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Key Points

¢ Blood and its components activated the iRhom2/ADAM17-dependent release of the
proinflammatory cytokine TNF-o from macrophages.

¢ The iRhom2/ADAM17/TNF-a pathway emerged as a potential new target to prevent bone resorption
following a joint bleed in mice.

Abstract

Hemophilic arthropathy (HA) is a debilitating degenerative joint disease that is a major manifestation of
the bleeding disorder hemophilia A. HA typically begins with hemophilic synovitis that resembles
inflammatory arthritides, such as rheumatoid arthritis, and frequently results in bone loss in patients. A
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major cause of theumatoid arthritis is inappropriate release of the proinflammatory cytokine tumor
necrosis factor-a (TNF-a) by the TNF-a convertase (TACE; also referred to as ADAM17) and its
regulator, iRhom2. Therefore, we hypothesized that iRhom2/ADAM17-dependent shedding of TNF-a also
has a pivotal role in mediating HA. Here, we show that addition of blood or its components to
macrophages activates iRhom2/ADAM]17-dependent TNF-a shedding, providing the premise to study the
activation of this pathway by blood in the joint in vivo. For this, we turned to hemophilic FVIII-deficient
mice (£ 8/ mice), which develop a hemarthrosis following needle puncture injury with synovial
inflammation and significant osteopenia adjacent to the affected joint. We found that needle puncture—
induced bleeding leads to increased TNF-a levels in the affected joint of F 8~/ mice. Moreover,
inactivation of TNF-o or iRhom2 in F8/~ mice reduced the osteopenia and synovial inflammation that
develops in this mouse model for HA. Taken together, our results suggest that blood entering the joint
activates the iRhom2/ADAM17/TNF-a pathway, thereby contributing to osteopenia and synovitis in mice.
Therefore, this proinflammatory signaling pathway could emerge as an attractive new target to prevent
osteoporosis and joint damage in HA patients.

Visual Abstract

Introduction

A major manifestation of hemophilia A, an X-linked bleeding disorder, is hemophilic arthropathy (HA), a
serious joint disease caused by intra-articular bleeding.l'l HA typically begins with hemophilic synovitis
(HS), a synovial hyperplasia with inflamed synovium,é followed by cartilage destruction and bone
resorption, resulting in osteopenia. Depending on the severity of the symptoms that develop, HA can have
a devastating impact on patients.l’; Current efforts to prevent HA are mainly focused on management of
acute bleeds and optimizing the schedule for prophylactic factor replacernent,i which has significant
advantages over episodic factor replacement following bleeding.ﬁ'g However, breakthrough bleeds occur
even on the best prophylaxis protocols,m and HA remains a persistent problem and challenge for
hemophilia patients. Therefore, improving the understanding of its pathogenesis and devising novel

treatments remain major unmet needs in this area. >

Patients suffering from hemophilia frequently develop osteopenia or osteoporosis,ﬁ'B raising questions

about whether the underlying mechanism might be related to the presence of blood in the joint. Bleeding
episodes are proposed to cause toxicity for articular chondrocytes by overloading them with iron,ﬁ
resulting in damage to articular cartilage. Moreover, repetitive joint bleeds elicit synovial hypertrophy,
potentially caused by inflammation in the joint and its surrounding tissues.222/ The proinflammatory

cytokine tumor necrosis factor-a (TNF-a) is a major target for treatment of inflammatory arthritis?>22 and

has been implicated in bone resorption.ﬂ'ﬁ TNF-a is synthesized as a membrane-anchored precursor that
is released by the TNF-a convertase (TACE; also referred to as ADAM17).£'ﬁ We have recently
uncovered a crucial role for ADAM17 and its upstream regulator, iRhom?2, in the pathogenesis of
inflammatory arthritis.22=2 Because inflammatory arthritides are caused, at least in part, by inappropriate
activation of iRhom2/ADAM17/TNF-a and because the initial stages of synovitis in HA have been
compared with rheumatoid arthritis (RA),E’@’ﬂ we were interested in determining whether this signaling
pathway could also have a role in HA. We explored this hypothesis using in vitro cell-based assays and a
mouse model for HA to test whether inactivation of iRhom?2 or TNF-a, or treatment with the anti—-TNF-a

biologic etanercept, would affect the development of HA and osteopenia.
Methods

Reagents
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Reagents were from Sigma-Aldrich, unless indicated otherwise. The TNF ELISA kit was from Becton
Dickinson Biosciences Pharmigen (San Diego, CA) (murine: OptEIA #555268; human: OptEIA #550610),
the Hemoglobin Colorimetric assay kit (#700540) was from Cayman Chemical (Ann Arbor, MI), and anti-
Mac2 antibodies (CL8942B) were from Cedarlane (Burlington, Canada). ELISA assays for the
inflammatory marker Calprotectin (CAL35-K01) were from Eagle Biosciences (Nashua, NH). Etanercept
is the generic name for Enbrel (NDC 58406-435-01), a fusion between the human p75TNFR and IgG-Fc.

