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Recombinant factor VIII Fc
fusion protein engages
monocytes via Fc and FVIII
domains to reduce monocyte
differentiation into osteoclasts

Susu Duan*, Yifan Dang, Gaurav Manohar Rajani’,
Katalin Kis-Toth* and Joe Salas'

Sanofi, Rare Blood Disorders, Rare and Neurological Diseases, Cambridge, MA, United States

Efmoroctocog alfa, a recombinant factor VIII Fc fusion protein referred to
herein as rFVIIIFc, is an extended half-life factor replacement therapy approved
for use in patients with hemophilia A. Previous studies have shown that rFVIIIFc
has an immunoregulatory effect on monocyte-derived macrophages. This
study provides novel findings and an understanding of how rFVIIIFc
modulates monocyte differentiation into osteoclasts. rFVIlIFc was found to
engage with Fc-gamma receptors (FcyR) on the monocyte surface, leading to
increased inhibitory FcyR signaling in cells. Monocyte differentiation into
osteoclasts in vitro was inhibited in a concentration-dependent manner
following rFVIIIFc treatment, with the interaction between the Fc domain of
rEVIIIFc and FcyRIl on monocytes playing a role in this effect. The C1 and C2
domains of rFVIIIFc were also found to play a role in inhibiting osteoclast
formation. rFVIIIFc treatment of monocytes skewed their differentiation from
osteoclasts into a group of less differentiated monocytes with unique myeloid
cell phenotypes. The results of this study suggest that rFVIIIFc has a unique
immune-regulatory effect on monocyte differentiation, inhibiting osteoclast
formation. We propose a “double touchpoint” model for rFVIIIFc interaction
with monocytes, with both the Fc domain and domains of FVIII binding to the
monocyte surface. Further study is needed to determine if this immune-
requlatory effect has any potential benefit on the bone and joint health of
patients with hemophilia A receiving rFVIIIFc.
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Introduction

Hemophilia A is characterized by deficiency of factor VIII
(FVIII) activity. Patients with hemophilia A, particularly those
with severe disease (<1 IU/dL FVIII), experience bleed-related
symptoms, including spontaneous bleeds into joints and soft
tissues, and excessive bleeds with trauma or surgery (1).
Prophylactic FVIII replacement therapy is the standard of care
in hemophilia A, with the goal of preventing bleeds and
preserving musculoskeletal function and joint health (1).

Efmoroctocog alfa is a recombinant FVIII Fc fusion protein
(referred to herein as rFVIIIFc; Eloctate®, Sanofi, Waltham,
MA/Elocta®, Sobi, Stockholm, Sweden) was the first extended
half-life factor approved for individuals of all ages with
hemophilia A in all clinical scenarios (2), demonstrating long-
term efficacy and safety and improvement in joint health (3-5).
rEVIIIFc consists of recombinant FVIII fused to the Fc portion
of immunoglobulin (Ig)G1, allowing for half-life extension by
taking advantage of the natural Fc recycling pathway mediated
by neonatal Fc receptor (FcRn) in endothelial endosomes (6, 7).
Preclinical studies suggest the Fc domain of rFVIIIFc has
immunomodulatory effects (8-10). These include inducing
alternative macrophage polarization of monocyte-derived
macrophages in vitro (8), and inducing regulatory T-cell
activation by Treg epitopes in the Fc domain to attenuate
immunogenicity of rFVIIIFc and inflammation in vivo (9).

Hemophilic arthropathy is a debilitating complication in
hemophilia, with approximately 80% of patients exhibiting joint
damage (11). It is caused by spontaneous and repeated bleeds
into the joints leading to chronic inflammation in the joint
cavity, synovial pannus growth, destruction of cartilage, and
subchondral bone erosion (11). Studies have described a high
prevalence of decreased bone mineral density (BMD) and
osteoporosis in patients with hemophilia (12-19) and in
carriers of hemophilia (20). Decreased BMD is also associated
with hemophilic arthropathy (16, 21-23). Therefore, there is a
need to improve joint health and minimize BMD loss over time
in those with hemophilia A, aside from controlling bleeds.

Bone mass in humans is actively maintained by bone
remodeling, which is a balance between bone formation by
osteoblasts and bone resorption by osteoclasts; disrupted
balance contributes to pathogenesis of various bone disorders
(24, 25). Osteoclasts are giant multi-nucleated cells that
differentiate from mononuclear cells of monocyte/macrophage
lineage, have bone-resorbing activity, and exclusively reside in
the bone remodeling compartment (25-27). Osteoclastogenesis
requires 2 essential factors, macrophage colony-stimulating
factor (M-CSF) and receptor activator of nuclear factor k3
ligand (RANKL), which are sufficient to generate functional
monocyte-derived osteoclasts in vitro (28-30).

