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Key Points

• rFVIIIFc can induce
macrophages to
polarize to an
alternatively activated
Mox/M2 phenotype
with antioxidant
characteristics.

• This polarization is
dependent on intact
rFVIIIFc–FcR
interactions.

The main complication of replacement therapy with factor in hemophilia A (HemA) is the

formation of inhibitors (neutralizing anti–factor VIII [FVIII] antibodies) in ;30% of severe

HemA patients. Because these inhibitors render replacement FVIII treatment essentially

ineffective, preventing or eliminating them is of top priority in disease management. The

extended half-life recombinant FVIII Fc fusion protein (rFVIIIFc) is an approved therapy for

HemA patients. In addition, it has been reported that rFVIIIFc may induce tolerance to FVIII

more readily than FVIII alone in HemA patients that have developed inhibitors. Given that

the immunoglobulin G1 Fc region has the potential to interact with immune cells expressing

Fc receptors (FcRs) and thereby affect the immune response to rFVIII, we investigated how

humanmacrophages, expressing both FcRs and receptors reported to bind FVIII, respond to

rFVIIIFc. We show herein that rFVIIIFc, but not rFVIII, uniquely skewsmacrophages toward

an alternatively activated regulatory phenotype. rFVIIIFc initiates signaling events that

result in morphological changes, as well as a specific gene expression and metabolic profile

that is characteristic of the regulatory type Mox/M2-like macrophages. Further, these

changes are dependent on rFVIIIFc-FcR interactions. Our findings elucidate mechanisms of

potential immunomodulatory properties of rFVIIIFc.

Introduction

Hemophilia A (HemA) is characterized by the absence of functional endogenous coagulation factor VIII
(FVIII), leading to impaired bleed control.1 Prophylactic factor replacement therapy is considered the
optimal treatment for individuals with severe HemA.2,3 Although this treatment is successful in
controlling bleeds and associated arthropathy in the majority of patients, ;30% of individuals with
severe hemophilia develop inhibitors, anti-FVIII neutralizing antibodies, which reduces treatment
efficacy.4 To restore the ability to use replacement FVIII therapy, inhibitor-positive individuals undergo an
immune tolerance induction (ITI) regimen. ITI treatment can restore normal rFVIII pharmacokinetics in
;70% of these individuals with hemophilia.5,6

Recombinant FVIII Fc (rFVIIIFc) is an approved factor replacement therapy that is composed of a single
molecule of rFVIII covalently fused to the Fc domain of immunoglobulin G1 (IgG1). This molecule has an
extended half-life of ;19 hours,7 compared with rFVIII molecules that do not have the Fc portion (8-12
hours).8 The prolonged half-life of rFVIIIFc is mediated by the interaction of the Fc portion of the molecule
with neonatal Fc receptors (FcRns), protecting the fused rFVIII from lysosomal degradation.9,10 rFVIIIFc
is also capable to interact with Fcg receptors, expressed on multiple antigen-presenting cells (APCs)
including B cells, thus it has a potential to influence the immune system. It has been reported that rFVIIIFc
could reduce inhibitor titers in inhibitor-positive HemA patients in recent case reports.11,12 In addition, a
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retrospective chart review reported that rFVIIIFc achieved rapid
time to tolerization in high-risk first-time ITI patients.13 In preclinical
animal studies, decreased levels of inhibitor formation after rFVIIIFc
treatment of HemA mice was reported, compared with rFVIII
treatment. Reduced immunogenicity of rFVIIIFc in an animal model
was attributed to the development of regulatory T cells and
tolerogenic environment, potentially mediated by the interaction of
the Fc domain of rFVIIIFc with the Fc receptors (FcRs) on APCs.14

Inhibitors are produced as result of a complex, T cell-dependent B cell-
mediated action, implying that the administered FVIII molecule is
presented by APCs in inhibitor-positive HemA patients. Macrophages
are professional APCs able to adapt to their tissue environment by taking
on a spectrum of phenotypes and functions. Under inflammatory
circumstances, conventional, proinflammatory M1 macrophages rely on
aerobic glycolysis to fulfill their bioenergetic needs for pathogen
phagocytosis and killing, whereas alternatively activated, regulatory M2
macrophages rely on oxidative phosphorylation, including use of both
glucose and lipids, to fuel their homeostatic functions,15 although this
delineation is not absolute.16 The regulation of these metabolic changes
is orchestrated by factors, such as the transcription factor peroxisome
proliferator activating receptor g (PPARg), that has also been shown to
regulate anti-inflammatory responses.17 One of the newly discovered
functional classes of macrophages is the Mox macrophage, which is
distinct from M1 or M2 macrophages.18 Mox macrophages play role in
iron metabolism19 and sense oxidized lipoproteins to reprogram their
metabolism toward redox-regulatory phenotype in mice.20 Mox macro-
phages are characterized by a nuclear factor (erythroid-derived 2)–like 2
(NRF2)–dependent antioxidant gene expression pattern, with heme
oxygenase 1 (HO-1/HMOX1) being their hallmark molecule.21 In
macrophages, NRF2 and HO-1 were shown to exhibit anti-
inflammatory, antioxidant, and reparative effects,22-24 as demonstrated
in HO-1 deficient mice25 and human cases of HMOX1 deficiency.26