Mice

Factor VIII-deficient (£ s/ ) female mice (B6;129S4—F8tm1kaZ/J ; The Jackson Laboratory, Bar Harbor,
ME) were crossed with wild-type (WT; C57BL/6J), TNF- 0" (B6;129S-TNF-"" IGKLy. The Jackson
Laboratory), or iRhom2™"~ (C57BL/6J) male mice>Z to generate male F 8" /INF-o'~ or F§/
~/iRhom2™™ mice.

Human subjects

Patients with anterior cruciate ligament (ACL) injury were 14 to 48 years old (mean, 25.4 years). Samples
were taken 4 to 97 days after injury (mean, 45 days; Hospital for Special Surgery Institutional Review
Board protocol #2014-042; all patients provided written informed consent). Calprotectin was measured in
plasma from healthy controls or hemophilia patients with HA (diagnosed clinically by physical
examination; patients with hemophilia A, hemophilia B, or type 3 von Willebrand disease; all with history
of multiple hemarthroses [>20 joint bleeds]; age 19-72 years; 33% on continuous prophylaxis, 14% on
intermittent activity-related prophylaxis, 55% on episodic treatment only with history of 2-10 bleeds per
year during childhood) or disease controls with other bleeding disorders but no history of hemarthrosis
(mild hemophilia A and B, n = 19; types 1 and 2 von Willebrand disease, n = 24; mild factor XI deficiency,
n = 3; mild factor VII deficiency, n = 2; mild factor XIII deficiency, n = 2; mild factor I deficiency, n = 1).
Plasma samples were from a biorepository collected through the Waste Protocol (ie, samples leftover after
blood draw; Institutional Review Board Protocol #HS16-0169). No consent was necessary for these
samples without identifiers. All samples were stored at —80°C.

Cell culture

Mouse bone marrow—derived macrophages (BMDMs) were isolated from C57BL/6J mice, as described,3—5
grown in Dulbecco’s modified Eagle medium (Thermo Fisher, Waltham, MA), 20% fetal bovine serum
(Atlanta Biologicals, Flowery Branch, GA), and 10 ng/mL murine macrophage colony-stimulating factor
(PeproTech, Rocky Hill, NJ). RAW264.7 murine macrophages (RL-2278; American Type Culture
Collection, Manassas, VA) were grown in RPMI 1640 (Thermo Fisher) and 10% fetal bovine serum.

Mouse blood, macrophage treatments, and TNF-a ELISA

Blood isolated by cardiac puncture from TNF- _a”/” mice was either washed twice in 50 mL of RPMI 1640
to isolate fresh blood cells by centrifugation, or it was immediately adjusted to 7.5 mM EDTA and
centrifuged to separate plasma and cells (10 000g, 10 minutes, Eppendorf 5702 centrifuge). EDTA-treated
plasma and cells were frozen at —80°C, thawed, and added undiluted to RAW264.7 cells (50 000 cells per
well, 96-well plates). Fresh blood cells were resuspended at 2 x 107 cells per mL in RPMI 1640 and added
to RAW264.7 cells or mouse BMDMs (0.5 x 10% cells per well; 24-well plate, differential blood counts
showed mainly red blood cells [RBCs; mean 9 x 10° vs white blood cells 1.4 x 10>/ uL] and almost
complete depletion of platelets. Hemin (Sigma-Aldrich), prepared at 1 mg/mL in dimethyl sulfoxide
(Sigma-Aldrich), was used at 20 uM. Mouse Toll-like receptor 1-9 (TLR1-9) agonists (tlrl-kitlmw;
InvivoGen, San Diego, CA) were added to RAW264.7 cells (TLR1/2: Pam3CSK4, 0.1 pg/mL; TLR2:
keyhole limpet hemocyanin, 108 cells per mL; TLR3: polyinosinic-polycytidylic acid, 10 ng/mL and
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polyinosinic-polycytidylic acid low molecular weight, 10 pg/mL; TLR4: lipopolysaccharide from
Escherichia coli, 10 ng/mL; TLRS: flagellin from Salmonella typhimurium, 0.1 ng/mL; TLR6/2: FLS-1,
0.5 pg/mL; TLR7: ssRNA40, 2.5 pg/mL; TLR9: ODN 1826, 2.5 pg/mL). TNF-a shedding from
RAW264.7 cells (1- or 2-hour stimulation) or BMDM:s (4-hour stimulation) was quantified by enzyme-
linked immunosorbent assay (ELISA).