Our previous study showed that rFVIIIFc, but not
recombinant FVIII (rFVIII), skewed a type of monocyte-
derived macrophage to a regulatory phenotype, dependent on
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rFVIIIFc-Fc receptor interactions (8). In this study, we aimed to
determine whether rFVIIIFc has a regulatory effect on monocyte
differentiation into osteoclasts in vitro.

Materials and methods
Recombinant proteins and biologics

FVIII proteins were produced and purified in-house as
described previously (7), including B-domain deleted rFVIII,
B-domain deleted rFVIIIFc, and rEFVIIIFc-N297A. Non-
targeting human IgGl (hIgGl) control was from BioXcell
(Lebanon, NH). M-CSF and RANKL (Peprotech, Rocky Hill,
NJ) were used for culture and differentiation of monocytes into
osteoclasts. Blocking Fc-gamma receptors (FcyR) (31-36) was
achieved with the following: anti-cluster of differentiation (CD)
16 antibodies (clone 3G8) and isotype control from Biolegend
(San Diego, CA); anti-CD32 antibodies (clone IV3) and isotype
control from BioXcell (Lebanon, NH); antigen-binding fragment
(Fab) of anti-CD64 antibody (10.1 clone) and isotype Fab
control from Ancell (Bayport, MN). Blocking of various
domains on FVIII proteins was achieved with purified domain
specific anti-FVIII monoclonal antibodies (GMA8004, 8017,
8010, 8020, 8014), from Green Mountain Antibodies
(Burlington, VT).

Cell culture and treatment of cells

CD14+ blood monocytes were isolated from peripheral
blood mononuclear cells of healthy donors and then purified
using positive selection kits from Miltenyi Biotec (Auburn, CA)
or StemCell Technologies (Cambridge, MA), per manufacturers’
protocols. Purified CD14+ monocytes were collected in
RPMI1640 supplemented with GlutaMAX, 1% penicillin/
streptomycin, and 10% fetal bovine serum (FBS) (Thermo
Fisher Scientific, Waltham, MA). For evaluation of monocyte-
FVIII interaction and signaling, purified monocytes were
incubated with various proteins as indicated for each
experiment at 37°C in a cell culture incubator, and cells were
lifted for flow cytometry analysis of cell surface markers or for
cell lysate collection. For monocyte differentiation into
osteoclasts, 2.5x10° or 5x10° purified CD14+ monocytes were
plated in 24- or 12-well plates, treated with various proteins as
indicated for each experiment, and then were cultured with 25
ng/mL M-CSF and 100 ng/mL RANKL for 7 days. Fresh media
and growth factors were provided after 3 days. After 7 days cells
were subjected to various analyses, including staining for
tartrate-resistant acid phosphatase (TRAP) activity, RNA
extraction, or cell dissociation for flow cytometry analysis. To
block the FcyRs on the monocyte surface before cell
differentiation, monocytes were first incubated with the
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appropriate FcyR antibodies or controls for 30 minutes, followed
by addition of indicated treatments. To block FVIII domains on
rFVIIIFc, each respective anti-FVIII GMA antibody was
incubated with rFVIIIFc at 1:1 ratio at 250 nM or with vehicle
as the control for 10 minutes at room temperature, and the
mixtures were then applied to cells with a final concentration of
25 nM rFVIIIFc.

Cell-based assays and analysis

Intracellular signaling in monocytes was evaluated in cell
lysates using enzyme-linked immunosorbent assays (ELISA) for
p-Syk, (Cell Signalling Technology Danvers, MA), p-SHP1 and
p-SHP2 (RayBiotech life, Peachtree Corners, GA) per
manufacturers’ protocols. TRAP activity after 7 days of culture
was evaluated using the Acid Phosphatase, Leukocyte (TRAP)
Kit (Sigma, St Louis, MO) per the manufacturer’s protocol but
without hematoxylin staining. Images were taken using a Nikon
Eclipse microscope at 10x magnification. To assess osteoclast
bone resorption activity, monocytes were cultured on bone slices
(Nordic Bioscience, Denmark), with a modified culture and
differentiation method to enhance cell survival. Purified
monocytes were cultured in a 12-well plate with their
respective treatments for 1 day. Cells were then lifted and
transferred to bone slices in a 96-well plate at 2x10° cells for a
further 7-day culture. The cells were then washed away, and
bone slices were stained with toluidine blue (Sigma, St Louis,
MO) to visualize lacunae. For gene expression evaluation, total
RNA was isolated from differentiated cells using the RNeasy
Mini Kit (Qiagen, Germantown, MD) and reverse transcribed
into cDNA using the SuperScript VILO Kit (Thermo Fisher
Scientific, Waltham, MA). Gene expression was assessed using
Tagman Gene Expression Master Mix (Thermo Fisher Scientific,
Waltham, MA) and the predesigned Tagman gene expression
assays for human receptor activator of nuclear factor kappa-B
(RANK), nuclear factor of activated T cells (NFATCI), cathepsin
K (CATK), TRAP, matrix metalloproteinase 9 (MMP9) with an
endogenous control gene (36B4). Data were analyzed by delta Ct
method on an Applied Biosystems 7500 Fast DX instrument per
manufacturer’s instructions (Thermo Fisher Scientific,
Waltham, MA).

