS, respectively (Figure 8C). All conditions
registered the same maximal Ca2+ flux (Figure 8D).
DISCUSSION

Neutrophil recruitment and attachment to inflamed endothelium
is mediated by a multistep process involving ligation and
mechanosignaling from the outside-in through selectins and
integrins following bond formation (38). CXCR ligation of IL-8
byneutrophils interactingwith inflamed endotheliumunder shear
flow induces degranulation and the activation of CD18 to a high
affinity state, as well as the rapid shedding of L-selectin (20, 29).
Here, we demonstrated that, treating neutrophils in suspension
over a dose range with Feraheme elicited reduced responsiveness
to stimulation with 1 nM IL-8 at each dose tested (1–6 mg/ml).
This was manifest as increased inhibition of CD11b upregulation,
HA CD18 activation, and L-selectin shedding with increasing
particle concentration of Feraheme. Treating with a Feraheme
dose of 4 mg/ml resulted in a consistent ~2-fold right shift in the
EC50 of stimulation with IL-8 corresponding to diminished
upregulation of CD11b/CD18, activation of HA CD18, and L-
selectin shedding. Chemokine receptor expression in
unstimulated cells was significantly elevated in the presence of
Frontiers in Immunology | www.frontiersin.org 8
Feraheme, but these changes in expression did not explain the
inhibitory effects observed. Feraheme also did not alter
endocytosis of CXCR2 in response to IL-8 signaling, suggesting
that its mechanism of action is not through down regulation or
interference with CXCR ligation. Feraheme also significantly
reduced fMLP induced ROS production in the presence or
absence of IL-8 priming. Taken together, we conclude that the
inhibitory effects of Feraheme are not exclusive to CXCR1/2
signaling by IL-8, but include signaling through other GPCR
namely, formyl peptide receptors.

Uptake of nanoscale poly(styrene) and liposomal particles by
neutrophils was previously shown not to enhance apoptosis,
activation, or cell death. Ingested nanoparticles were reported to
reside in intracellular compartments that are retained during
degranulation (39). Uncoated SPION are reported to aggregate
and induce the formation of neutrophil extracellular traps
(NETs) that are extracellular fibers consisting of expelled
DNA. This pro-inflammatory host response is mitigated by
coating SPION with layers of dextran or HSA (40). In our
experiments, Feraheme did not reduce cell viability, which
exceeded 99%. Although we did not specifically test for netosis
in our studies of neutrophil arrest and migration, no visible
changes in cell morphology that is characteristic of netosis was
observed. In-vivo studies have demonstrated that uptake of
nanoparticles can diminish the efficiency of neutrophil
recruitment to inflamed endothelium within the lungs of mice.
However, the mechanism that may involve cell-particle uptake
and competitive binding to adhesion receptors, which could
interfere with chemotactic or adhesive ligand binding during
recruitment remained elusive (23, 24). Here, we report that
following 20 min of exposure to Feraheme in suspension, we
observed diminished efficiency of neutrophil arrest and
migration as measured in an established model of endothelial
inflammation in vascular mimetic shear flow channels. We have
recently reported that deceleration of neutrophils within the
vascular mimetic substrate in microfluidic flow channels is
mediated by as few as 200 HA CD18 binding ICAM-1 in order
to transition from rolling to arrest (34). In the absence of IL-8
stimulation and in the presence of Feraheme, a ~50% reduction
was measured in the frequency of neutrophils rolling to arrest on
E-selectin/ICAM-1 at both 1 and 4 mg/ml. Moreover,
neutrophils rolled over twice the distance before activation and
binding of HA CD18 integrin bonds formed stable arrest.
Inhibition of neutrophil CD11b/CD18 mediated migration
after arrest was also observed at 1 and 4 mg/ml Feraheme.
Thus, Feraheme uptake in a concentration dependent manner
alters both selectin and GPCR mediated signaling of HA CD18
necessary to transition from rolling on E-selectin to arrest on
ICAM-1. It has been previously shown that L-selectin catch-
bonds, characterized by a prolonged bond lifetime as tensile force
is increased, is necessary and sufficient to signal CD18 transition
to a HA state (34). We show that Feraheme reduced both L-
selectin shedding in response to IL-8 and L-selectin clustering
during rolling on E-selectin, but it had no effect on PSGL-1
expression. Noteworthy was the finding that cluster area of L-
selectin bonds during rolling on E-selectin in the presence of
FIGURE 4 | Feraheme inhibits ROS production in fMLP stimulated
neutrophils. Isolated human neutrophils stained with 2 µM DHR 123 and
treated with or without Feraheme were preincubated with 1 nM IL-8 or vehicle
control for 10 min before addition of 1 µM fMLP or vehicle control for 5 min.
The data are presented as mean ± SEM (n ≥ 4 donors) with experimental
duplicates averaged for each donor. Paired ratio T-test was performed
comparing the average value for an experimental condition to the 0 mg/ml
Feraheme condition of the same donor. ** denotes a p value ≤ 0.01.
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shear stress and IL-8 stimulation was increased, while the density
of bond formation within these clusters decreased. This indicates
that Feraheme may alter L-selectin signaling, but not recognition
by E-selectin on the surface of rolling neutrophils. This is
consistent with the significant rise in the mean rolling velocity
on E-selectin that was observed to increase with Feraheme
concentration. This provides one potential explanation as to
how Feraheme reduces the efficiency of the transition to cell
arrest, in that it may alter the capacity of E-selectin/L-selectin to
Frontiers in Immunology | www.frontiersin.org 9
form catch-bonds. Increased availability of L-selectin to form
bond clusters in the presence of Feraheme coincided with
reduced density of bonds on E-selectin and also with a reduced
frequency of cell arrest suggesting that the normal process of
neutrophil deceleration at sites of inflammation may be
perturbed. Reduced levels of L-selectin shedding may
potentially contribute to the inhibition of arrest and
polarization observed in Feraheme treated cells. Consistent
with the latter observation are reports that L-selectin shedding
A B