HO-1 activity also interferes with the activation and maturation of APCs,
downmodulating their capacity to prime T cells.27,28

Monocytes and macrophages have the unique potential to respond to
rFVIIIFc. These cells express Fcg receptors CD16 (FcgRIII), CD32
(FcgRII), and CD64 (FcgRI), as well as FcRn. Receptors implicated
in FVIII uptake are also present on monocytes/macrophages.29 For
example, LRP1/CD91, an endocytic receptor, has been shown to bind
FVIII30 and was found to be upregulated in monocytes from HemA
patients.31 As rFVIIIFc is administered IV, blood monocytes of HemA
patients are the first innate immune cells to interact with the
administered FVIII. In tissues, Kupffer cells, metallophilic macrophages,
and marginal zone macrophages also accumulate FVIII.32-34

Taking the available data into consideration, this study aims to understand
the mechanisms of rFVIIIFc recognition by human macrophages and its
consequences on polarization and function. We report that in vitro
treatment of macrophages with rFVIIIFc mediates functional polarization
of the cells orientating them toward the alternatively activated Mox/M2
phenotype. These findings may help to elucidate the mechanisms of
potential novel immunomodulatory properties of rFVIIIFc.

Materials and methods

Monocyte-derived macrophages, cell culture,

and treatments

Human monocyte-derived macrophages were generated from
CD141 monocytes isolated from peripheral blood mononuclear

cells of healthy human donors or inhibitor-negative HemA patients.
The research was approved by the Western Institutional Review
Board (WIRB #20162900 [healthy volunteers, n 5 40] and
#20100780 [HemA patients, n 5 7]), and the blood donors gave
written informed consent. Purified CD141 monocytes were plated in
RPMI 1640 Glutamax medium (Thermo Fisher Scientific) supple-
mented with penicillin, streptomycin, and 10% fetal bovine serum.
Macrophage differentiation was achieved by plate adherence for
24 hours. Macrophages were treated with horse radish peroxidase
immune complexes (HRP-ICs), human IgG1, B-domain deleted rFVIII,
or rFVIIIFc (200 nM each) for 5 minutes to 24 hours. Treatment
concentrations were determined in preliminary experiments (supple-
mental Figure 1). Mutant forms of rFVIIIFc molecules, that is, rFVIIIFc
IHH (amino acid substitutions I253A, H310A, andH435A) and rFVIIIFc
N297A (amino acid numbers correspond to the Fc domain number-
ing), unable to bind to the FcgRs or FcRns, respectively,14 were
evaluated each at 200 nM concentration.

RNA sequencing and real-time quantitative reverse

transcription polymerase chain reaction

Total RNA was isolated from macrophages using RNeasy Mini Kit
(Qiagen, Valencia, CA) and reverse transcribed using SuperScript III
Vilo Kit (Thermo Fisher Scientific). High-throughput RNA sequencing
was performed by New York Genome Center (supplemental Figure 2).
Data were deposited into Gene Expression Omnibus database
(accession number GSE118157). Quantitative real-time polymerase
chain reaction (PCR) assays were performed using Taqman gene
expression assays from Thermo Fisher Scientific and run on a 7500
Fast instrument. The comparative cycle threshold method was used to
quantify transcripts relative to the endogenous control gene 36B4.

Metabolic profiling and validation assays

Metabolic screening of lysates from the treated macrophages
(6 hours and 24 hours) was performed by Metabolon using the HD4
Global Metabolomics Technology. Mitochondrial transmembrane
potential was measured using JC-1 (Thermo Fisher Scientific) and
tetramethylrhodamine ethyl ester perchlorate (TMRE; Abcam)
labeling. JC-1 (50 nM) or TMRE (200 nM) was added 15 minutes
before the termination of the 24-hour treatment, and signal intensity
was measured by flow cytometry. MitoTracker Green FM M7514
(Thermo Fisher) was used to determine mitochondrial mass.
Glutathione production was measured using the reduced glutathi-
one (GSH)/oxidized glutathione disulfide (GSSG)–Glo Assay kit
(Promega); adenosine triphosphate (ATP) production was mea-
sured using the CellTiter-Glo MT Cell Viability Assay (Promega).