TNF-a in mouse blood and intra-articular hemorrhagic material

Twenty-four hours after needle puncture, blood from F 8~/ mice was collected by cardiac puncture.
Serum was isolated by centrifugation (15 minutes at 10 600g; Eppendorf, Westbury, NY). Intra-articular
hemorrhagic material was harvested from the joint capsule, weighed (AB54-S balance; Mettler Toledo,
Columbus, OH), and ground with a small pestle in phosphate-buffered saline (PBS). Equal amounts of
coagulated F 8~/ blood (1 hour at 37°C) ground in PBS served as control. TNF-a in serum, heparinated
blood, intra-articular hemorrhagic material, or ground coagulated blood was quantified by ELISA and
normalized to the weight of the collected material.

TNF-a and hemoglobin in synovial fluid from patients with ACL injury

Synovial fluid from patients with ACL injury was spun at 2100g for 10 minutes (Legend XTR; Sorvall,
Langenselbold, Germany) to remove cells and debris. TNF-a and hemoglobin were quantified by ELISA
after 1:1 dilution in PBS.

Faxitron

Radiograph images were generated 2 and 12 weeks after hemarthrosis (Specimen DR software version
3.1.0; Faxitron, Tucson, AZ).

HA mouse model

Male 8-12-week-old F8 '~ mice were anesthetized, hair was removed from both knees with clippers, and
the right knee capsule was punctured with a 30-G needle below the patella. The punctured joints were
visually examined for hemorrhage.ﬂ’ﬁ Etanercept treatment (10 mg/kg) was by subcutaneous injection 1
and 7 days after puncture. All procedures were approved by the Hospital for Special Surgery, Weill Cornell
Medicine, or Rush University Medical Center Institutional Animal Care and Use Committee.

Microcomputed tomography

For trabecular bone, 1.35 mm of the distal femur, starting 100 pm from the growth plate, was scanned by
microcomputed tomography (micro-CT) (uCT 35; SCANCO Medical, Briittisellen, Switzerland); for
cortical bone, a 1.4-mm portion of the middiaphysis was used. Scans were on femurs in 70% ethanol using
6-um voxel size, 55 KVp, 0.36° rotation step (180° angular range), and a 400-millisecond exposure per
view. SCANCO Biomedical uCT software (HP DECwindows Motif for Open VMS Version 1.6) was used
for 3-dimensional reconstruction, and volumes were segmented using a global threshold of 0.4 g/c.
Cortical area fraction (cortical area/total area), cortical area, and cortical thickness were calculated for
cortical bone. Bone volume fraction, trabecular thickness, number of trabeculi, and separation of trabeculi
were calculated for trabecular bone.

Histology and histomorphometry

Knees were fixed in 4% paraformaldehyde overnight, decalcified (10 days, 20% EDTA, pH 7.4), and
embedded in paraffin. Sections (7 um) were stained with hematoxylin and eosin or for tartrate-resistant
acid phosphatase (TRAP) with sodium tartrate (50 mM), Naphthol AS-BI phosphate, and 0.02% Fast
Green for counterstaining. TRAP" cells were counted in the secondary spongiosa using a Nikon Labophot
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microscope (Nikon, Tokyo, Japan) at 200x magnification (2 sections per animal, 5 areas per section), and
the osteoclast surface was calculated as described. 2% Anti-Mac?2 antibodies were used to label
macrophages, with hematoxylin counterstaining. Mac2" cells in the synovium were counted in 2 sections
per knee (3 or 4 areas/section) to calculate the number of Mac2" cells per square millimeter.
Histopathological synovitis scoring was performed in a blinded manner using a modified Krenn score (see
supplemental Figure 1 for details, available on the Blood Web si‘ce).4—6'ﬁ

RNA isolation, reverse-transcription PCR, and real-time qPCR

Long bones. Tibiac were isolated 2 weeks after hemarthrosis, cleaned, and stored in RNAlater. Total RNA
was isolated using TRIzol Reagent (Invitrogen, Carlsbad, CA). RNA samples were processed using an
RNeasy Mini Kit (QIAGEN, Valencia, CA). Total RNA (600 ng per sample) was reverse transcribed into
cDNA using 2.5 mM deoxynucleotide triphosphates, RNasin Plus (Promega, Madison, WI), and M-MuLV
Reverse Transcriptase and Random Primer 9 (NEB, Ipswich, MA). Real-time quantitative polymerase
chain reaction (QPCR) was performed on a StepOnePlus (Applied Biosystems, Foster City, CA) using
SYBR Green (Thermo Scientific) and gapdh or trap primers (QuantiTect assay; QIAGEN).

Soft tissue. Joint soft tissue was obtained 3, 7, 14, and 30 days after injury or from intact control mice and
stored in RNAlater. Total RNA for each of 3 samples/group was from 2 or 3 pooled joint tissues and
purified using an RNeasy Micro Kit. RNA was reverse transcribed using random primers (High-Capacity
cDNA Reverse Transcription Kit; Life Technologies, Carlsbad, CA). Real-time PCR was performed using
TagMan custom-ordered probes and primers (ABI ViiA 7 Real-Time PCR System; Life Technologies).