D
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C

FIGURE 5 | Feraheme alters the kinetics of neutrophil rolling and arrest in microfluidic flow channels. (A) Neutrophil rolling velocity over an E-selectin substrate
treated with vehicle or Feraheme (1 mg/ml, 4 mg/ml). (B) Cumulative rolling velocities of neutrophils over an E-selectin substrate treated with vehicle or Feraheme
(1 mg/ml, 4 mg/ml). (C) Mean neutrophil rolling velocity over an E-selectin+ ICAM-1 substrate treated with Feraheme (1mg/ml, 4 mg/ml) and/or IL-8 (0.5 nM).
(D) Cumulative rolling velocities of neutrophils over an E-selectin + ICAM-1 substrate treated with vehicle or Feraheme (1 mg/ml, 4 mg/ml) and/or IL-8 (0.5 nM).
(E) Neutrophil rolling to arrest and migration over an E-selectin+ ICAM-1 substrate treated with Feraheme (1 mg/ml, 4 mg/ml) and/or IL-8 (0.5 nM). * and $ denote
T-Test p-values of ≤.05 as compared to the 0 mg/ml MNP condition for arrest and migration, respectively. (F) Neutrophil time to arrest over an E-selectin+ ICAM-1
substrate treated with Feraheme (1 mg/ml, 4 mg/ml) and/or IL-8 (0.5 nM). For B, D, and F, * and **** denote T-Test p-values of ≤.05 and ≤ 0.0001, respectively.
Data in B, D, E, and F are presented in mean ± SEM (n ≥ 4 donors) with at least 15 cells for each donor per condition.
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has been reported to amplify integrin-mediated outside-in
signaling–dependent processes, including neutrophil migration,
production of ROS, and phagocytosis (41). L-selectin shedding
induces phosphorylation of phospholipase C (PLC)g2, Akt, and
Syk, critical regulators of intracellular calcium release that are
important for E-selectin mediated slow rolling and CD18
integrin activation in neutrophils (41, 42). Thus, inhibition of
L-selectin shedding may also interfere with normal activation of
HA CD18 during rolling on E-selectin, despite the elevated
Frontiers in Immunology | www.frontiersin.org 10
expression of L-selectin on the surface. While it is likely that
Feraheme is endocytosed by neutrophils in suspension, we
cannot rule out that a fraction remain bound to the plasma
membrane and sterically interfere with the recognition and
mechanics of selectin bond formation. Due to optical
limitations in real-time imaging of SPION bound to the
plasma membrane at the nanoscale, we could not directly
image whether Feraheme specifically bound to L-selectin
receptors and sterically interfered with catch-bond formation
A

