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Introduction

Macrophages make important contributions to inflammation and wound healing. We
show here that macrophage polarization is deregulated in haemophilia in response to
macrophage colony-stimulating factor (M-CSF) and partially in response to granulo-
cyte-macrophage colony-stimulating factor (GM-CSF). As a result, haemophilia macro-
phages exhibit a specific impairment of M-CSF-mediated functions involved in wound
healing such as clot invasion and phagocytosis. Haemophilia monocytes express
reduced amounts of the receptors for M-CSF and GM-CSF, which correlates with a
failure to express tumour necrosis factor a (TNFa) and CD163 in M-CSF-treated
haemophilia macrophages and reduced expression of TNFa and CD206 after treatment
with GM-CSF. Protein expression in response to M-CSF was regained with respect to
CD163 and CD206 after embedding haemophilia monocytes in clotted plasma
suggesting that a functioning coagulation system has positive effects on macrophage
M2 polarization. Mimicking the functional deficits of haemophilia macrophages in
normal macrophages was possible by adding leptin, which we found to be elevated in
the blood of haemophilia patients, to a monocyte cell line. The increase of leptin
occurred in conjunction with Greactive protein in a body mass index-controlled cohort
suggesting that haemophilia patients harbour chronic low-grade inflammation.
Together, our data indicate that impaired clotting in haemophilia patients leads to
increased inflammation and a deregulation in macrophage differentiation, which may
explain the commonly observed deficits in wound healing and tissue regeneration.

clinically apparent arthropathy, most if not all haemophilia

The response to tissue injury is typically marked by activation
of the clotting cascade followed by recruitment of inflamma-
tory cells and the initiation of tissue regeneration." In bleeding
disorders, such as haemophilia, this process is impaired, result-
ing in protracted bleeding and prolonged wound healing.?
Bleeding complications in haemophilia are common in the
musculoskeletal system with the majority of bleeding episodes
being located in the large joints, which in turn cause inflam-
mation of the affected joints thus resulting in haemophilic
arthropathy.>* While the prophylactic substitution of coagula-
tion factors is sufficient to substantially delay the onset of
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patients ultimately develop joint disease even under treatment
conditions that suppress clinically recognizable bleeding.
Extravasation of red blood cells (RBCs) and the subse-
quent release of their iron content inside the joint is thought
to be an important element of the molecular pathology of
haemophilic arthropathy.6'7 This view is based on experi-
mental data showing that exposing the synovia of mice to
overwhelming amounts of ferrous iron can trigger an inflam-
matory reaction that is associated with the activation of the
nuclear factor-xB pathway in synoviocytes and subsequent
systemic release of inflammatory cyto-/chemokines.? In line
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with this, it has been demonstrated that macrophages in
joints from patients with haemophilic arthropathy express a
wide array of inflammatory mediators suggesting that
monocytic cells differentiate after their recruitment from
the blood circulation to actively contribute to inflammatory
joint disease.” M2 macrophages, on the other hand, which
are specifically equipped to sequester tissue debris including
RBCs and haemoglobin, have been found to be under-repre-
sented in haemophilic target joints.m

Coagulation factor deficiencies affect monocyte function
not only through clinical or sub-clinical trauma, but also as a
direct result of clotting impairment.'"-'? Specific examples
for the coupling of inflammation and clotting include the
contribution of tissue factor on activated monocytes to the
aetiology of venous thromboembolism, the stimulating
effects of thrombin on monocyte transmigration as well as
the impaired endothelial function during sepsis.’>'> In
addition, monocytes require adhesive interactions with the
clotting end product fibrin, which depending on the tissue
context promote inflammation or wound healing.>® As
such, it has been shown that monocyte recruitment is
delayed in mice with haemophilia B and that this delay
correlates with impaired wound healing.? Based on these
data, we aim to test if macrophage function is deregulated in
patients with haemophilia and whether this affects func-
tions such as RBC removal and clot invasion.

Materials and Methods

Human Subjects

Patients were recruited from our certified European Hae-
mophilia Comprehensive Care Centre; healthy blood donors
from our blood donation service. Approval was received from
the local ethics committee (Kenn-Nr. 73/14, Ethik-Kommis-
sion Arztekammer Saarland) and blood was drawn after
receiving informed consent. Patients as well as donors
were instructed not to skip meals before blood drawing.

Cell Purification and Culture

Peripheral blood mononuclear cells (PBMCs) were isolated
from citrated blood using Lymphocyte Separation Medium
1077 according to the manufacturer’s specifications (Promo-
cell). Monocytes were separated from the PBMC population by
allowing the cells to adhere to tissue culture dishes for 2 hours
in the presence of serum-free media. Lymphocytes, which do
not adhere to the culture dishes, were removed by aspiration.
To attain a monocyte suspension, we purified monocytes from
PBMCs using the Dynabeads Untouched Human Monocytes Kit
(Invitrogen). This isolation method was used for all subsequent
assays involving phenotyping, filopodia measurement, pha-
gocytosis and three-dimensional (3D) cell culture.