Gene-expression analysis The relative change in 7rap and TNF-o genes compared with reference genes
(gapdh for Trap and Ipo8 and Ubc for TNF-a) was determined using the 2AACT method.

Statistical analysis

The distribution of continuous variables was assessed using the Shapiro-Wilk test. Approximately
normally distributed variables are presented as mean + standard error, whereas nonnormally distributed
variables are presented as median and interquartile range. Pairwise comparisons were assessed using a
Student ¢ test or a Wilcoxon rank-sum test, as appropriate. Bonferroni correction was used to adjust for
multiple comparisons.

Results

Blood and blood degradation products activate iRhom2-dependent release of TNF-a from
macrophages

To test whether blood could trigger the production of TNF-a in myeloid cells, we cocultured mouse
RAW264.7 myeloid cells and freshly isolated RBCs or frozen/thawed plasma or blood cells (see
“Methods”). RBCs and frozen/thawed blood extract promoted significantly increased TNF-a levels after 1
and 2 hours compared with untreated controls (Figure 1A-B). Incubation of RAW264.7 cells with 20 uM
hemin, a major component of RBCs, also triggered a significant induction of TNF-a at 2 hours (Figure 1C
). In similar experiments with primary WT BMDMs or BMDMs lacking iRhom?2, a crucial regulator of the
TNF-a convertase ADAM17 in myeloid cells,ﬂ'ﬁ’ﬂ’ﬂ we found that RBCs or 20 M hemin stimulated
significantly increased TNF-a release from WT BMDMs but very little from iRhom2™~ BMDMs (

Figure 1D-E).

Cells in blood can release damage-associated molecular patterns (DAMPs), such as phospholipids and
nucleic acids, as they disintegrate.ﬂ’ﬁ Because DAMPs could activate pattern recognition receptors
(TLRs) on macrophages, and because TLR4-dependent production of TNF-a in BMDMs is iRhom2
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dependent,ﬂ we tested whether different TLR agonists could induce TNF-a release from macrophages.

We found that activation of TLR1/2, TLR4, TLR6, TLR7, and TLR9 for 2 hours all increased TNF-o
release over untreated controls (Figure 1F). Taken together, these findings suggest that blood and blood
degradation products can induce proinflammatory conditions by activating TNF-a release from BMDMs,
which depends on iRhom?2.

Hemarthrosis triggers TNF-a production in mice and humans

To assess the potential relevance of TNF-o in HA in vivo, we turned to a mouse model for HA. In this
model, F 8~/ mice receive a needle puncture injury to the knee joint.ﬂ’ﬁ This induces intra-articular

bleeding, which progresses to a maximum hemarthrosis within 3 days. When we measured TNF-a levels
in serum or heparin-treated blood from F 8/~ mice, no TNF-a was detected (Figure 2A). However, a
significant TNF-o accumulation was found in the intra-articular hemorrhagic material from the punctured
knees of F8 /™ mice but not in similar amounts of clotted control blood (Figure 2A; see “Methods”). TNF-
o gene expression in soft joint tissues from F 8~ mice at different times after needle puncture showed a

strong upregulation after 3 days, which then receded, but nevertheless remained increased at 7, 14, or 30
days after hemarthrosis (Figure 2B). This suggests that intra-articular bleeding triggers pronounced, but
fleeting, local TNF-a production in the affected joint, presumably from activated synovial macrophages or
immune cells in the blood that entered the joint.

To test whether joint bleeds also trigger TNF-a production in humans, we obtained joint fluid aspirates
from patients following ACL injury, which typically results in hemarthrosis of varying severity. An
analysis of these samples, which were taken up to 12 weeks after the injury, uncovered a significant
correlation between the concentration of hemoglobin (an approximate indicator of the joint bleed severity)
and TNF-a levels (Figure 2C). These findings suggest that intra-articular bleeding also promotes TNF-a

production in humans, thereby establishing a proinflammatory milieu in the joint.

Inactivation of TNF-a or iRhom2 reduces macrophage invasion and synovitis following
hemarthrosis

When the joints of F 8/~ animals were analyzed histopathologically 2 weeks after needle puncture,
substantial synovial thickening with inflammation was observed in the punctured knee (Figure 3B), but not
in the unpunctured control (Figure 3A). Treatment of punctured F 8/~ mice with etanercept to block TNF-
a, or genetic inactivation of TNF-o or iRhom2, reduced synovial inflammation after 2 weeks (Figure 3C-F;
see supplemental Figure 1 for analysis at 12 weeks and a table with inflammation scores at 2 and 12
weeks). Moreover, histopathological analysis showed significantly fewer Mac2* macrophages in F s
~/TNF-0~'~ and F8 ' /iRhom2™™ mice compared with F 8/~ mice (supplemental Figure 2), suggesting
that iRhom2-dependent TNF-a release promotes macrophage invasion into the synovium. Etanercept did
not protect from recruitment of synovial macrophages, perhaps because its levels in the joint space were
not sufficient to fully inactivate TNF-a.