Statistical analysis

Statistical comparisons were made using paired Student t test,
and level of significance was set to .05. Statistical calculations
compared experimental samples to the IgG1-treated samples
unless otherwise noted. For all experiments, the mean and
standard deviation or standard error (SE) are reported for at
least n 5 3 (n 5 number of individual experiments). Signifi-
cance: *P # .05; **P # .01; ***P # .005. The Metabolon data
set was analyzed using repeated measure analysis of variance.
P # .05 was considered as significant difference.

Additional information

Additional information can be found in the supplemental Materials
and Methods.
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Figure 1. rFVIIIFc induces Fcg receptor internalization and signaling in an Fc-dependent fashion. (A) Forward scatter (FSC)/side scatter (SSC) pseudocolor plots

of macrophages treated with IgG1, rFVIII, or rFVIIIFc (each at 200 nM) for 24 hours, illustrating the size change of the cells upon rFVIIIFc treatment. Numbers in FSC/SSC

pseudocolor plots indicate the percentage of smaller and larger cell populations. One representative experiment is shown. (B) Graph shows cumulative data on macrophage

size based on the percentages of low-FSC and high-FSC cell populations, observed by flow cytometry (n 5 12). Significance indicated compared with untreated cells.

(C) Macrophages (n 5 4) were treated with HRP-ICs as positive control, IgG1 as negative control, rFVIII, or rFVIIIFc for 24 hours, and the cell surface expression of the FcgRs

CD16, CD32, and CD64 was measured by flow cytometry. Downregulation of the FcgRs from the cell surface indicates internalization. (D) Macrophages (n 5 10) were

treated with HRP-IC, IgG1, rFVIII, or rFVIIIFc for 15 minutes, and the phosphorylation of Syk was measured using the Meso Scale Diagnostics (MSD) platform. Upregulation of

pSyk levels shows direct FcgR engagement by HRP-IC and rFVIIIFc. (E) Mutant rFVIIIFc molecules unable to bind the FcRn (FcRn mutant) or the FcgRs (FcgR mutant) were

used to treat macrophages (n 5 4) along with the wild-type rFVIIIFc (WT), IgG1, and rFVIII for 30 minutes, and Syk phosphorylation was measured using the MSD platform.

Downregulation of pSyk after FcRn and FcgR mutant treatment compared with WT rFVIIIFc shows the role of these receptors in signal transduction. Mean 6 SE; *P # .05,

***P # .005.
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Results

rFVIIIFc is recognized by macrophages via Fcg

receptors and initiates signaling without classical

cell activation

To investigate the effects of rFVIIIFc vs rFVIII on human
monocyte-derived macrophages, the cells were treated with
IgG1 as negative control, with rFVIII, or with rFVIIIFc for 24 hours
(200 nM each). Cells treated with rFVIIIFc adhered strongly to
the tissue culture plates, compared with IgG1- or rFVIII-treated
cells (data not shown). Flow cytometry showed a distinct shift of
the rFVIIIFc-treated macrophages in forward scatter, compared
with untreated, IgG1-, or rFVIII-treated cells, indicating cell size
changes (Figure 1A). These morphological effects were de-
pendent on the specific interaction between rFVIIIFc and FcgRs,
as these changes were not observed upon treatment with mutant
rFVIIIFc-N297A (unable to bind to the FcgR), but were observed
upon treatment with mutant rFVIIIFc-IHH (unable to bind to
FcRn) (Figure 1B). These data suggested that rFVIIIFc actively
influences macrophages via FcgR interactions. Next, HRP-IC as
positive control for FcgR engagement and internalization, IgG1,
rFVIII, or rFVIIIFc were used to treat macrophages, and expression

of CD16, CD32, and CD64 was measured. HRP-IC or rFVIIIFc
treatment, but not IgG1 or rFVIII treatment, decreased the cell
surface expression of FcgRs (Figure 1C), indicating receptor
engagement and internalization of rFVIIIFc by macrophages.

To determine if rFVIIIFc engagement of FcgR results in signal-
ing downstream of the FcgRs, Syk phosphorylation was
monitored. After 15 minutes of treatment, phospho-Syk (pSyk)
was clearly detected in HRP-IC- or rFVIIIFc-treated macro-
phages (Figure 1D), but not in IgG1- or rFVIII-treated cells. Syk
phosphorylation induced by rFVIIIFc required FcgR binding,
because treatment with the rFVIIIFc-N297A mutant did not
generate pSyk, whereas the rFVIIIFc-IHH mutant was still able to
induce pSyk (Figure 1E).