B

D E

C

FIGURE 6 | Feraheme antagonism of E-selectin ligand bond formation. (A) Neutrophil rolling on a substrate of E-selectin in the presence of vehicle control or
Feraheme MNP (4 mg/ml) was dynamically imaged using qDF to detect L-selectin (AF488 anti-human DREG55) and PSGL-1 (PE anti-human PL-1) engagement in
the plane of adhesive contact. (B) L-selectin and (C) PSGL-1 receptor cluster area and frequency were determined. (D) L-selectin and (E) PSGL-1 receptor density
was determined and reported as mean ± SEM (n = 3 donors) with at least 10 cells for each donor per condition. * and **** denote T-test p-values of ≤.05 and ≤

0.0001, respectively, compared with the 0 mg/ml condition.
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associated with mechanotransduction of CD18 activation. What
is clear is that Feraheme altered the efficiency of L-selectin’s
capacity to mechanosignal activation of HA CD18, but not
necessarily its ability to bind E-selectin and form focal clusters.

To elucidate a possible mechanism for Feraheme inhibition of
GPCR signaling the effects of Feraheme on calcium flux after IL-
8 stimulation was recorded. Feraheme significantly accelerated
the clearance of calcium after flux and this response was
comparable to that of the adenosine A2A receptor agonist CGS
21680 known to inhibit degranulation and ROS production. The
effect of Feraheme was not dependent on adenosine as treatment
with the adenosine A2A receptor antagonist ZM 241385 did not
Frontiers in Immunology | www.frontiersin.org 11
perturb the acceleration of calcium clearance in response to
Feraheme. Calcium signaling plays a key role in GPCR mediated
degranulation, L-selectin shedding, integrin activation, and ROS
production which are all inhibited by Feraheme. Calcium is also
necessary for selectin mechanosignaling induced activation of
HA LFA-1 and for integrin signaling of shape change and
polarization after arrest (38). Accelerated clearance of calcium
could potentially result in the decreased arrest and polarization
observed in Feraheme treated cells by inhibiting selectin
mechanosignaling. These experiments highlight a consistent
effect of Feraheme uptake on neutrophil intracellular signaling,
but the mechanism which may involve Feraheme steric influence
A

B

DC

FIGURE 7 | Feraheme (4 mg/ml) accelerates clearance of cytosolic calcium following IL-8 stimulated calcium flux. (A) Diagram depicts the pathway of Ca2+
mediated neutrophil activation and antagonism by CGS 21680 via the Adenosine A2A receptor. (B) Kinetics of cytosolic calcium clearance following maximal release
due to 1 nM IL-8 at t = 0 s. (C) Duration for Ca2+ clearance to reach 20% of maximum value. (D) Fold change between maximal calcium flux and baseline level in
untreated cells. Data are presented in mean ± SEM (n = 3 donors) with experimental replicates for each donor. Paired T-tests were performed comparing
experimental conditions to the NO MNP condition of the same donor *, and ** denote p value ≤.05, and ≤ 0.01, respectively.
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on normal cell surface receptor affinity or avidity in binding
ligand needs to be confirmed in future studies. The non-additive
inhibition in the presence of Feraheme and CGS could indicate a
shared downstream mechanism for the accelerated clearance of
Ca2+. We propose that Feraheme may induce sequestration of
calcium through activation of endo-membrane Ca2+-ATPases
rather than by efflux of calcium through activation of plasma
membrane Ca2+-pump, the proposed mechanism of action for
CGS (Figure 9).