For flow cytometry analysis of cell surface markers,
differentiated cells were collected using non-enzymatic tissue
dissociation buffer (Sigma, St Louis, MO). Cells were stained in a
phosphate-buffered saline containing 2% FBS, 1
mM ethylenediaminetetraacetic acid, and 0.1% sodium azide,
for monocyte/osteoclast analysis with an anti-CD14, anti-CD51/
61, anti-CD32, and anti-CD64 antibody cocktail (Biolegend), or
for analysis of broad myeloid phenotype with a cocktail
containing anti-CD14, anti-CD16, anti-CD51/61, anti-CD32,
anti-CD64, anti-CD163, anti-CD33, anti-CD35, anti-CD44,
anti-CD11b, and anti-CD172a/b (Biolegend), along with LIVE/
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DEAD Fixable Violet Dead Cell Stain (Thermo Fisher Scientific).
Flow cytometry data were acquired on a BD Canto or LSRII flow
cytometer (BD Biosciences, Franklin Lake, NJ) and data were
analyzed using FlowJo software (TreeStar, Ashland, OR)
including plots and dimension reduction and t-distributed
stochastic neighbor embedding (tSNE) analysis.

Statistical analysis

Statistical analyses were performed using paired t-test
between two groups in Prism 8 (GraphPad, San Diego, CA).
Data are presented as mean + standard error of the mean (SEM).
Statistics were considered significant if P values were <0.05.

Results

rFVIIIFc uniquely engages FcyRs on
the CD14+ monocyte cell surface
and leads to a change in intracellular
signaling of FcyRs

Since rFVIIIFc, but not rFVIII, drives alternative activation
of monocyte-derived macrophages through Fc-FcR interaction
(8), we examined whether rFVIIIFc can directly bind monocytes
by detecting the presence of cell membrane-bound rFVIIIFc. To
this end, CD14+ monocytes purified from healthy donor blood
were incubated with rFVIIIFc or rFVIII+hIgGl and then an
anti-human Fc antibody or anti-FVIII antibody (GMA8017) was
used to detect human Fc domain or FVIII, respectively, on the
monocyte cell surface (Figures 1A-D). The membrane-bound Fc
domain was detected abundantly on monocytes incubated with
rEVIIIFc after 15 minutes through to 2 hours compared with
cells incubated with rFVIII+hIgGl or vehicle (Figure 1A). After
15 minutes incubation, 3.3 (10°°) nM and higher concentrations
of rFVIIIFc resulted in a significantly (P<0.05) greater
proportion of cells with membrane-bound Fc domain
compared with cells incubated with rFVIII+hIgG1 (Figure 1B).
Membrane-bound FVIII could be detected on monocytes
incubated with rFVIII or rFVIIIFc (Figure 1C). A slightly
greater but variable proportion of the cells incubated with
rFVIIIFc were found to be FVIII-bound than those incubated
with rFVIII+hIgGl (Figure 1D). These results indicate that both
rFVIIIFc and rFVIII bind to the monocyte cell surface, but
rFVIIIFc binds more efficiently than rFVIIL

Next, we assessed whether rFVIIIFc binding to monocytes
could be linked with engagement of FcyR receptors on the
monocyte cell surface. FcyRs comprises 3 types, FcyRI (CD64),
FcyRII (CD32), and FcyRIII (CD16), and are known to have
different expression levels on various monocyte subsets (37, 38).
In this study, nearly all isolated CD14+ monocytes showed high
FcyRII and FcyRI expression and low FcyRIII expression
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rFVIIIFc incubation with purified CD14+ blood monocytes leads to binding to cell surface, engagement of FcyRs, and changes in intracellular
signaling. Representative flow cytometry plots showing membrane-bound Fc on monocyte cell surface detected by an anti-Fc antibody (A), or
membrane-bound FVIII on monocyte cell surface detected by an anti-FVIII antibody (C), after incubation with 50 nM rFVIlIFc, rFVIIl + higGl, or
vehicle control for indicated time. Proportion of Fc-domain—bound cells (B) and FVIII-bound cells (D) following incubations with varying
concentrations of rFVIIIFc or FVIII + higGl for 15 minutes. Each line represents the results from an individual donor, n=>5. Statistical testing
performed using the paired t-test between the 2 groups at each concentration: *P < 0.05. (E) Representative flow cytometry plots showing the
detection of each FcyR on the monocyte cell surface after incubation with 50 nM rFVIIIFc or rFVIII + higG for indicated time. Relative levels of
phosphorylated Syk (F), SHP1 (G), and SHP2 (H) detected by the respective ELISAs in the serial diluted cell lysate. Cell lysates were collected from
the monocytes following incubation with 50 nM of rFVIIIFc, rFVIII + higGl, rFVIII, higGl, or vehicle control for 15 minutes. Each cell lysate was
adjusted to the same starting protein concentration and then was titrated down for a semi-quantitative ELISA. Data from each individual donor were
normalized to the signal from the respective vehicle-incubated group at the starting concentration (100%). Data are presented as mean + SEM, n=5.
Statistical testing performed using a paired t-test between rFVIIIFc with any of the 4 groups at each concentrations: *P < 0.05.