Although rFVIIIFc induced pSyk to levels comparable to those
induced by HRP-IC, the signaling events generated by rFVIIIFc
did not translate to immunogenic activation of macrophages.
Cell surface expression of classical macrophage activation
markers CD40 and CD80 were not upregulated (Figure 2A),
nor were proinflammatory cytokines produced (Figure 2B), com-
pared with HRP-IC treatment. Rather, rFVIIIFc-treated macrophages
expressed higher levels of mannose receptor (CD206/MRC1)
and neuropilin 1 (NRP1), compared with IgG1- or rFVIII-treated
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Figure 2. rFVIIIFc treatment does not activate macrophages. (A) Macrophages (n 5 3) were treated with IgG1, rFVIII, or rFVIIIFc for 24 hours, and the cell surface

expression of the costimulatory/activation molecules CD40 and CD80 were measured by flow cytometry. The absence of significant molecule upregulation shows no classical

activation of macrophages upon rFVIIIFc treatment. (B) Macrophages (n 5 8) were treated with HRP-IC, IgG1, rFVIII, or rFVIIIFc for 24 hours, and the production of interleukin-

1b (IL-1b), IL-6, IL-8, IL-10, and tumor necrosis factor a (TNFa) cytokines were measured from cell supernatants using multiplex enzyme-linked immunosorbent assay.

Compared with the proinflammatory activation signal from HRP-IC, rFVIIIFc treatment of macrophages did not significantly upregulate proinflammatory cytokine production

(error bars and significance not shown for graph clarity). RNA and protein levels of the alternatively activated macrophage markers mannose receptor CD206 (n 5 7) (C) and

NRP1 (n 5 3) (D) were measured by quantitative PCR (qPCR) and flow cytometry, respectively. (E) Macrophages (n 5 3) were treated with IgG1, rFVIII, or rFVIIIFc for 1, 5, or

30 minutes, and phosphorylated SHIP1 was measured using the MSD platform. Significant elevation of pSHIP1 levels after rFVIIIFc treatment compared with IgG1 or rFVIII

treatments shows triggering of inhibitory signaling events. Mean 6 SE; *P # .05, **P # .01, ***P # .005.
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cells (Figure 2C-D). CD206/MRC1and NRP118 have been
reported to be characteristic of alternatively activated M2 macro-
phages. In contrast, the positive control HRP-IC treatment resulted
in production of a significant amount of proinflammatory cytokines
(Figure 2B).

To investigate whether inhibitory signaling molecules35 play a
role in pathways triggered by rFVIIIFc, we measured the phosphor-
ylation status of Src homology region 2 domain-containing phospha-
tase (SHP) and SH2-containing inositol phosphatase (SHIP)
molecules after treatment with IgG1, rFVIII, or rFVIIIFc. Treatment
with rFVIIIFc for 1 to 5 minutes resulted in the phosphorylation of
SHIP1, compared with treatment with IgG1 or rFVIII (Figure 2E),
whereas phosphorylation of SHP1, SHP2, and SHIP2 did not
differ significantly between the different treatments (data not
shown).

Taken together, these data indicate that although rFVIIIFc and HRP-
IC engaged FcgRs, they triggered different signaling outcomes
after Syk phosphorylation. The lack of classical, proinflammatory
macrophage activation markers and the induction of SHIP1 phos-
phorylation, together with regulatory macrophage marker expression,
suggest that rFVIIIFc does not induce an immunogenic response in
the treated macrophages in vitro.

rFVIIIFc-treated macrophages exhibit specific gene

expression pattern indicating a shift in phenotype

To further characterize the rFVIIIFc-treated macrophages, high-
throughput RNA sequencing was performed on IgG1-, rFVIII-, or
rFVIIIFc-treated cells. We found more than 200 genes that were
significantly up- or downregulated in rFVIIIFc-treated macro-
phages, compared with IgG1- or rFVIII-treated cells (Figure 3A).
Pathway analysis revealed the overrepresentation of NRF2-
regulated antioxidant and the PPARg-regulated lipid metabolism
pathway genes (Figure 3B). qPCR validated significant changes
in gene expression upon rFVIIIFc treatment, compared with
rFVIII or IgG1 treatment. The key NRF2-regulated gene, HO-1,
as well as genes involved in antioxidant responses and the
production of GSH, were significantly upregulated upon rFVIIIFc
treatment compared with rFVIII or IgG1 treatment (Figure 3C).
Conversely, GUCY1B2, an NRF2 pathway inhibitor; PPOX, an
inhibitor of HO-1; and SOCS3, a negative feedback regulator of
proinflammatory cytokines, were downregulated in rFVIIIFc-
treated cells (Figure 3E). PPARg and related lipid metabolism
genes were also elevated significantly upon rFVIIIFc treatment
(Figure 3D). Protein expression of HO-1 was also significantly
upregulated in rFVIIIFc-treated macrophages compared with
either IgG1- or rFVIII-treated cells (Figure 3F). These genes/
pathways have been used as markers of Mox and M2-like
macrophages.17,21