In summary, Feraheme exerted an immunosuppressive effect
on neutrophil activation in response to IL-8 and fMLP, as well as
Frontiers in Immunology | www.frontiersin.org 12
outside-in signaling via E-selectin during neutrophil recruitment
in shear flow. A potential mechanism may involve the observed
Feraheme induced acceleration of calcium clearance resulting in a
reduced capacity for cell signaling of immune responses. Further
studies are warranted to elucidate the mechanism by which
Feraheme induces accelerated calcium clearance, potentially
though elevation of cAMP leading to downstream activation of
endo-membrane Ca2+-ATPases, and whether this is the primary
mechanism for the inhibition of neutrophil inflammatory
responses observed herein. Whether these effects are seen with
other SPION formulations is also a relevant question to pursue.
A
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FIGURE 8 | Feraheme MNP (4 mg/ml) accelerated clearance of IL-8 stimulated cytosolic Ca2+ is independent of the Adenosine A2A receptor. The Adenosine A2A

receptor antagonist ZM (2.5 µM) was applied for 5 min in calcium buffer. (A) Diagram depicts calcium flux in cells preincubated with ZM before treatment with the
Adenosine A2A receptor agonist CGS (B) Kinetics of cytosolic calcium resequestration from maximal flux induced by IL-8 (1 nM) at t=0 sec. (C) Time from maximal
calcium flux until calcium levels reach 20 percent of max value. (D) Fold change between maximal calcium flux and untreated cells. Data are presented in
mean ± SEM (n=3 donors) with experimental replicates for each donor. Paired T-tests were performed comparing experimental conditions to the NO MNP condition
of the same donor. * denotes a p value ≤.05.
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These immunosuppressive effects could lead to impaired immune
responses to infection or sterile tissue insult in patients treated
with Feraheme. The current studies also point to the expanded use
of SPION to downregulate the innate immune response as a
therapy for ameliorating chronic inflammation and/or
autoimmune diseases.
DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.
ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by UC Davis Institutional Review Board. The patients/
participants provided their written informed consent to
participate in this study.
AUTHOR CONTRIBUTIONS

GG designed the study and performed flow cytometry
experiments. VM performed microfluidic experiments. GG and
Frontiers in Immunology | www.frontiersin.org 13
VM performed data analysis. GG wrote initial draft with aid of
VM and SS. All authors contributed to the article and approved
the submitted version.
FUNDING

This work was funded by the following grants from the National
Institute of Health (NIH RO1 AI047294 to SS, NIH R01
NR015674 to MK, and NIH T32 HL086350).
ACKNOWLEDGMENTS

We would like to acknowledge former graduate student Leif
Anderson for his help in initiating the project, collaborator
Theodore Wun for assistance in supplying with Feraheme, and
undergrad Tiffany Pan for assistance in performing experiments.
Diagrams forFigures 7A, 8A, and 9were createdwith biorender.com
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2020.
571489/full#supplementary-material
FIGURE 9 | Schematic depicting the proposed mechanism of Ca2+ sequestration and inhibition of downstream response by Feraheme. Feraheme may inhibit
neutrophil function through activation of endo-membrane Ca2+-ATPases leading to accelerated clearance of cytosolic calcium inhibiting intracellular signaling.
CXCR1/2 ligation by endogenous receptor ligands (IL-8, fMLP) leads to dissociation of Ga from Gbg subunits of G proteins activating PLCb2/3 which splits
phosphatidylinositol 4,5 biphosphate (PIP2). PIP2 splits releasing inositol-1,4,5 triphosphate (IP3) that binds to IP3 receptor (IP3R) on the surface of the endoplasmic
reticulum inducing calcium flux which signals for downstream effector functions (integrin activation, degranulation, and reactive oxygen species production). We
propose that Feraheme MNP are being endocytosed by neutrophils which through an unknown intermediary lead to activation of endo-membrane Ca2+-ATPases
that sequester calcium and inhibit calcium signaling of functional responses down stream of GPCR.
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