(Figure 1E), a classical monocyte phenotype. Three antibodies
targeting each of the FcyRs known to compete with Fc binding
sites on FcyRs (31-36) were used to assess FcyR engagement by
rFVIITFc. After monocyte incubation with rFVIIIFc or rFVIII
+hIgGl, levels of FcyRIII did not change, but levels of both
FcyRII and FcyRI gradually decreased, which could be attributed
to the bound rFVIIIFc hindering detection of the receptors or
subsequent internalization of the bound receptors. These results
indicate that FcyRII and FcyRI were uniquely engaged by the Fc
domain of rFVIIIFc, not by that of monomeric hIgG, suggesting
additional mechanisms are involved in rFVIIIFc engaging
the FcyRs.

As Fc-FcyR engagement could lead to FcyR signaling (37),
we next examined the phosphorylation of Syk, an activatory
signaling pathway downstream of FcyRI and FeyRII, in CD14+
monocytes after incubation with rFVIIIFc or rFVIII+hIgGl.
Surprisingly, only rFVIIIFc caused a significant (P<0.05)
reduction in p-Syk levels (Figure 1F). This prompted us to
examine the inhibitory signaling pathway mediated by SHP1
or SHP2 downstream of FcyRII in CD14+ monocytes (37). Only
rFVIIIFc caused a significant (P<0.05) increase in the levels of
phosphorylated SHP1 and SHP2 in the monocytes (Figures 1G,
H). Phosphorylated SHP1 and SHP2 are activated phosphatases
that could dephosphorylate active p-Syk, potentially explaining
the reduced level of p-Syk by rEVIIIFc, suggesting net inhibitory
signaling was induced by rFVIIIFc.
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rFVIIIFc treatment of blood monocytes
inhibits the formation of osteoclasts after
in vitro differentiation

As blood monocytes are precursor cells of osteoclasts, we
next sought to evaluate whether rFVIIIFc could alter monocyte
differentiation into osteoclasts in vitro. Therefore, CD14+
monocytes were treated with either vehicle, hIgG1, rFVIII, or
rFVIIIFc, and then cultured for 7 days with M-CSF and RANKL
for formation of monocyte-derived osteoclasts. In the vehicle
control group, 2 morphologically distinct cell types were
observed: large multinucleated cells and small mononuclear
cells, which are consistent with osteoclast morphology and the
morphology of M-CSF-differentiated macrophages as
intermediate precursors of osteoclasts, respectively
(Figure 2A). The cells derived from monocytes exposed to
hIgG1 or rFVIII were similar to the vehicle control, displaying
both morphologies after differentiation. However, the cells
derived from rFVIIIFc-treated monocytes showed a
homogenous round cell morphology, distinct from either the
giant osteoclast or typical macrophage morphology (Figure 2A).

To further distinguish the cell type derived from rFVIIIFc-
treated monocytes, we examined TRAP activity staining, a
marker for identifying osteoclasts and their precursors. The
multinucleated cells derived from the vehicle-, hIgGl-, and
rFVIII-treated cells were stained with a diffuse granular
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FIGURE 2

rFVIIIFc treatment of CD14+ blood monocytes inhibits the formation of monocyte-derived osteoclasts in vitro. Representative images of (A)
bright field and (B) TRAP activity staining of monocyte-derived osteoclasts treated with vehicle, higG1, rFVIII, or rFVIIIFc at 25 nM and cultured
for 7 days with M-CSF and RANKL. (C) Representative bone slices stained with toluidine blue after treated monocytes were cultured on top over
7 days for osteoclast differentiation. All images are taken at 10x magnification. (D) Relative levels of gene expression in the differentiated
monocytes. For each gene, expression level in each treatment group is normalized to its respective vehicle control cells as the percent relative
gene expression. Data are represented as mean + SEM, n=5. Statistical testing performed using paired t-test between the indicated groups: *P <

0.05; non-significant (ns) P>0.05.