For 3D cell culture, Dynabeads-purified primary monocytes
were mixed with human plasma (US Biological) in the presence
of 3 mM CaCl; to generate clotted plasma. Clotting was induced
with 3 U/mL thrombin (Sigma-Aldrich), and 15 pL suspensions
were pipetted onto tissue culture plates and inverted at room
temperature for 10 minutes to solidify. In addition, Dynabeads-
purified monocytes were used to confirm polarization on plastic
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and test phagocytosis as well as the expression of differentiation
markers. Independent of the isolation method, monocytes were
incubated with RPMI media supplemented with L-glutamine,
penicillin and streptomycin, and 10% foetal bovine serum (FBS)
at 37°C under a humidified, 5% CO, atmosphere. PBMC-derived
monocytes were treated with 125 ng/mL granulocyte-macro-
phage colony-stimulating factor (GM-CSF) (Cellgenix) or 100
ng/mL macrophage colony-stimulating factor (M-CSF) (Miltenyi
Biotec) to generate M1 and M2 macrophages, respectively.
Where indicated, M-CSF- or GM-CSF-treated macrophages
were further activated with 20 ng/mL interferon y (IFN-y)
(PeproTech) and 100 ng/mL lipopolysaccharides (LPS) (Sigma-
Aldrich) or 20 ng/mL interleukin 4 (IL-4) (Cellgenix). THP-1
monocytes were purchased from DSMZ and propagated in RPMI
media containing 10% FBS and 0.05 mM B-mercaptoethanol
(Carl Roth). THP-1 monocytes were differentiated to MO macro-
phages by treatment with 25 nM phorbol 12-myristate 13-
acetate (Sigma-Aldrich) for 24 hours, washed and incubated
with normal media for 24 hours and then incubated with M-CSF
for 96 hours. THP-1 monocytes were pre-incubated with recom-
binant human leptin (500 ng/mL; R&D Systems) for 96 hours
prior to the addition of M-CSF.

Morphological Analysis

To assess cell polarization, macrophages attached to plastic
or embedded in clots were analysed at designated times by
bright field microscopy (Zeiss Primo Vert). To this end, we
counted cells based on their shape in an average of at least
three distinct optical fields in at least five different samples.
Macrophages with a spread, elongated phenotype were
classified as polarized, while cells that remained round
(with or without rudimentary pseudopodes) were counted
as non-polarized. Results show the number of polarized cells
as per cent of the total cell number per microscopy field. As
an additional measure of macrophage polarization, we deter-
mined the elongation index (cell length/cell width) using the
Image ] software.

Fluorescence Microscopy

Macrophages were fixed in 4% paraformaldehyde, permea-
bilized with 0.2% triton x100 and incubated with anti-CD68
(Abcam), anti-tumour necrosis factor o (TNFa) (Dianova),
anti-CD206 (AbD Serotec), anti-CD163 (AbD Serotec) or
isotype control, followed by incubation with Alexa Fluor
488-conjugated secondary antibody (Invitrogen) and ana-
lysed using a fluorescence microscope (Nikon H550L). To
visualize filopodia and nuclei, cells were stained with Alexa
Fluor 546-phalloidin (Invitrogen) and 4’,6-diamidino-2-phe-
nylindole, respectively. Digitized images were processed
with Adobe Photoshop. Experiments were performed and
analysed by two laboratory members independently to
guarantee reproducibility of the evaluation criteria.

Phagocytosis Assay

Latex bead phagocytosis was examined using a commercially
available Phagocytosis Assay Kit (Cayman Chemical). Briefly,
macrophages were incubated for 1 hour with latex beads
coated with fluorescein isothiocyanate (FITC)-labelled rabbit
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immunoglobulin G at 37°C, then washed with phosphate-
buffered saline (PBS) and incubated for 1 minute with Trypan
blue to quench surface FITC fluorescence. To assess RBC
phagocytosis by macrophages, whole blood was diluted
with equal part PBS containing 5 mM ethylenediaminete-
traacetic acid, centrifuged at 300 x g to remove the plasma
and buffy coat fractions and the resulting RBCs were washed
three times with PBS. RBCs (5 x 10® cells/mL) were then
labelled with 50 uM Cell Tracker Green CMFDA (Invitrogen)
in the dark for 30 minutes at 37°C, centrifuged to pellet and
opsonized with 100 ug/mL anti-human RBC Antibody (Rock-
land) for 30 minutes. Suspensions were centrifuged, the
pellet was re-suspended in 2.5 mL serum-free RPMI media
and 50 pL was added to designated wells in 8-well chamber
slides containing 200 puL media. After 1 hour, cultures were
washed with sterile dH,0 to lyse non-phagocytosed RBCs,
fixed and analysed by fluorescence microscopy.

Flow Cytometry

Fluorescent-labelled antibodies against CD14 (Anti-CD14 FITC,
BD Biosciences), CD16 (Anti-CD16 PE, BD Biosciences), C-C
chemokine receptor type 2 (CCR2) (Anti-CCR2 APC, R&D
Systems), GM-CSF receptor (GM-CSFR) (Anti-CD116 APC, Mil-
tenyi Biotec), colony stimulating factor 1 receptor (CSF1-R)
(Anti-CSF1-R APC, R&D Systems), Tie2 (Anti-Tie2 APC, R&D
Systems) and CD163 (Anti-CD163 APC, Miltenyi Biotec) were
purchased alongside with the appropriate control antibodies.
Whole blood (100 pL) was co-stained with CD14 FITC along
with the APC- or PE-conjugated antibodies for 20 minutes at
room temperature in the dark. RBCs were subsequently lysed
with BD FACS Lyse solution for 10 minutes, suspensions were
centrifuged at 300 x g for 5 minutes and pellets were washed
once with BD Cell Wash. Antibody binding was analysed using
a FACSCalibur flow cytometer (BD Biosciences) equipped with
CellQuest software and analysed using Flow]o. The specific
forward/sideward scatter characteristics of leukocytes
allowed us to clearly identify the monocyte population.