Next, we investigated whether the rFVIIIFc-induced gene changes
rely on the Fc part of the molecule, by following the expression
of HO-1 and PPARg. FcgR and FcRn binding mutants of
rFVIIIFc were impaired in their ability to induce the expression of
HO-1 protein and PPARg transcript, suggesting the involve-
ment of both receptors in mediating rFVIIIFc-induced alter-
ations in macrophage phenotype (Figure 3G-H). Simultaneous
administration of IgG1 and rFVIII did not elevate the expression
of either HO-1 or PPARg, and pretreatment with IgG1 or rFVIII
did not impact the ability of rFVIIIFc to elevate the expression
of these molecules (Figure 3G-H). These data suggest that
the Fc must be linked to rFVIII to induce the alterations in
macrophage phenotype and that the fusion molecule is recognized
by macrophages in a manner distinct from recognition of rFVIII alone
and IgG1 alone.

These data show that rFVIIIFc, compared with rFVIII, induces specific
gene expression changes that suggest change in phenotype and
metabolism in macrophages, and the Fc part of rFVIIIFc is instrumen-
tal in this process.

rFVIIIFc-treated macrophages exhibit a specific

metabolism pattern resembling regulatory type cells

As the observed gene expression signature corresponded to
regulation of metabolism, we investigated the metabolic profile of
the rFVIIIFc-treated macrophages. Lysates of rFVIIIFc-treated
cells showed a metabolite profile distinct from IgG1- or rFVIII-
treated macrophages (Figure 4A; supplemental Figure 3). Of a
total of 578 identified metabolites, 144 were changed signifi-
cantly between the different treatments. A glucose utilization
shift was seen in rFVIIIFc-treated cells compared with IgG1- or
rFVIII-treated cells. First, glucose was decreased and glucose-6-
phosphate was depleted at 24 hours (Figure 4B), with no change
in lactate levels (data not shown). Second, most intermediates of
the pentose phosphate pathway were significantly reduced at
24 hours in rFVIIIFc-treated macrophages (6-phosphogluconate
and ribulose/xylulose 5-phosphate are shown in Figure 4B).
Third, the pyruvate level was maintained at 24 hours in the rFVIIIFc-
treated macrophages, while drastically decreased in IgG1- and
rFVIII-treated cells (Figure 4B). The pyruvate appeared to feed
acetyl-coenzyme A to the mitochondrial trichloroacetic acid
(TCA) cycle resulting in elevated succinate levels (Figure 4B).
The reduced nicotinamide adenine dinucleotide (NADH)1

generated by the TCA cycle may drive the oxidative phosphor-
ylation, producing ATP for the bioenergetic needs of rFVIIIFc-
treated macrophages. The data suggest that treatment with
rFVIIIFc shuttles some glucose to produce UDP-glucose/UDP-
galactose via 6-phosphogluconate (Figure 4B). In summary,
rFVIIIFc seems to shift macrophage metabolism toward oxida-
tive phosphorylation.

Figure 3. rFVIIIFc induces specific gene expression pattern in macrophages, resembling regulatory phenotype. Macrophages were treated with IgG1, rFVIII, or

rFVIIIFc for 6 hours, and total RNA was isolated for high-throughput RNA sequencing. (A) Venn diagrams show significantly up- and downregulated genes between treatment

groups (n 5 3). (B) Pathway analysis of the first 200 significantly upregulated genes by rFVIIIFc treatment identifies NRF2 and lipid metabolism pathways as overrepresented

processes affected by rFVIIIFc treatment. Validation of gene expression changes initiated by rFVIIIFc: NRF2 pathway–related genes (C), lipid metabolism–related genes (D),

downregulated genes (E) (n 5 6-15). (F) Macrophages (n 5 12) were treated with IgG1, rFVIII, or rFVIIIFc for 24 hours, and the intracellular protein levels of HO-1 were

measured by flow cytometry. Expression of HO-1 (G) and PPARg (H) were followed, after treatment with IgG1, rFVIII, rFVIIIFc, modified rFVIIIFc unable to bind to FcRn

(FcRn mutant), or modified rFVIIIFc unable to bind to FcgRs (FcgR mutant) for 6 hours (PPARg gene expression) or 24 hours (HO-1 protein expression). Macrophages were

also pretreated with IgG1 (pre-IgG1) or rFVIII (pre-rFVIII) for 1 hour before 24 hours rFVIIIFc treatment (n 5 5). Mean 6 SE; *P # .05, **P # .01, ***P # .005.
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Changes in fatty acid metabolism were also noted. rFVIIIFc-treated
macrophages showed upregulated b-oxidation of fatty acids, as
indicated by a decrease in medium and long chain fatty acid levels
(supplemental Figure 4; Figure 4C). These changes are consistent
with the increased PPARg gene expression (Figure 3D). Acetyl-
coenzyme A from fatty acid metabolism can further feed the TCA
cycle and oxidative phosphorylation. Elevated NAD1 and adenosine
59-diphosphate–ribose levels found after rFVIIIFc treatment further
suggest that macrophages are utilizing active oxidative phosphoryla-
tion (Figure 4D).