159 /i | i

CATK

Bone resorption activity

Hm Vehicle
B3 higG1
= PVl
= rRVIlIFe

TRAP MMP9

pattern as typical TRAP+ osteoclast (Figure 2B); the remaining
mononuclear cells were densely stained. The cells derived from
rFVIIIFc-treated monocytes were uniformly and densely stained
in a distinctive granular pattern and remained as mononuclear
cells (Figure 2B), suggesting they were different from the
mononuclear macrophages or multinucleated osteoclasts in the
other 3 groups.

We sought to determine if these morphologically altered
cells derived from rFVIIIFc-treated monocytes still possess bone
resorption activity, osteoclasts’ hallmark activity, which can
generate lacunae on a bone surface in vitro as a result of bone
mineral mobilization and organic matrix degradation (29). Bone
slices were co-cultured with cells during osteoclast
differentiation. As expected, the differentiated cells derived
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from vehicle-, rFVIII-, and hIgGl-treated monocytes
generated numerous lacunae on the bone surface (Figure 2C).
However, the cells derived from rFVIIIFc-treated monocytes
generated few lacunae, leaving large notably clean and smooth
areas (Figure 2C).

To further characterize these cells, we examined the
expression levels of genes associated with osteoclast
differentiation (RANK and NFATCI) and bone resorption
activity (CATK, TRAP, MMP9) (24, 29, 39). The levels of gene
expression in cells derived from rFVIII- or hIgGl-treated
monocytes were similar to vehicle-treated monocytes.
However, the expression of all 5 genes in the cells derived
from rFVIIIFc-treated monocytes were significantly (P<0.05)
lower than those in the vehicle group (Figure 2D).
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rFVIIIFc treatment of blood monocytes
inhibits in vitro monocyte-derived
osteoclast formation in a concentration-
dependent manner

We next sought to evaluate the potency of rFVIIIFc
inhibition of monocyte differentiation into osteoclasts.
Monocyte- and osteoclast-related phenotypic markers CD14
and CD51/61 (40, 41) were assessed using flow cytometry to
provide a quantitative measure of monocyte-derived osteoclast
formation after 7 days of culture. In the vehicle group, there were
2 distinct populations of cells, a CD14+CD51/61— population of
M-CSF-induced macrophages, and another characterized by
CD14-CD51/61+ as osteoclasts (Figure 3A). Similar results
were observed in cells exposed to rEVIII+hIgGl. However, the
cells derived from rFVIIIFc-treated monocytes had a reduced
number of CD14-CD51/61+ osteoclasts and a notable
accumulation of CD14-CD51/61- cells in addition to the
conventional CD14+CD51/61- macrophages (Figure 3A).

Using this phenotypical analysis, we next measured the extent
of CD14-CD51/61+ osteoclast formation, from monocytes
treated with a series of concentrations of rFVIII+hIgGl or
rFVIIIFc. In comparison with vehicle treatment, various
concentrations of rFVIII+hIgGl did not change the frequency
of osteoclast formation. However, the treatment of monocytes

10.3389/frhem.2022.1020852

with rFVIIIFc reduced the frequency of osteoclast formation in a
concentration-dependent manner (Figure 3B). The mean half
maximal inhibitory concentration (IC50) of rFVIIIFc inhibiting
the osteoclasts was 7.49 nM (Figure 3C).

rFVIIIFc inhibition of monocyte

differentiation into osteoclasts depends
on interactions between the Fc domain
and FcyRs on the monocyte cell surface

As only rFVIIIFc, but not rFVIIIL, inhibited monocyte-
derived osteoclast formation, we investigated the role of Fc
domain interactions with FcyRs in mediating rFVIIIFc
inhibitory effects. We utilized rFVIIIFc with an N297A
mutation at the Fc domain, which significantly reduces Fc
binding to all FcyRs (8, 9, 42). Cells derived from rFVIIIFc-
N297A-treated monocytes had significantly higher expression
levels of the 4 genes involved in osteoclast differentiation and
activity compared with cells derived from rFVIIIFc-treated
monocytes, to a level similar to cells derived from the vehicle-,
hIgG1- or rEVIII-treated monocytes (Figure 4A). The frequency
of CD14-CD51/61+ osteoclasts differentiated from rFVIIIFc-
N297A-treated monocytes was approximately 3 times lower
than rFVIIIFc-treated monocytes (Figure 4B), although the
N297A mutation did not completely reverse the phenotype.
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FIGURE 3

rEVIIIFc treatment of CD14+ blood monocytes inhibits in vitro monocyte-derived osteoclast formation in a dose-dependent manner.