Protein Array

Platelet-poor plasma was isolated from citrate blood by cen-
trifugation at 3,000 revolutions per minute for 20 minutes at
room temperature. Cytokine levels in plasma were examined
using the Proteome Profiler Human XL Cytokine Array Kit (102
human cytokines, R&D Systems) according to the manufac-
turer’s recommendations. Briefly, the antibody arrays were
incubated with 100 pL plasma overnight at 4°C. The next day,
the arrays were washed, incubated with biotinylated antibody
cocktail for 1 hour, streptavidin-horseradish peroxidase (HRP)
for 30 minutes and visualized by enhanced chemilumines-
cence using the GeneGnome HR imaging system (SynGene)
with GeneSnap software. Cytokine expression was quantitated
in Image J using the Protein Array Analyzer.

Cytokine Enzyme-Linked Immunosorbent Assay

Platelet-poor plasma was analysed for the expression of
leptin and C-reactive protein (CRP) using the Quantikine
ELISA Kit from R&D Systems. In brief, leptin and CRP pre-
coated micro-plates were incubated with plasma for 2 hours,
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washed to remove unbound plasma constituents, incubated
for 1 hour with human leptin or CRP HRP-linked monoclonal
antibody, washed and developed by enhanced luminescence
on a plate reader (Tecan SPARK) at 450 nm with a correction
set to 540 nm.

Statistical Analysis

Significance was determined using Student’s two-tailed t-
test or one-way analysis of variance followed by the post hoc
Tukey’s multiple comparisons test (GraphPad Prism 5).
Treatment differences with a two-sided p-value of < 0.05
were considered significantly different. Error bars show
mean + standard error of the mean.

Results

Haemophilia Patient Cohort

Between 2014 and 2017, we enrolled into our study 48 adult
male patients with haemophilia A or B that visited our
outpatient clinic for routine testing (~Table 1). At enrolment,
the patients were in average 36 years of age and had a body
mass index (BMI) of close to 28 kg/m?2. Thirty-seven patients

Table 1 Description of the patient cohort

Characteristic All patients
(n = 48)
Bleeding disorder
Haemophilia A 41 (85)
Haemophilia B 7 (15)
Baseline coagulation factor activity
FVIII/IX < 1% 37 (77)
On prophylaxis 30 (63)
Average coagulation activity (range) | 11.9 (0.3-77)
FVIII/IX 1-15% 10 (21)
On prophylaxis 1(2)
Average coagulation activity (range) | 10.6 (2-15)
FVIII/IX > 15% 1(2)
On prophylaxis 0
Average coagulation activity 25
Complications
Bleeding < 3 months 27 (56)
Arthropathy 22 (46)
Chronic infections (HBV, HCV, HIV) 15 (31)
Treatment
Recombinant 30 (63)
Plasmatic 18 (37)
Age (range) 36 (18-68)
Body mass index (range) 27.7 (18.7-38.0)

Abbreviations: FVIII/IX, factor VIII/IX; HBV, hepatitis B virus; HCV,
hepatitis C virus; HIV, human immunodeficiency virus.
Note: Values are n (%) unless otherwise indicated.
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(77%) had severe haemophilia (residual factor VIII [FVIII]/FIX
activity < 1%), of which 30 (63%) received prophylactic
treatment either with a recombinant or plasmatic coagula-
tion factor concentrate. Consequently, the effective activity
of coagulation FVIII or FIX in patients with severe haemo-
philia was at the time of blood drawing nearly indistinguish-
able to the patients with moderate to mild haemophilia (11.9
vs. 10.6%). Moreover, just under half of the patients enrolled
had clinical signs of arthropathy with at least one affected
joint located at either the lower (ankle, knee, hip) or upper
extremity (shoulder, elbow). The diagnosis of arthropathy
was based on orthopaedic physical examination, the history
of a target joint or past orthopaedic procedures (prosthetic
joint replacement, synovectomy). Approximately one-half of
the patients had bleeding events in the last 3 months and
one-third of the patients were registered for having con-
tracted chronic hepatitis B, hepatitis C or human immuno-
deficiency virus (HIV). For controls, we randomly recruited
male blood donors (n = 60; age, 35.8 years, range: 21-65
years; BMI, 27.0, range: 22.3-37.6) from our blood donation
centre at Saarland University Hospital.
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Haemophilia Monocytes Exhibit Defective
Polarization