One other hallmark of oxidative phosphorylation is increased
mitochondrial function, which can be assessed by measuring
mitochondrial transmembrane potential (DfM). We found signif-
icantly elevated mitochondrial functions in rFVIIIFc-treated macro-
phages, compared with rFVIII- or IgG1-treated cells, as measured
by JC-1 ratio (Figure 5A), and by TMRE staining, which labels
active mitochondria (Figure 5B). To confirm that the differences
seen in mitochondrial activity did not result from the treatments
affecting the mitochondrial mass, cells were labeled with Mito-
Tracker. Figure 5C shows no treatment-associated alterations in
mitochondrial mass. The significant increase of ATP levels
measured in rFVIIIFc-treated cells proves active bioenergy pro-
duction by mitochondria, compared with cells treated with rFVIII
or IgG1 (Figure 5D).

Production of GSH is a strong indicator of antioxidant capacity
of rFVIIIFc-treated macrophages, measured in the screening
study (Figure 5E) and validated by determining the ratio between
the reduced and oxidative forms of glutathione (Figure 5F).
rFVIIIFc-treated macrophages also produced 9-HODE and 13-
HODE, endogenous ligands for PPARg (Figure 5G). These
findings might explain how PPARg is activated in rFVIIIFc-treated
cells and subsequently executes its regulatory functions on lipid
metabolism.

Mox macrophages are characterized by activation of NRF2-
regulated antioxidant and regulatory activities, mainly through the
enzymatic products of HO-1.36 This activity together with PPARg-
driven metabolic features, measured by gene expression and
the metabolomics profiles, describe an M2-like metabolism with
Mox-like features in rFVIIIFc-treated macrophages (summarized in
Figure 5H).

Macrophages derived from HemA patients respond

to rFVIIIFc treatment similarly to those from

healthy individuals

As the previous studies were conducted with cells isolated from healthy
individuals, we wished to investigate whether macrophages from
individuals with hemophilia respond similarly to normal macrophages
when treated with rFVIIIFc in vitro. Monocytes were isolated from
inhibitor-negative HemA patients, differentiated to macrophages,

treated with IgG1, rFVIII, or rFVIIIFc, and messenger RNA expression
ofHO-1 and PPARg were measured, alongside healthy macrophages.
rFVIIIFc-treated hemophilia macrophages significantly upregulated the 2
signature genes, similarly to healthy macrophages (Figure 6A-B).
Because cells were not available, we could not perform such gene
expression experiments on inhibitor-positive individuals.

Plasma samples from hemophilia patients exhibit

compromised antioxidant function

One of the main functions of Mox macrophages is the regulation
of oxidative homeostasis as an adaptive cellular response against
inflammatory responses and related oxidative injury.37 Progres-
sive arthropathy accompanied by inflammation is triggered by
recurrent joint bleeds in patients, especially in inhibitor-positive
hemophilia patients.38 Inflammation-induced alterations in redox
state might affect immune responses against FVIII in these
patients. To investigate whether the oxidative state is different in
healthy vs inhibitor-negative or inhibitor-positive HemA patients,
plasma samples were analyzed for antioxidant capacity. Inhibitor-
negative and inhibitor-positive plasma samples exhibited signif-
icantly decreased antioxidant capacity, but plasma samples from
inhibitor-positive individuals were even more impaired than
plasma from inhibitor-negatives, compared with plasma samples
of nonhemophilia individuals (Figure 6C).

These data indicate that macrophages from inhibitor-negative HemA
patients respond to rFVIIIFc with regulatory cell polarization. The
rFVIIIFc-educated macrophages might have the capacity to contrib-
ute in restoring homeostatic antioxidative capacity in hemophilia
patients.

Discussion

Among the various rFVIII molecules being used for HemA treatment,39

rFVIIIFc has an IgG1 Fc portion and therefore has the capacity to
bind FcRns and FcgRs. The potential tolerogenic properties of
Fc40-42 and its relevance to hemophilia treatment have been
reviewed recently.43 However, the molecular mechanism behind
the suggested immunomodulatory effects achieved by rFVIIIFc is
not yet fully understood.