Targeting TNF-a or iRhom2 protects from osteopenia after hemarthrosis

Next, we used micro-CT to assess how the hemarthrosis affects the trabecular and cortical bone adjacent to
the needle-punctured joint or the contralateral control joint at 2 or 12 weeks after injury. At 2 weeks, we
noted severe osteopenia in the trabecular bone adjacent to the hemarthrosis, but not next to the
unpunctured control knee, in F. 8~/ mice (Figure 4A). Treatment of needle-punctured F' 8~/ mice with
etanercept, or the absence of TNF-a or iRhom2, protected from the unilateral trabecular bone loss (

Figure 4A). Quantification by micro-CT corroborated that treatment with etanercept, or TNF-o or iRhom?2
deficiency, offered significant protection from the trabecular bone loss seen in untreated F' 8~/ mice (
Figure 4B-C). At 12 weeks, there was still significant bone loss in needle-punctured F 8/ mice, although
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to a lesser degree than at 2 weeks (~30%), providing evidence for self-repair. The bone loss was prevented
by etanercept and by inactivation of iRhom2 and was reduced in the absence of TNF-a (supplemental
Figure 3). In addition, we noted thickened cortical bone underneath the blood-filled suprapatellar pouch
using Faxitron (supplemental Figure 4) and micro-CT (supplemental Figure 5). Treatment with etanercept
or inactivation of TNF-a largely prevented the cortical thickening, whereas iRhom?2 deficiency had no
significant effect.

The increase in TRAP* osteoclasts depends on TNF-a or iRhom2

To explore the possible cause for the localized trabecular osteopenia adjacent to the hemarthrosis, we
performed staining for TRAP, a marker for osteoclast activation. TRAP staining (red) of F- 8§/ joints,
combined with Fast Green staining of trabecular bone (green), demonstrated a substantial increase in
TRAP osteoclasts on the surface of trabecular bone next to the hemarthrosis (Figure 5A), consistent with

previous studies.** Treatment with etanercept or deficiency of TNF-o or iRhom?2 strongly protected from
bone resorption, as shown by quantification of the osteoclast surface compared with the total bone surface
(Figure 5B). Moreover, all 3 treatment arms led to decreased TRAP gene expression in the distal femur
adjacent to the hemarthrosis, as quantified by qPCR (Figure 5C).

Increase in the inflammation marker calprotectin in HA patients

Taken together, our results suggest that activation of the proinflammatory iRhom2/ADAM17/TNF-a
pathway could contribute to osteopenia and osteoporosis in HA patients. Therefore, we measured the
levels of calprotectin, a TNF-a—dependent marker for detection of residual inﬂarnmation,ﬁ’E in serum of
needle-punctured F 8™/~ mice. We found increased calprotectin in F. 8~/ mice at 2 and 12 weeks after

needle puncture injury (Figure 6A), suggesting that this could be a suitable serum biomarker for

hemarthrosis. We also found increased calprotectin in serum from HA patients compared with healthy
controls and patients suffering from bleeding disorders that do not cause hemarthrosis (Figure 6B),
consistent with the notion that hemarthrosis can elicit inflammation in HA patients.

Discussion

This study was prompted by the observation that the inflammatory stages of HA have some features in
common with inflammatory arthritides, such as RAZ In mice, the proinflammatory
iRhom2/ADAM17/TNF-a pathway contributes to the development of inflammatory arthritis.22 To explore
whether intra-articular bleeding could activate this pathway and, thereby, contribute to the pathogenesis of
HA, we used a combination of in vitro studies with mouse myeloid cells exposed to blood and blood
extracts and a mouse model for HA.