Monocytes utilize adhesive interactions with the extracellular
matrix to migrate and invade in response to wounding and
inflammation."” In addition, adhesion and cytoskeletal remodel-
ling are major determinants of signal transduction and gene
expression during macrophage differentiation.'® These changes
can be measured ex vivo as monocytes begin to spread and
undergo a typical shape change from round to elongated and
polarized in response to M-CSF-containing differentiation
media."® To study monocyte to macrophage differentiation, we
isolated monocytes from the peripheral blood of two patients,
one with mild haemophilia A (residual FVIII activity = 5-10%),
the other with severe haemophilia B (residual FIX activity < 1%),
as well as four healthy blood donors and monitored cell spreading
in response to M-CSF as well as GM-CSF by phase contrast
microscopy. In addition, slides were stained with antibody
against the monocyte/macrophage marker CD68 and inspected
by fluorescence microscopy, which confirmed a > 90% pure
culture 7 days after isolating monocytes with the Dynabeads
Untouched kit (~Fig. 1A; =Supplementary Fig. S1A, available
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Fig. 1 Haemophilia macrophages exhibit defective polarization. (A) Monocytes purified from peripheral blood mononuclear cells (PBMCs) of
healthy blood donors (n = 4) and haemophilia patients (n = 2) using Dynabeads were incubated for 7 days with 100 ng/mL macrophage colony-
stimulating factor (M-CSF) or 125 ng/mL granulocyte-macrophage colony-stimulating factor (GM-CSF) on cell culture plastic, then fixed and
stained with anti-CD68/Alexa 488 anti-mouse immunoglobulin G (IgG) (green). Nuclei are stained with 4’,6-diamidino-2-phenylindole (DAPI)
(blue). Representative fluorescence microscopy images are shown. (B) Phase contrast images of purified monocytes from donors and
haemophilia patients cultured on plastic were scored for cell polarization (polarized cells as percentage of total cells) over time. (C) Cell
elongation (elongation index as ratio of length/width) was assessed in donor (D) and haemophilia macrophages (H) after 7 days of cell culture in
M-CSF or GM-CSF. (D) PBMCs from eight haemophilia patients and five blood donors were allowed to attach to plastic, washed to remove
unbound lymphocytes as well as granulocytes, then treated with M-CSF and finally analysed for macrophage polarization after 7 days. “p < 0.05,
“p < 0.01, "p < 0.001, **p < 0.0001, n.s., non-significant. Scale bar, 20 pm.
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in the online version). Both fluorescence and phase contrast
microscopy demonstrated that addition of M-CSF induced rapid
spreading in donor macrophages, which exhibited an elongated,
polarized phenotype in > 60% of cells after 7 days of treatment
(=Fig. 1A, B). Treatment of macrophages with the pro-inflam-
matory growth factor GM-CSF also induced spreading, but in
contrast to M-CSF only a small fraction of the macrophages
polarized. Accordingly, the elongation index (cell length/cell
width) was significantly higher after treatment with M-CSF
compared with GM-CSF (=Fig. 1C). Although M-CSF promoted
polarization and elongation in the majority of donor macro-
phages, it was much less effective in mediating a similar
shape change in macrophages from a panel of haemophilia
patients, which broadly represent our patient cohort in terms
of treatment (on-demand vs. prophylaxis), bleeding (< 3 month)
and co-morbidities (arthropathy, hepatitis/HIV) (=Fig. 1D;
~Supplementary Fig. S1B; ~Supplementary Table S1, avail-
able in the online version). The observed changes appear to be
connected to the clotting deficiencies as we detected a significant
increase of macrophage polarization as well as elongation after
the treatment with thrombin in combination with M-CSF
(=~Supplementary Fig. S1C and S1D, available in the online
version). Together, our morphological analysis revealed a macro-
phage phenotype in haemophilia that is distinctly different from
normal control macrophages and most pronounced after differ-
entiation with M-CSE.

Macrophages from Haemophilia Patients are Unable

to Invade Blood Clot

Blood clotting generates a mechanical tissue barrier after
wounding and as such controls the recruitment of mono-
cytes that are potentially involved in RBC phagocytosis and
wound healing.2 Cell invasion and phagocytosis depend on
the generation of filopodia, which could be visualized as
finger-like actin-rich extensions on the cell surface of M-CSF-
as well as GM-CSF-treated donor macrophages (=Fig. 2).
Haemophilia macrophages, in contrast, were only able to
generate truncated filopodia or lacked the ability to generate
filopodia altogether. To determine the capacity of haemo-
philia macrophages to invade blood clot, we embedded
monocytes from two patients with haemophilia A and B in
clotted plasma and assessed podosome formation as well as
cell elongation as a measure of cell invasion. In response to
M-CSF, podosome formation was detectable in donor macro-
phages 48 hours after embedding and rose to almost 80%
podosome-positive cells by day 7 (~Fig. 3A, B). Overall, this
process was more effective in the presence of M-CSF than
GM-CSF, which was superior to untreated monocytes at the
early time points but later on had no additional effects on
macrophage invasion (=Fig. 3B). Podosome formation and
the resulting elongation of clot-embedded haemophilia
macrophages, on the other hand, lagged behind correspond-
ing values achieved with donor macrophages whether the
macrophages were treated with M-CSF, GM-CSF or left
untreated (~Fig. 3A, C, D). Together, these data show that
M-CSF is a potent pro-invasive stimulus for healthy macro-
phages. Haemophilia macrophages, on the other hand, lack
the capacity to generate filopodia and infiltrate clotted
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Fig. 2 Macrophages from haemophilia patients are unable to generate
filopodia. (A) Representative phase contrast and fluorescence microscopy
images of macrophages from healthy donors (left, middle) and haemophilia
patients (right) after Dynabeads isolation and 7 days of cell culture on plastic
in the presence of macrophage colony-stimulating factor (M-CSF) (top)
or granulocyte-macrophage colony-stimulating factor (GM-CSF) (middle)
compared with untreated monocytes (bottom). Fluorescence microscopy
shows merged images after staining for the macrophage marker CD68
(green), F-actin (red) and nuclei (blue). Arrows indicate filopodia on donor
macrophages. (B, C) Microscopy fields were analysed for filopodia-positive
macrophages (B; per cent of total) and average number of filopodia per cell
(C). Representative data from 2 patients and 2 donors are shown.