(A) Representative flow cytometry plots defining the frequency of osteoclast (CD14-CD51/61+, OC) and non-osteoclast (CD51/61-, Non-OC)
cells derived from monocytes treated with vehicle, rFVIII + higGl, or rFVIIIFc at 25 nM. (B) Representative flow cytometry plots of osteoclast
formation from monocytes treated with serial diluted concentrations of rFVIIl + higGl or rFVIlIFc as indicated. (C) Concentration response
curves generated from these results. Osteoclast frequency at each dose of the treatment is normalized as a percent of osteoclasts in the
respective vehicle control group (100%). The IC50 is represented as mean + SEM from independent experiments, n=3.
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rFVIIIFc inhibition of monocyte differentiation into osteoclasts depends on interactions between the Fc domain and FcyR on the monocyte cell
surface. (A) Relative levels of gene expression in differentiated cells from monocytes treated with vehicle, rFVIII + higGl, rFVIIIFc, or rFVIIIFc-
N297A. For each gene, the expression level in each treatment group is normalized to respective vehicle control cells as percent relative gene
expression. Data are represented as mean + SEM, n=>5. Statistical testing performed with paired t-test between indicated groups: *P<0.05.

(B) Representative flow cytometry plots of osteoclast frequency derived from the monocytes treated with vehicle, rFVIII + higGl, rFVIIIFc, or
rEVIIIFc-N297A (25 nM). (C) Summary results of osteoclast frequency and (D) representative flow cytometry plots of differentiated cells from the
monocytes with the indicated FcyRs blocked using monoclonal antibodies (67 nM, right panels) or without blocking using isotype controls (67
nM, left panels) after vehicle, rFVIII, or rFVIIIFc treatment (25 nM). Osteoclast frequency in the treatment groups is normalized as a percent of
osteoclasts in the respective vehicle control group (100%). Data are represented as mean + SEM, n=6. Statistical testing performed using the
paired t-test between indicated groups: *P < 0.05. Ab, antibody; CD51/61, cluster of differentiation 51/61 (integrin alpha V/integrin beta-3). ns,

non-significant.

We next sought to identify which of the 3 types of FcyRs
mediate interaction with the Fc domain of rFVIIIFc and account
for the inhibition of osteoclast formation. Therefore, before
monocytes were treated with rFVIII or rFVIIIFc, each FcyR
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was blocked using their respective monoclonal antibody (31-35)
or a matched isotype antibody as control. Following rFVIIIFc
treatment, osteoclast frequency derived from monocytes with a
blocked FcyRII was significantly (P<0.05) higher than from
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monocytes without a blocked FcyRII (Figures 4C, D). In
contrast, osteoclast frequency from monocytes with blocked
FcyRI or FeyRIII remained at a low level, similar to those cells
without a blocked FcyR (Figures 4C, D). In addition, blocking all
3 receptors simultaneously led to a significant (P<0.05) increase
in osteoclast frequency compared with cells without blocked
receptors, which was slightly but not significantly higher than
when FcyRII alone was blocked. These results suggest that the
interaction of rFVIIIFc with FcyRII predominantly accounts for
its inhibitory effects on osteoclast formation. rFVIIIFc
interacting with FcyRI showed no significant contribution to
rFVIIIFc inhibitory effects, consistent with its low or absent
expression level on CD14+ monocytes (Figure 1E). Although
both FcyRI and FcyRII on CD14+ monocytes were engaged by
rFVIIIFc (Figure 1E), the significant contribution of FcyRIIL, but
not the FcyRI, in mediating rFVIIIFC’s inhibition of osteoclast
formation may be explained by their different downstream
signaling pathways (37).

>
a
(4]
o
]

10.3389/frhem.2022.1020852

rFVIlIFc inhibition of monocyte
differentiation into osteoclasts depends
on additional domains of FVIII

We also investigated whether the FVIII portion of rFVIIIFc
plays a role in inhibiting monocyte-derived osteoclast formation.
The FVIII portion comprises 5 domains (Al, A2, A3, CI, C2),
which are structurally well organized and have different
orientation (43). In rFVIIIFc, the C-terminal Fc domain is
flexibly tethered to the C2 domain as an extended orientation
with high mobility (44). Fc and FVIII domains exhibit structural
and functional independence (7, 44), suggesting that each
domain could be perturbed relatively independently. To this
end, we blocked each domain of the FVIII portion of rFVIIIFc
using domain-specific FVIII-binding monoclonal antibodies
before they were added into monocyte culture, and then
assessed monocyte differentiation into osteoclasts. The murine
IgG2a or IgG2b subclass of these anti-FVIII antibodies has
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bound to a domain specific anti-FVIII antibody as indicated (25 nM), or each individual anti-FVIII antibody. The clone number of the antibodies and
target FVIII domain is indicated within parentheses. Osteoclast frequency in the treatment groups was normalized as a percent of osteoclasts in the
respective vehicle control group (100%). Data are represented as mean + SEM, n=7. Statistical testing performed using paired t-test between rFVIlIFc
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rFVIIIFc induces a unique pattern of immune phenotypical markers on the monocyte after differentiation. (A) Representative flow cytometry
plots of osteoclast formation from monocytes treated with rFVIII + higGl or rFVIIIFc (25 nM). Non-osteoclast (Non-OC) cells are further broken
down into macrophage-like (Mac) and non—macrophage-like (Non—mac) subsets based on CD14 expression level. (B) Surface expression levels
of other monocyte/macrophage markers from each macrophage-like and non—-macrophage-like subset in the cells derived from each
treatment group. (C) tSNE plots of purified blood monocytes and the differentiated cells derived from the monocytes with each treatment.