Our observation that blood cells or frozen/thawed blood and hemin, as well as the stimulation of various
Toll-like pattern recognition receptors, promote the production of TNF-a from myeloid cells provides
strong support to the notion that TNF-a signaling might be dysregulated in HA. Our findings highlight the
pleiotropic effects of blood in the joint, which can presumably activate several pathways that promote
production and release of TNF-q, including the activation of TLRs by DAMPs released by cells in the
bleed.2222 The release of the soluble proinflammatory TNF-a depends on ADAM173232 and its upstream
regulator, iRhom2.273%3%:31 oyr findings in a mouse model of HA support the concept that this pathway
is also activated by intra-articular bleeding in mice in vivo. Moreover, hemostatically normal patients who
had suffered an intra-articular bleed through an ACL injury had significantly increased TNF-a in joint
fluid that correlated with hemoglobin concentrations, a surrogate for the amount of blood that entered the
joint. These results are the first, to our knowledge, to explore how bleeding into the joint promotes TNF-a
production. Our findings suggest that blood and blood degradation products promote a proinflammatory
milieu by activating the iRhom2/ADAM17-dependent release of TNF-a from macrophages. The transient
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production of TNF-a can, in turn, elicit long-lasting proinflammatory changes in synovial fibroblasts> and
in the chromatin of target cells (together with type I interferons), which changes the response to
inflammatory stimuli.2 Following a hemarthrosis, the highly increased expression of TNF-a, which
remained elevated for 30 days postinjury, can presumably promote long-lasting changes, such as
osteopenia, although the underlying mechanism of osteoclast activation remains to be established. In
addition, hemophilia patients can suffer from repeated bleeds, which could further exacerbate their joint
inflammation. These findings may potentially be relevant for other conditions, such as following a
hemorrhagic stroke or fever, in which bleeding could activate immune cells to produce TNF-a.

Inactivation of TNF-a or iRhom2 prevents synovial thickening and inflammation in a mouse model for
inflammatory arthritis.>2 Interestingly, deficiency in TNF-a or iRhom?2 also reduced the degree of synovial
inflammation in the HA model. Moreover, the unilateral osteopenia in the trabecular bone adjacent to the
hemarthrosis in 78/~ mice could be largely prevented by etanercept or by inactivation of TNF-a or

iRhom2. This finding is particularly interesting in light of previous studies demonstrating that HA is
associated with osteoporosis in patlentslz’u’5 263 and in hemophilic mice,™— 64-66 pecause it suggests that the
local release of TNF-a from the hemarthrosis has a role in promoting osteopenia in vivo. The lack of
osteopenia in the contralateral control femur demonstrates that, in this mouse model of HA, TNF-a acts
locally and not systemically. Perhaps the TNF-a produced in the joint space can enter the trabecular bone
through channels connecting these 2 locations, which have also been implicated in the development of
subchondral bone damage in RA and osteoarthritis. 61 The underlying mechanism most likely involves a
TNF-a—dependent activation of osteoclastogenesis, 68,60 leadlng to osteopenia and bone resorption.
Moreover, anti-TNF-a treatment also helps to prevent bone resorption in patients with RA and

30317071 apd in inflammatory arthritis models in mice. 213 Interestingly,

unilateral osteopenia adjacent to the injured knee can occur in patients following ACL injury,ﬂ’H raising

inflammatory bowel disease=

questions about a possible role for TNF-a in this process. In light of the significant variability in the
development of HA in hemophiliacs with similar severities of factor deﬁciency,ﬂ it will be interesting to
determine whether polymorphisms in the iRhom2/ADAM17/TNF-a pathway or other inflammatory
cytokines might contribute to this variability. Finally, it should be noted that factor VIII has been
implicate7d5 in systemic bone remodeling through modulation of the thrombin/protease activated receptor 1
pathway.™=

In addition to the osteopenia in trabecular bone, we observed local cortical thickening of the femur
immediately under the blood-filled suprapatellar pouch.ﬂ’ﬂ This localized cortical thickening depended
on TNF-o but not on iRhom2. Perhaps membrane-anchored TNF-a is important for cortical thickening,
which would be blocked by etanercept and removed in TNF" _a”" mice but would still be present in
iRhom2™'~ mice, which lack mature ADAM17 on myeloid cells. 222 Alternatively, inactivation of
iRhom2/ADAM17 could affect other substrates on BMDM:s that counteract the effect of inactivating TNF-
a. These results also suggest that cortical bone responds differently to increased TNF-a than does
trabecular bone. Although the relevance of this observation to human HA remains to be established, the
differential response of cortical and trabecular bone to TNF-a (ie, thickening vs resorption) could provide
an opportunity to explore the underlying bone biology. Finally, it should be noted that IL-1f induced
chondrocyte damage in cocultures in vitro, whereas TNF-a did not,”® further supporting the notion that

different cell types have distinct responses to TNF-a.