*p < 0.001. Scale bar, 20 um.

plasma suggesting that the recruitment of monocytes to
wounds could be diminished in haemophilia.

Haemophilia Macrophages have Deficits in
Phagocytosis

Macrophages promote wound healing as they clear tissue
debris, neutrophils and extravasated RBCs through phagocy-
tosis. Interestingly, macrophage phagocytosis and polarization
are governed by overlapping cytoskeletal mechanisms.® To
systematically analyse the correlation between the two func-
tions, we assessed cell spreading in conjunction with phago-
cytosis in cytokine-treated macrophages after addition of
fluorescence-conjugated latex beads. Using fluorescence



Macrophage Polarization is Deregulated in Haemophilia

mM-CSF mM-CSF
B B GM-CSF C BGM-CSF
100, OUntreated £100y OUntreated
v 75 " v 75
§ 50{ | § 50
] 25 = 25 )
£ 0 I '
1234567 12345867
Days Days
D 8 m Donor
5 6 _ DHaemophilia
" 4 4 %
[=T] 2 1 E
5 2 i K
i o
% 4 9,
U Q_% 4‘09%
[*4

Fig.3 Macrophages from haemophilia patients are unable to invade blood
clot. (A) Representative phase contrast images of Dynabeads-purified
monocytes from healthy donors (left; n = 2) and haemophilia patients
(right; n = 2) 7 days after embedding in clotted plasma and treatment with
macrophage colony-stimulating factor (M-CSF). (B, C) Monocytes from
donors (B) and haemophilia patients (C) embedded in clotted plasmain the
presence of M-CSF, GM-CSF or without treatment were scored for polarized,
podosome-positive macrophages as per cent of total over time. (D)
Elongation of macrophages as ratio of length/width was assessed 7 days
after embedding in clotted plasma. ****p < 0.0001. Scale bar, 50 pm.

microscopy, we detected strong phagocytosis after an 8-day
treatment of M-CSF with or without IL-4 in donor macro-
phages, which at the same time responded to M-CSF with
extensive polarization as shown by phase contrast microscopy
(=Fig.4A,B).In keeping with this symmetry, phagocytosis and
cell polarization were equally reduced in M-CSF-treated donor
macrophages after addition of IFNyY/LPS and nearly abolished
in GM-CSF-treated donor macrophages with or without IFNy/
LPS. While polarization and phagocytosis in macrophages
from healthy individuals was strongest after treatment with
M-CSF alone, the cytokine was significantly less effective in
mediating the uptake of latex beads in macrophages from two
patients with haemophilia A and B (~Fig. 4C). Moreover, this
was also the case when we tested phagocytosis of material
relevant to the pathology of haemophilic arthropathy such as
RBCs, which were taken up more efficiently by donor than by
haemophilia macrophages (~Fig. 4A, C). We, therefore, con-
clude that haemophilia macrophages have a diminished capa-
city to sequester cell and tissue debris and that this may have
important implications for wound healing after joint bleeding.
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Fig. 4 Haemophilia macrophages have deficits in phagocytosis. (A)
Monocytes from healthy blood donors were isolated with Dynabeads and
incubated for 8 days with 100 ng/mL macrophage colony-stimulating factor
(M-CSF) or 125 ng/mL granulocyte-macrophage colony-stimulating factor
(GM-CSF) on cell culture plastic, then incubated with fluorescein-labelled
latex beads (green) or red blood cells (RBCs; green; M-CSF only), fixed and
stained with 4’,6-diamidino-2-phenylindole (DAPI) to visualize nuclei (blue).
Representative fluorescence microscopy images are shown. (B) Macro-
phages treated with M-CSF, GM-CSF or vehicle were scored for cell polar-
ization and phagocytosis as per cent of total cells per microscopy field on day
8. Interleukin 4 (IL-4) and interferon y (IFNy)/lipopolysaccharides (LPS) were
added on day 7 where indicated. (C) Phagocytosis of fluorescence-labelled
latex beads or red blood cells (RBCs) in donor and haemophilia macrophages
after 8 days of culture in M-CSF. Representative data from 2 patients and 2
donors are shown. *p < 0.05, *p < 0.01. Scale bar, 20 pm.

Macrophages from Haemophilia Patients are
Unresponsive towards the Mitogenic Effects