substantially reduced or abolished binding to human FcyRs (45),
which suggests they are unlikely to bind and signal through
human FcyRs in monomeric form, although it is a caveat to be
noted. Blocking of the A1 (GMA8004), A2 (GMA8017), and A3
(GMAB8010) domains of rFVIIIFc did not significantly change
the inhibitory effect of rFVIIIFc on monocyte differentiation
(Figures 5A, B). Blocking of the C1 (GMA8020) or C2 domain
(GMAB8014) of rFVIIIFc resulted in 4-5 times higher (P<0.05)
osteoclast frequency than from cells treated with rFVIIIFc alone,
although it did not fully restore the osteoclast formation to that
observed in vehicle group (Figures 5A, B). Overall, these results
suggest that Cl or C2 domain of rFVIIIFc partially but
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significantly contributes to the inhibitory activity of rFVIIIFc
on osteoclast formation.

rFVIlIFc treatment inhibits monocyte-
derived osteoclasts and induces a unique
pattern of the immune phenotype
markers on the cells

We noted that the CD51/61— cells derived from rFVIIIFc-

treated monocytes comprise a CD14+ subset (macrophage-like),
and a unique CD14- subset (non-macrophage-like), not
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observed in the other treatment groups (Figure 6A). To further
understand this CD14- subset, we examined several myeloid
surface markers. The CD14+ macrophage-like cells derived from
rFVIIIFc-treated monocytes largely resembled the CD14+
macrophages derived from rFVIII-treated monocytes
(Figure 6B). However, the non-macrophage-like CD14- cells
had a different expression pattern (Figure 6B), compared with
the CD14+ macrophages.

To further understand how the cells differentiated from each
group differ phenotypically, we clustered the cells based on the
expression level of 11 phenotypic markers using tSNE dimension
reduction (Figure 6C). The cells derived from rFVIII+hIgGl-
treated monocytes closely overlapped with those from vehicle-
treated monocytes, with 2 large clusters corresponding to
osteoclasts and remaining macrophages. In addition, the cells
derived from rFVIIIFc-treated monocytes did not substantially
overlap with the cells derived from vehicle- or rEVIII+hIgGl-
treated monocytes and appear to be a separate cluster. These
results indicate that rFVIIIFc treatment of monocytes inhibits
their differentiation into macrophages and osteoclasts, leading to
a unique type of differentiated monocytes.

Discussion

The findings presented in this study reveal the unique
immune-regulatory effect of rFVIIIFc on monocyte
differentiation in vitro. We observed that the Fc, Cl1, and C2
domains of rFVIIIFc simultaneously interact with the monocyte
surface and subsequently induce FcyR inhibitory signaling
pathways. Monocytes exposed to rFVIIIFc lose their
differentiation potential into osteoclasts, and the cells derived
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from rFVIIIFc-exposed monocytes are characterized by a lack of
typical osteoclast gene expression, functional activity,
phenotypic markers, and morphology. Therefore, we propose a
“double touchpoint” model for rFVIIIFc interaction with
monocytes, skewing to their differentiation from osteoclast to
a unique myeloid cell phenotype (Figure 7).

In this study, we observed that rFVIIIFc engages with
FoyRI and FcyRII on purified CD14+ monocytes but induces
a net inhibitory signaling with reduced level of p-Syk. Both
FcyRI and FcyRIIA bear an intracellular immunoreceptor
tyrosine-based activation motif (ITAM) to mediate activatory
signaling through increasing phosphorylation of p-Syk. Only
FcyRIIB bears an intracellular immunoreceptor tyrosine-based
inhibition motif (ITIM) which mediates inhibitory signaling by
phosphorylation of SHP1 or SHP2, in turn leading to deactivation
of p-Syk. The reduced p-Syk and increased p-SHP1 and p-SHP2
levels in rFVIIIFc-treated cells indicates that concomitant
inhibitory signaling overwhelms activatory signaling. In
addition, although both are engaged by rFVIIIFc on the
monocyte surface, blocking FcyRII but not FcyRI on monocytes
negated the rFVIIIFc inhibitory effects on osteoclast formation,
suggesting that FcyRII signaling plays a predominant role. A
baseline level of Syk signaling in circulating blood monocytes,
likely activated through high-affinity receptor FcyRI by high
concentrations of IgGs in human blood circulation (46), might
explain why FcyRI engagement does not lead to activation. Thus,
the additional engagement of FcyRI by rFVIIIFc on monocytes
might not further enhance the existing Syk signaling, allowing
FcyRIIB-mediated inhibitory signaling to be predominant.