In this study, we aimed to investigate how rFVIIIFc engages the
immune system. Based on our in vitro study, monocyte-derived
human macrophages interact with rFVIIIFc through their FcRs, as
shown by the downregulation of FcgRs from the surface of rFVIIIFc-
treated cells. Moreover, rFVIIIFc induced phosphorylation of Syk,
the proximal molecule of activator signaling, also suggesting
functional engagement of FcgRs by rFVIIIFc. However, compared
with the IC-induced proinflammatory activation of macrophages,
rFVIIIFc did not activate the cells to become proinflammatory APCs.
Rather, signaling events pointing toward immune regulation were
detected.

Figure 5. rFVIIIFc-treated macrophages exhibit elevated mitochondrial activity, bioenergy, and glutathione production. Macrophages were treated with IgG1,

rFVIII, or rFVIIIFc for 24 hours. Significantly elevated levels of mitochondrial transmembrane potential (A) and active mitochondria staining (B) were measured from lysates of

the rFVIIIFc-treated cells, compared with other treatments (n 5 3). None of the treatments altered the total mitochondrial mass (C) indicating that rFVIIIFc-educated

macrophages specifically upregulate their oxidative phosphorylation capacity (n 5 3). Significantly elevated production of ATP (D, n 5 5) and GSH (E, n 5 3; F, n 5 5) of

rFVIIIFc-treated macrophages was measured compared with other treatments. (G) Endogenous PPARg ligands 13-hydroxyoctadecadienoic acid (13-HODE) and 9-HODE

were produced by rFVIIIFc-treated macrophages (n 5 3). (H) Metabolism status of rFVIIIFc-treated macrophages is illustrated. Mean 6 SE; *P # .05.
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Macrophages express both activating and inhibitory FcRs. Cross-
linking of activating FcgR on APCs by antigen-antibody immune
complexes enhances antigen uptake and maturation, expression of
major histocompatibility complex II and costimulatory molecules,
and secretion of proinflammatory cytokines, all of which sub-
stantially increase antigen presentation to T cells.44 The importance
of Fc-FcgR interactions that inhibit or downregulate immune
responses is also recognized.45 Molecular mechanisms involved
in controlling the inhibitory signals from FcgRIIB/CD32B ligation on
B cells have been reported.46,47 Moreover, presentation of peptides
fused with IgG by B cells have been shown to induce tolerance.48,49

However, the activating and inhibitory roles for these FcRs are not
entirely distinct.50 Under some conditions, inhibitory CD32B can
mediate immune activation,51,52 or activating FcgRs can induce
inhibitory signals.53 Because both activator (pSyk) and inhibitor
(pSHIP1) signaling events were detected after rFVIIIFc treatment
in macrophages, it is possible that rFVIIIFc acts both through
activating and inhibitory FcgRs. Nonetheless, the net outcome of
this engagement was not classical, proinflammatory M1 activation,
but rather, rFVIIIFc seems to initiate a regulatory response in
macrophages. It is also possible that FVIII receptors, simultaneously
engaged by the same rFVIIIFc molecule on the same cell, have the
capability to shape these FcR-initiated signaling events.

Macrophage polarization involves a coordinated metabolic and
transcriptional rewiring. High-throughput RNA sequencing of the
treated cells revealed an rFVIIIFc-specific gene expression pattern
with overrepresentation of the repair/antioxidant NRF2 and the anti-
inflammatory/lipid metabolism PPARg pathways. These master
regulator molecules and related genes are highly overlapping with
the signature molecular pattern of the alternatively activated Mox
and M2 macrophages. Metabolic profiling of rFVIIIFc-educated
macrophages yielded a signature that is consistent with the
metabolic description of alternatively activated macrophages. The
metabolic profile first shows absence of increased glucose uptake,
glucose-6-phosphate formation, and aerobic glycolysis associated
with M1 activation.54 The profile also shows upregulated UDP-
glucose/galactose production,55 lipid metabolism, b-oxidation, and
mitochondrial activity, all pointing to an oxidative phosphorylation
state characteristic of M2-like macrophages. Further, elevated GSH
production is a hallmark signature of Mox macrophages.20 The
above-mentioned findings would indicate that we have, for the first
time, described the metabolic state of human Mox-like macro-
phages. In contrast to the rFVIIIFc-educated human macrophages,
the oxidized phospholipid-induced metabolism in mouse Mox
macrophages heavily relies on glucose metabolism and the pentose
phosphate pathway to support GSH production and NRF2-
dependent antioxidant gene expression, identified as a TLR2-Syk-
ceramide-dependent redox homeostasis.20 The marked differences
between these 2 types of antioxidant macrophage metabolism
most likely come from the different initiation signals, one being
an activator danger signal associated, whereas rFVIIIFc seems to
activate macrophages in a tolerogenic, non–danger signal de-
pendent way. Bone marrow–derived mouse macrophages treated
with rFVIIIFc showed significant upregulation of Mox signature
molecule HO-1 and M2 signature molecule arginase 1, as well as
elevated GSH production, compared with IgG1- or rFVIII-treated
cells (supplemental Figure 5). These experiments demonstrated
that mouse macrophages are also capable of Mox/M2 polarization
upon rFVIIIFc treatment in vitro.