of M-CSF and GM-CSF

Our data implicate a functional shift of haemophilia monocytes
away from regenerative macrophage functions such as clot
invasion and RBC phagocytosis. Based on the observation that
haemophilia macrophages were not fully responsive towards
M-CSF and GM-CSF in these assays, we performed flow cyto-
metry to determine the expression of their respective receptors.
While analysing CD14-positive monocytes from freshly drawn
whole blood of 15 haemophilia patients and an equal number of
healthy blood donors, we detected a substantial reduction of
CSF1-R and to a lesser degree of GM-CSFR (~Fig. 5A-C,
G; =Supplementary Table S2, available in the online version).
In addition, haemophilia monocytes exhibited a significant
reduction of two bona fide markers of tissue regeneration,
namely, the haemoglobin scavenger receptor CD163 and the
receptor tyrosine kinase Tie2 (~Fig. 5D, E, G). The expression of
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Fig.5 Monocytesfrom haemophilia patients expressed reduced levels of M2 macrophage markers. (A) Representative flow cytometry profile of peripheral
blood leukocytes examined by forward and side scatter properties to identify the monocyte population. (B-F) CD14* monocytes from 15 haemophilia
patients and 15 healthy blood donors were analysed for cell surface expression of colony stimulating factor 1 receptor (CSF1-R) (B; n = 6), granulocyte-
macrophage colony-stimulating factor receptor (GM-CSFR) (C; n = 3), CD163 (D; n = 3), Tie2 (E; n = 7) and GC chemokine receptor type 2 (CCR2) (F;
n = 8) using flow cytometry on blood isolated from haemophilia patients (H, dashed line, light grey histogram) compared with healthy blood donors (D,
solid line, open histogram). Representative images are shown. Immunoglobulin G (IgG), dark grey histogram. (G) Results shown as per cent geometric mean
fluorescence intensity on haemophilia monocytes compared with healthy blood donors. (H, 1) Percentage of monocytes co-expressing CD14 and CD16 were
scored for CD14M9N+HICD16"e92tVe) (H, gate R1), CD14MIN+HICD16POs Vel (H, gate R2) and CD14'°V(H|CD16Posve(+) (H, gate R3) sub-populations in
blood drawn from haemophilia patients (n = 9) compared with healthy blood donors (n = 11). *p < 0.05, **p < 0.01, n.s., non-significant.

the chemokine receptor CCR2, on the other hand, was
unchanged, which is in line with our data showing that there
was no shift from CD14"&"CD16"°&2Ve to CD14'°VCD16Pos Ve
monocytes in the two cohorts (=Fig. 5F-1). To follow up on the
flow cytometry results, we used fluorescence microscopy to
assess the induction of macrophage differentiation markers in
purified monocytes in one haemophilia A and one haemophilia
B patient after 7 days in conventional two-dimensional (2D)
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culture on plastic plates compared with 3D culture in plasma
clot. In plastic attached donor macrophages, we detected sig-
nificant staining for TNFo in combination with CD206 after
treatment with GM-CSF and to a somewhat lesser extent in
combination with CD163 after treatment with M-CSF
(=Fig. 6A-C). Notably, the function to express macrophage
differentiation markers on plastic was impaired in GM-CSF-
treated haemophilia monocytes and completely lost when
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haemophilia monocytes were cultured in the presence of M-
CSE. Moreover, the inability of M-CSF to induce M2 markers in
haemophilia macrophages was reversed after embedding in
clotted plasma derived from healthy donors, which helped
maintain CD163 on haemophilia macrophages, supported de
novo expression of CD206 on donor as well as haemophilia
macrophages and up-regulated TNFa on haemophilia macro-
phages after it was down-regulated in clot-embedded donor
macrophages (=Fig. 6A, D). Together, these data show that
haemophilia monocytes display reduced expression of CSF1-R
and GM-CSFR, which results in impaired macrophage differ-
entiation in conjunction with a significant loss of M2 character-
istics in 2D cultures. Significantly, these changes can be largely
prevented by surrounding monocytes with clot from non-
haemophilic donors.

Leptin Restrains Macrophage Function in Haemophilia
Our data demonstrate functional deficits of haemophilia
macrophages, which can be traced back to a diminished
response of monocytes towards differentiating stimuli. To

A

GM-CSF on Plastic

M-CSF on Plastic
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identify possible underlying mechanisms, we employed a
cytokine array to analyse the expression of > 100 inflam-
matory and anti-inflammatory proteins in citrated plasma
from one patient with haemophilia A and in one patient with
haemophilia B compared with two healthy blood donors.
Using this kind of a scaled proteomics approach, we identi-
fied leptin (haemophilia/donor, 6.0-fold) as well as Fas ligand
(haemophilia/donor, 1.9-fold) as the only two cytokines up-
regulated in both patients (~Fig. 7A). Moving forward, we
focused on leptin, which caused a significant reduction of
macrophage spreading as well as clot invasion when it was
added to human THP-1 monocytes 96 hours prior to differ-
entiation with M-CSF (~Fig. 7B, C). Moreover, we recognized
a significant drop in the expression of the macrophage
differentiation markers TNFa and CD163 by fluorescence
microscopy after pre-treatment with leptin and subsequent
stimulation with M-CSF (~Fig. 7D). Together, these data
demonstrate that leptin is able to induce functional and
phenotypical changes in an immortalized monocyte cell
line that we otherwise detect in haemophilia macrophages.

M-CSF in Clot

Donor Haemophilia Donor

= Donor
B O Haemophilia C

m Donor
O Haemophilia

Donor

Haemaphilia

m Donor
O Haemophilia

¥ ns

,JOOI | |

Fig. 6 Macrophages from haemophilia patients exhibit reduced expression of tumour necrosis factor o (TNFa) and CD163. (A) Macrophages
from healthy donors as well as haemophilia patients (ea., n = 2) were isolated with Dynabeads and cultured on conventional cell culture plastic
or embedded in clotted plasma in the presence of macrophage colony-stimulating factor (M-CSF) or granulocyte-macrophage colony-
stimulating factor (GM-CSF). After 7 days, cells were fixed, permeabilized and stained for TNFa, CD206 or CD163 (green) and analysed by
fluorescence microscopy. Nuclei are stained with 4’,6-diamidino-2-phenylindole (DAPI) (blue). Representative fluorescence microscopy images
are shown. (B, C) Microscopy fields of plastic attached macrophages were analysed for TNFa-, CD206- and CD163-positive cells as per cent of total
optical field after treatment with GM-CSF (B) or M-CSF (C). (D) Percentage of TNFa-, CD206- and CD163-positive donor and haemophilia
macrophages in clotted plasma after treatment with M-CSF. *p < 0.05, *p < 0.01, **p < 0.001, n.s., non-significant. Scale bar, 20 pm.
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Fig.7 Leptinrestrains macrophage function in haemophilia. (A) Proteins up-regulated in 2 haemophilia patients compared with 2 healthy blood
donors (fold increase) after analysis of platelet-poor plasma using the Proteome Profiler Human XL Cytokine Array Kit (R&D Systems). (B-D)
Polarization of THP-1 macrophages on cell culture plastic (B), podosome formation in clotted plasma (C) and expression of CD163 as well as
tumour necrosis factor a (TNFa) expression (D) 96 hours after treatment with macrophage colony-stimulating factor (M-CSF) with or without