Our previous study has shown that rFVIIIFc treatment of in
vitro cultured monocyte-derived macrophages in the absence of
cytokines and growth factors leads to increased levels of Syk

FVIII C1 and C2 domains
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+ Reduced osteoclastic bone resorptive activity
* Decreased osteoclast specific gene expression profile

markers

Macrophage-like and
non-macrophage-like cells

Summary of the engagement of rFVIIIFc with monocyte surface, leading to immunoregulatory effects on monocyte differentiation. rFVIlIFc
interacts with monocyte cell surface via the Fc, C1, and C2 domains in a double touchpoint model. This interaction leads to increasing inhibitory

signaling in monocytes and subsequent inhibition of osteoclast formation.
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phosphorylation, suggesting activatory signaling events as a net
outcome of FcyR signaling in the macrophage (8). A recent study
showed that rFVIIIFc activates FcyRIIA activatory signaling in
monocyte-derived dendritic cells (MoDc). Both of these studies
used in vitro cultured monocyte-derived cells, which may have
lost the basal levels of FcyR signaling observed in circulating
monocytes isolated from blood and, thus, might be sensitive to
additional new FcyRI engagement by rFVIIIFc leading to a net
outcome of higher levels of activatory signaling, although both
activatory and inhibitory signaling might have been stimulated.
In addition, the in vitro activation of MoDCs by rFVIIIFc may
have limited physiological relevance because MoDCs reside in
various tissues (47, 48) and therefore have little chance to be
directly exposed to rFVIII or rFVIIIFc in the circulation. Here,
we propose that FcyRIIB activation and signaling in
undifferentiated, circulating blood monocytes by rFVIIIFc
engagement may change the course of monocyte
differentiation into osteoclasts.

It is worth noting that FcyRII is a low-affinity Fc receptor
with a binding affinity to monovalent Fc at Kd level around 10°
M1 (37, 49). In this study, we determined an IC50 of rFVIIIFc
on monocyte differentiation of approximately 7.5 nM,
suggesting that monovalent rFVIIIFc could engage FcyRII at
a concentration lower than its Kd level. Our study proposes a
double touchpoint model with rFVIIIFc interacting with
monocytes using the Fc domain and C1 and C2 domains of
FVIII for increased binding avidity, which can explain how
monovalent rFVIIIFc could engage low-affinity FcyRII. Further
studies are needed to identify additional binding partners and
their potential signaling roles. A recent study has shown that
rFVIIIFc simultaneously binds FcyRIIB and the B cell receptor
(BCR) on FVIII-specific B cells, inducing inhibitory signaling
through its ITIM motif, demonstrated by downstream SHP
phosphorylation and attenuated calcium flux (50). In this case,
rFVIIIFc binding to B cells occurs in a similar double
touchpoint setting where the FVIII portion binds to the
FVIII-specific BCR and Fc engages FcyRIIB simultaneously,
thus partly supporting the model we propose for rFVIIIFc
interaction with monocytes.

The finding that rFVIIIFc possesses unique activity of
inhibiting monocyte-derived osteoclast formation may be
relevant to hemophilic arthropathy and overall bone health in
patients with hemophilia A. There is limited evidence that
endogenous FVIII has an intrinsic role in the regulation of
bone mass (51), and thus deficiency of FVIII may directly
contribute to lower BMD in patients with hemophilia A.
Furthermore, several recent models of needle puncture injury
in FVIII-deficient mice provided direct evidence that intra-
articular bleeding promotes bone resorption, with bleeding
into the joints resulting in synovial inflammation, increased
osteoclast activity, and bone loss adjacent to the affected joints
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(52, 53). In patients receiving rFVIIIFc prophylaxis, rFVIIIFc
has the potential to interact with monocytes in the circulation
and might reduce the number of monocytes that could
differentiate into osteoclasts in the inflammatory joint
environment and in the bone remodeling compartment, thus
potentially reducing excessive bone resorption.

Conclusion

Here, we have shown that rFVIIIFc interacts with blood
monocytes through a double touchpoint model and reduces
monocyte differentiation into osteoclast in vitro, thus having the
potential to shift the balance between bone resorption and bone
remodeling to reduce osteoclastogenesis. Therefore, rFVIIIFc
may possess immunoregulatory benefits on affected joints and
bone density homeostasis in patients with hemophilia. Data
from further studies are needed to determine the dose and effects
of rFVIIIFc on monocyte differentiation into osteoclasts, long-
term joint health, and overall bone health in the context of
patients with hemophilia A.
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