Identification of biomarkers for HA is considered an important goal, L 50 our observation that the
inflammation marker calprotectin 33,36 \as significantly upregulated in HA mice and HA patients supports
the concept that joint bleeds, especially repetitive bleeds, can promote a systemic proinflammatory state.®
Because none of these samples were obtained around the time of acute hemarthrosis, our data suggest that
calprotectin, whose expression is TNF-o dependent, is a marker of persistent inflammation, as seen in RA
and also in 8/~ mice at 12 weeks after injury. The increased bone resorption in HA mice is consistent
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with the significant increase in the bone resorption biomarker CTX-1 in HA patients.B Taken together,
these findings suggest that intra-articular bleeding promotes bone resorption. In principle, regular
prophylactic factor replacement therapy is considered the gold standard to prevent HA, although it does
not completely prevent joint disease.® Previous studies have found increased proinflammatory cytokines,
such as interleukin-6 (IL-6), IL-1B, KC, and MCP-1, in hemarthroses’> and increased IL-1, IL-6, and
TNF-a in cultured synovial tissue from hemophilia patients. Moreover, anti—IL-6R and anti-TNF-a
antagonists protect against HA when given with factor replacement.z—5 Finally, osteoprotegerin, RANK,
and RANKL, as well as angiogenesis, are thought to contribute to the inflammatory process and
pathogenesis in HA 2982 That the bone resorption in mouse HA depends on iRhom2/TNF-a raises the
possibility that bone resorption in HA patients could be prevented by anti—-TNF-a biologics.

In summary, this study established that blood and blood degradation products elicit the production and
release of TNF-a from macrophages in vitro. This requires the presence of iRhom?2 to support the shedding
of TNF-a by the TNF-a convertase (ADAM17). Moreover, TNF-o expression was increased in the joint
soft tissue of mice following needle-puncture injury and in the synovial fluid of patients suffering from
hemarthrosis caused by an ACL injury. In mice, the activation of osteoclasts and the resulting osteopenia
in the trabecular bone adjacent to the hemarthrosis were prevented by genetic inactivation of TNF-a or
iRhom?2 or by treatment with etanercept. Previous studies have reported an increase in osteoporosis in HA
patients,ﬁ’u’ﬁ'ﬁ yet little is known about the underlying mechanism. Our results provide new insights
into the role of the iRhom2/TNF-a pathway in bone resorption and synovial inflammation in F 8§/ mice,
thereby uncovering this signaling axis as a potential new target for prevention of osteoporosis and joint
damage in HA patients.

Supplementary Material

The online version of this article contains a data supplement.
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The iRhom2/ADAM17/TNFa pathway promotes blood-
induced bone loss in hemophilic mice
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Coculture of mouse macrophages with fresh blood or blood degradation products. RBCs (4 x 109/mL) (1 hour, 38 +
38 pg/mL; 2 hours, 146 + 25 pg/mL) (A) and blood extract from frozen and thawed blood (1 hour, 104 + 21 pg/mL; 2
hours, 167 + 23 pg/mL) (B) promoted significantly increased TNF-a shedding from RAW 264.7 cells compared with their
controls. (C) Incubation of RAW 264.7 cells with 20 uM hemin also stimulated the release of TNF-a (45 + 5 pg/mL
compared with dimethyl sulfoxide—treated cells, 1 + 0.8 pg/mL). Incubation with RBC for 4 hours (4 x 10%/mL) (D) or
with 20 uM hemin for 2 hours (E) stimulated the shedding of TNF-a from WT BMDMs (RBCs, 185 £56 pg/mL; hemin,
80 + 8 pg/mL), but not from BMDM s lacking iRhom2 (iRhom2~~; RBCs, 21 + 7 pg/mL; hemin, 30 + 6 pg/mL). (F)
Activation of different TLRs on RAW 264.7 cells for 2 hours also triggered the production of TNF-a from macrophages
(1424 + 445 pg/mL for TLR1/2-Pam3CSK4 [0.1 pg/mL]; 1008 + 191 pg/mL for TLR2, keyhole limpet hemocyanin (108
cells per mL); 1787 + 671 pg/mL for TLR4, lipopolysaccharide from E. coli (10 ng/mL); 714 + 278 pg/mL for TLR6/2,
FLS-1 (0.5 pg/mL); 506 + 23 pg/mL for TLR7-ssRNA40 (2.5 pg/mL); 2601 + 1185 pg/mL for TLR9, ODN1826 [2.5
pg/mL]). The mean = SEM of 3 independent experiments in triplicate are shown. *P > .05 vs untreated control (A,D), vs
EDTA-treated control (B), or vs DMSO-treated control (C,E).
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Hemarthrosis promotes TNF-o production. (A) TNF-o was measured by ELISA in serum isolated from F 8§/~ mice
(5.5£0.2 pg/mL; n =7) 2 days after needle-puncture injury or in intra-articular hemorrhagic material isolated from the
right knee of the same F8/~ mice (83 =34 pg/mL; n = 6). As control, TNF-a was also measured in heparin-treated blood
(0.6 £ 0.6 pg/mL; n = 6) and in clotted blood (1.2 £+ 1.2 pg/mL; n = 6) from F8/~ mice. (B) Measurement of TNF-a.
mRNA expression by gPCR following needle-puncture injury of F8/~ mice showed significantly increased expression at
3,7, 14, and 30 days after the injury (13-, 5-, 6.4-, and 3.6-fold increase, respectively, compared with control; n =3
independent experiments for each group and time point). For each experiment and time point, 2 or 3 joint tissues were
pooled. (C) Joint exudates from patients following ACL injury showed a correlation between the hemoglobin
concentration (an indicator of lysed blood in the joint fluid) and the levels of TNF-a. *P < .05 vs control.
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Figure 3.