leptin (500 ng/mL). *p < 0.05, **p < 0.001.

CRP and Leptin are Up-Regulated in the Blood
Circulation of Haemophiliacs

Leptin expression has been shown to positively correlate
with inflammation as well as body weight.zL22 To focus on
the link between inflammation and coagulation, we studied
the plasma levels of leptin in conjunction with CRP in our
main collective of haemophilia patients as well as in a BMI-
stratified cohort (patients, n = 27; average BMI, 26.9 kg/m?;
BMI range, 22.4-31.1; donors, n = 38; average BMI, 26.7 kg/
m?; BMI range, 22.3-31.1) (~Fig. 8A, B). In both cohorts,
haemophilia patients exhibited significantly higher plasma
leptin levels than the donors and these results were matched
by an overall increase in CRP in haemophilia. Sub-group
analysis of the BMI-stratified cohort demonstrated that CRP
and leptin closely correlated with the severity of disease as
both parameters were highest in patients with the lowest
residual FVIII or FIX activity (=Fig. 8C, D). These differences
could not be reproduced when we stratified for patients who
receive coagulation factor concentrates on a regular basis
(prophylaxis vs. on demand) or patients that were substi-
tuted with clotting factors recently and, therefore, had a
coagulation factor activity of > 10% at the time of blood
sampling. Moreover, the differences in CRP and leptin were
not related to recent bleeding (< 3 month), arthropathy or
chronic viral infections (~Fig. 8E, F). Together, these data
demonstrate that CRP and leptin levels are increased in
haemophilia patients and, therefore, suggest a link between
clotting deficiencies and chronic low-grade inflammation.

Discussion

The functional coupling between coagulation and inflamma-
tion is well established.">~'> Here, we show that impaired
clotting in haemophilia leads to a deficit in macrophage
differentiation, which negatively affects critical regenerative
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macrophage functions such as wound infiltration and RBC
phagocytosis. The altered macrophage function can be traced
back to increased levels of CRP and leptin that we detected in
the blood circulation of haemophiliacs suggesting that the
diminished clotting activity in haemophilia patients is asso-
ciated with activation of the innate immune system. More-
over, they provide a functional basis for the commonly
observed wound healing deficit in haemophilia.

Following their extravasation from the blood circulation,
monocytes differentiate into macrophages, which play a
central role in orchestrating the response to injury.'’ In
the case of on-going tissue damage or bacterial superinfec-
tion, monocytes polarize into M1 macrophages that maintain
inflammation by secreting pro-inflammatory cytokines.®-?3
However, as soon as inflammation subsides macrophages
switch into an alternatively activated M2 phenotype, which
promotes tissue repair through phagocytosis of neutrophils,
RBCs and cell debris as well as the release of regenerative
growth factors.?*2> This switch occurs typically in response
to M2 cytokines such as TGF-B, IL-4, IL-10 and IL-13.26:%7
However, monocytes can also polarize into M2-like macro-
phages through the mitogenic activity of M-CSF, a growth
factor critical for monocyte and macrophage differentia-
tion.”® This process requires no additional M2 cytokines,
which underscores the concept that monocytes turn into
regenerative macrophages by default as long as no additional
inflammatory stimulus is present.?®2° Notably, this default
mechanism appears to be deregulated in haemophilia mono-
cytes, which spread and polarize only incompletely in
response to M-CSF. Moreover, M-CSF fails to properly induce
clot invasion and phagocytosis in monocytes from haemo-
philiacs raising the question whether haemophilia macro-
phages are competent to fulfil the complex functions that are
included in the wound healing response such as wound
infiltration and induction of a regenerative tissue response.
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Fig. 8 Plasma leptin and Greactive protein (CRP) in haemophilia. (A) Leptin
(ng/mL) and CRP (mg/L) in the plasma from the main patient collective

(H, haemophilia; D, donor). (B) Leptin (ng/mL) and CRP (mg/L) in a weight-
corrected cohort of haemophilia patients (n = 27) and healthy blood donors
(n = 38). (C-F) CRP (C, E) and leptin concentration (D, F) in the plasma

of haemophilia patients with severe versus moderate to mild haemophilia,

with regular coagulation factor prophylaxis versus on-demand therapy, with
effective factor VIIl (haemophilia A) or IX (haemophilia B) activity < or > 10%
at the time of blood collection, with bleeding events < or > 3 months, with
or without arthropathy, or with or without chronic viral infections. “p < 0.05,
“p < 0.01, "p < 0.001. n.s., non-significant.