The transcriptional upregulation and function of PPARg has been
shown to be IL-4 dependent.56 Here we describe an IL-4 in-
dependent, novel regulation of PPARg expression. rFVIIIFc did not
upregulate either IL-4 production or the expression of many of the
“classical” IL-4-induced genes in macrophages (data not shown). The
first-time demonstration of endogenous production of the PPARg
ligands 13-HODE and 9-HODE by rFVIIIFc-educated macrophages
further suggests that these macrophages are equipped to execute
tolerogenic functions. The high level of ATP production along with
dynamic gene expression and phenotypic changes communicates
that rFVIIIFc-treated macrophages actively respond to this treatment
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Figure 6. HemA macrophages respond to rFVIIIFc treatment similarly to

healthy individuals; plasma samples from individuals with hemophilia

exhibit compromised antioxidant function. Macrophages from healthy donors

and inhibitor-negative HemA patients were treated with IgG1, rFVIII, or rFVIIIFc for 6

hours, and RNA was isolated. Gene expression changes of HO-1 (n 5 16 healthy donors

and n 5 7 HemA patients) (A) and PPARg (n 5 15 healthy donors and n 5 7 HemA

patients) (B) were measured by qPCR. (C) Antioxidative capacity of healthy vs inhibitor-

negative vs inhibitor-positive HemA plasma samples (n 5 27 each) shows significant

impairment in hemophilia patients. Mean 6 SE; *P # .05, **P # .01, ***P # .005.
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with robust cellular and molecular changes. The functional conse-
quence of this active polarization is a characteristic macrophage
population with immunomodulatory properties.

We further confirmed that the effects of rFVIIIFc involved Fc, as
these changes were not observed in macrophages treated with
rFVIII or with modified rFVIIIFc molecules, which were unable to
bind either to FcRns or FcgRs. Combination treatment with IgG1
and rFVIII did not result in HO-1 or PPARg upregulation showing
that FcR engagement must occur with FVIII sensing, most
probably coming from the same molecule. FcRn has been
implicated in NRF2 activation through p62 activity during
erythrophagocytosis, by acting as a protective mechanism to
preserve macrophage homeostasis57; it is possible that a similar,
noncanonical signaling pathway is activated in the absence of
oxidative stress during rFVIIIFc phagocytosis, generating an FcRn-
dependent antioxidant polarization in macrophages. These data
support a hypothesis that FcRs and FVIII receptors might
colocalize in the same lipid raft and collaborate to induce unique
signaling events resulting in immunoregulatory polarization of
macrophages.

Interestingly, induction of HO-1 in FVIII-deficient mice reduces
immune response to therapeutic FVIII,25 and microsatellite
polymorphisms in the HMOX1 promoter are associated with
inhibitor development against therapeutic FVIII,26 indicating the
importance of the immunomodulatory effects of the NRF2/HO-1
pathway in HemA. Macrophages from inhibitor-negative HemA
patients showed similar induction of HO-1 and PPARg upon
rFVIIIFc treatment, suggesting the capacity to similarly polarize
these cells. However, sufficient cell numbers from inhibitor-
positive HemA individuals are not obtainable to test whether the
polarization responses of those macrophages in response to
rFVIIIFc might be different from inhibitor-negative individuals.

Impaired antioxidant activity of plasma samples from HemA
patients also suggest disturbances in the homeostatic state
in these patients, possibly because of the ongoing immune
activation and inflammation triggered by bleeds. By promoting
the existence of regulatory/repair macrophages, rFVIIIFc might
help to deal with this disturbed homeostasis in hemophilia
patients.

Collectively, our data help to elucidate possible mechanisms by
which the immune system responds to rFVIIIFc. We have shown
for the first time that rFVIIIFc, in an FcR-dependent way, can
induce macrophages to polarize to an Mox/M2 phenotype in vitro,
without need for a danger signal or IL-4. This polarization results in
an antioxidant state. Ultimately, this phenotypic change of
macrophages might also contribute to the immune response in
HemA patients. More data from controlled clinical studies will be
needed to see the effects of rFVIIIFc on inhibitor development and
ITI success.
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