Histopathological analysis of the knee joints 2 weeks after needle injury. Unpunctured control joints of F. 8/~ mice
(A) and severe thickening of the synovium with inflammation in the punctured, but untreated, joints of F 8/~ animals (B).
Representative hematoxylin and eosin—stained sections of joints from needle-punctured F8 /™ animals treated with the
anti-TNF-a biologic etanercept (C) or from F 8§/ TNF-a~/~ (D) or F. 8/"iRhom2™~ mice (E). (F) Evaluation of
synovitis using a modified Krenn score indicated high levels in untreated needle-punctured F8 /™ mice (8.5 + 0.2; n = 6),
with significantly reduced levels in etanercept-treated F87/~ mice (53+1.4;n=7), F8/~/TNF-o/~ mice (6.8+0.6n=
6), and F 8~/~/iRhom2™'~ mice (6.2 £0.4; n=9). The images shown are representative for the average synovial
inflammation observed in each treatment group; yellow arrows denote the analyzed synovial area. Scale bars, 100 um.
Please see supplemental Figure 1 for details. *P < .05 vs untreated F' 8™/~ mice. F, femur; m, meniscus; T, tibia.
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Figure 4.
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Evaluation of the development of osteopenia in the trabecular bone adjacent to the hemarthrosis, but not in the
control knee, of F8 mice. (A) Micro-CT analysis of trabecular bone showed significant bone loss next to the
hemarthrosis, but not next to the control joint, of F8/~ mice. The bone erosion was reduced by treatment with etanercept
or in TNF-o—knockout or iRhom2-knockout mice. The micro-CT images shown are representative for the average sample
of each treatment group. Quantification of the bone volume to total volume fraction (BV/TV) (B) and trabecular number
(C) is shown as the percentage reduction compared with the unpunctured control knee (75% = 4% and 39% + 4%,
respectively, for untreated F' 8/~ mice [n=8]; 51% + 6% and 11% =+ 4%, respectively, for etanercept-treated F8/~ mice
[n=5]; 48% = 6% and 15% + 4% for F§ /~/TNF-o./ mice [n = 7]; 49% + 5.7% and 18% + 3% for F§8 '~ /iRhom2 ™/~
mice [n = 10]). *P <.005, **P <.001 vs untreated F8/~ mice.
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Figure 5.
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Evaluation of the osteoclastic phenotype by staining for TRAP and evaluation of its gene expression. (A) Fast Green
staining of trabecular bone (green) and TRAP staining (red, see arrows) of the knee joints of F 8/~ mice that were not
subjected to needle puncture (unpunctured), or were punctured and were left untreated or treated with etanercept, or were
punctured with additional genetic inactivation of TNF-o or iRhom?2 (left panels: original magnification x40; right panels:
original magnification x200). The micrographs shown are representative for the average sample of each treatment group.
(B) Quantification of the osteoclast surface compared with the total bone surface (Oc. S/BS) in unpunctured versus
punctured joints (11% + 1% and 26% =+ 4%, respectively, for F. 8/~ mice [n=6]; 10% + 1% and 10% + 1%, respectively,
for etanercept-treated F8/~ mice [n="7], 11.6% £ 0.7% and 11.5% + 1%, respectively, for F8/~/TNF-a/~ mice [n=7];
8.4% £ 1% and 9.8% = 1%, respectively, for F8/~/iRhom2™'~ mice [n = 9. (C) gPCR analysis of TRAP gene
expression (fold change) compared with the unpunctured joint (3.3-fold for F 8~/ mice [n = 5]; 0.8-fold for etanercept-
treated F8 /™ mice [n = 3]; 1.4-fold for F§/~/TNF-o./~ mice [n = 4]; and 1.7-fold for F8 7/~ /iRhom2™~ mice [n = 4]).
*P < .05 vs unpunctured untreated, **P < .05 vs punctured untreated.
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Figure 6.
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Increased production of calprotectin, a biomarker for inflammation, in F87 “punctured mice and HA patients. (A)
The inflammation marker calprotectin was higher in serum of F. 8§/ punctured mice at 2 weeks (58 + 23 pg/mL; n = 3)
and 12 weeks (21 £7 pg/mL; n = 7) compared with unpunctured F 8§/~ mice, where calprotectin was not detectable (0 = 0
pg/mL; n = 3). (B) Calprotectin levels in hemophilia A patients were 57 = 4 pg/mL (n = 40), in healthy controls they were
32 + 3 pg/mL (n = 23) and in disease controls they were 38 + 2 pg/mL (n = 36) (see “Methods” for details). *P <.001.
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