The functional deficiencies of haemophilia macrophages
could be traced back to impaired filopodia formation as these
actin-rich membrane protrusions represent one of the first
steps to activate the invasive and phagocytic machinery of
monocytic cells.>® The failure of haemophilia macrophages to
generate filopodia was detectable after treatment with M-CSF
as well as GM-CSF. However, while GM-CSF-treated haemo-
philia macrophages remained able to express typical activa-
tion markers such as TNFa and CD206, this process was largely
abated after treatment with M-CSF, which failed to induce
TNFa and CD163 in the context of impaired spreading.'-3*
The deficit in monocyte adhesion is relevant because integrin
cell adhesion receptors play an important role in macrophage

Knowles et al.

differentiation by promoting transcription of CSF1-R, the
receptor of M-CSF, and by amplifying M-CSF-mediated signals
through crosstalk with CSF1-R.3>3® This crosstalk appears to
be deregulated in haemophilia as demonstrated by the marked
reduction of CSF1-R on circulating monocytes in conjunction
with reduced cell surface expression of the receptor tyrosine
kinase Tie2, which we previously found to be involved in cell
spreading and clot invasion.?®37-38 In line with this, it has been
shown that macrophage recruitment to wounds is impaired in
haemophilia B mice, which are similar to macrophage-defi-
cient mice in that they exhibit deficits in wound healing.2-?>3°
However, while the deficiency in macrophage-depleted mice
is lasting, haemophilia mice rather exhibit a delay in monocyte
recruitment since macrophages start to populate wounds at a
later time point. This observation could be owed to reduced
invasion in absence of proper clotting or, alternatively, to the
diminished clot invasiveness of a distinctive monocyte phe-
notype similar to the one we identified in our patients, which
largely fails to invade clotted plasma.

The incapacity to interact with blood clot has not only
consequences for the recruitment of macrophages but also
for their function, which is known to be highly context-
dependent.*® Accordingly, we show here that clot-embedded
donor macrophages suppress the expression of the pro-
inflammatory cytokine TNFa and promote expression of
the anti-inflammatory receptor CD206 in response to M-
CSF after embedding in clotted plasma from healthy donors.
Therefore, these data suggest that blood clot not only is
instrumental in recruiting monocytes but also in providing
an environment that promotes differentiation of regenera-
tive macrophages. Notably, the regenerative potential of
clotted plasma was also effective on haemophilia macro-
phages, which regained the capacity to at least partially
differentiate in response to M-CSF after failing to do so on
plastic. One possible explanation for the corrective potential
of the plasma clot could be the presence of thrombin, which
was added to the monocyte suspension to cleave fibrinogen
and, therefore, generate fibrin. This aspect seems particularly
relevant since we found that thrombin can promote M-CSF-
mediated macrophage polarization. However, there is also
ample precedence that clotted plasma can modulate inflam-
mation through adhesive interactions with different classes
of fibrin(ogen)- and fibronectin-binding integrins on mono-
cytes as well as macrophages.u"”’42

Our data confirm a direct effect of the clotting system on the
function of macrophages. To further analyse the systemic
aspects of the innate immunity in haemophilia, we performed
a proteomics screen, which showed marked up-regulation of
the immune modulatory cytokine leptin, which becomes
released from adipose tissue in obesity and after inflamma-
tion.2"*3 Significantly, treating THP-1 monocytes with recom-
binant leptin reiterates the specific functional and phenotypical
alterations that we observed in haemophilia macrophages. This
link was further solidified by demonstrating that leptin is
significantly increased in a BMI-corrected cohort of haemophi-
lia patients that at the same time harbour increased plasma
levels of CRP, which suggests the presence of chronic low-grade
inflammation similar to what has been described for patients
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with obesity, cardiovascular disease or type 2 diabetes.*4-40

Sub-group analysis revealed low FVIII/FIX activity as the critical
determinant for the increased release of CRP and leptin, while
complications such as bleeding, arthropathy or chronic viral
infections played no or only minor roles. Based on these data, a
concept is emerging wherein haemophilia patients as aresult of
their clotting defect experience increased inflammation, which
is associated with an acute phase reaction and deregulation of
innate immune cells. These changes could aggravate typical
complication of haemophilia such as impaired wound healing
as well as joint inflammation. Moreover, they may offset the
beneficial effects of clotting impairment for the development of
cardiovascular disease in aging haemophiliacs, which strongly
correlates with increased CRP*’ The immune modulatory
changes we describe in haemophilia patients appear to be
multi-factorial and, therefore, are not easily remedied by a
short-lived increase of clotting factor activity as is the case for
most established prophylaxis regiments. Therefore, CRP and
leptin may be useful parameters to evaluate the innate immune
response of haemophilia patients in general, but also in the
context of novel treatment modalities that may provide a longer
lasting correction of the underlying clotting impairment.

What is known about this topic?

» Haemophilia is associated with deficient wound heal-
ing and inflammatory joint disease.

* Macrophages contribute to wound healing as well as
inflammation.

 Coagulation factor deficiencies cause deregulation of
monocyte adhesion and signaling.

What does this paper add?

* Monocyte differentiation is deregulated in haemophi-
lia causing deficits in macrophage functions correlat-
ing with tissue regeneration and wound healing.

 The functional deficits of haemophilia macrophages can
be traced back to increased levels of C-reactive protein
and leptin in the blood circulation of haemophiliacs.

* The diminished clotting activity in haemophilia
patients appears to be directly linked to the activation
of the innate immune response.
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