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Maladaptive lymphangiogenesis is associated with synovial
iron accumulation and delayed Clearance in FVIII-- mice after
induced hemarthrosis

Esther J Cookel”, Bilgimol C Joseph®*, Chanond A Nasamran?, Kathleen M Fisch?,
Annette von Drygalskil

lUniversity of California San Diego, Department of Medicine, Division of Hematology/Oncology,
La Jolla, CA, USA

2University of California San Diego, Center for Computational Biology and Bioinformatics, La
Jolla, CA, USA

Abstract
Background: Mechanisms of iron clearance from hemophilic joints are unknown.

Objectives: To better understand mechanisms of iron clearance following joint bleeding in a
mouse model of hemophilia.

Methods: Hemarthrosis was induced by subpatellar puncture in FVI11=/~ mice, +/- peri-
procedural recombinant human FVIII (rhFVIII), and in hypocoagulable (HYPBALB/c) mice.
HYPOBALB/c mice experienced transient FVI111-deficiency (anti-FVI11 antibody) at the time of
injury combined with warfarin-induced hypocoagulability. Synovial tissue was harvested weekly
up to 6 weeks after injury for histological analysis, ferric iron and macrophage accumulation
(CD68), blood and lymphatic vessel remodeling (aSMA; LYVEL1). Synovial RNA sequencing was
performed for FVI117~ mice at Days 0, 3 and 14 after injury to quantify expression changes of
iron regulators and lymphatic markers.

Results: Bleed volumes were similar in FVI117/~ and HYP°BALB/c mice. However, pronounced
and prolonged synovial iron accumulation co-localizing with macrophages, and impaired
lymphangiogenesis were only detected in FVI11~/~ mice and were prevented by peri-procedural
FVII11. Gene expression changes involved in iron handling (some genes with dual roles in
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inflammation) and lymphatic markers supported pro-inflammatory milieu with iron retention and
disturbed lymphangiogenesis.

Conclusions: Accumulation and delayed clearance of iron-laden macrophages was associated
with defective lymphangiogenesis after hemarthrosis in FVI117~ mice. The absence of such
findings in HYPOBALB/c mice suggests that intact lymphatics are required for removal of iron-
laden-macrophages, and that these processes depend on FVII1 availability. Studies to elucidate the
biological mechanisms of disturbed lymphangiogenesis in hemophilia appear critical to develop
new therapeutic targets.
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1 Introduction

Hemophilia A (Factor VI [FVIII] deficiency) causes recurrent joint bleeding, which cannot
be fully prevented despite improvements in prophylactic clotting factor and factorless
replacement therapies [1, 2]. Hemarthroses cause a progressive arthropathy (hemophilic
arthropathy [HA]), characterized by synovial inflammation and vascular remodeling, as well
as osteochondral damage [3, 4].

After hemarthrosis, iron is released into the surrounding tissue by lysis of extravasated
erythrocytes. Extracellular ferrous iron (Fe2*) is converted to ferric iron (Fe3*) for storage,
causing oxidative stress and cellular injury due to formation of superoxide, hydrogen
peroxide, and hydroxyl radicals [5]. Synovial ferric iron is stored as extracellular aggregates
known as hemosiderin, or intracellularly in type A (macrophage-like) synoviocytes [6].
Synovial hemosiderin accumulation is widely reported in patients with hemophilia and has
been ascribed a major role in creating a toxic milieu promoting joint destruction [7, 8].

Exposure of synoviocytes to iron stimulates synovial proliferation and hypertrophy via
upregulation of proto-oncogenes C-mycand MadmZ2[9, 10]. It also triggers the release of
proinflammatory cytokines, including interleukin (IL)-1p, IL-6, and tumor necrosis factor
(TNF)-a from synoviocytes and infiltrating M1 macrophages [11-14]. Additionally, iron-
induced oxidative stress causes chondrocyte apoptosis and impaired osteoblast function [15],
whereby cartilage iron loading has been associated with poorer clinical joint outcomes [16,
17].

We previously demonstrated in humans and mice that hemarthrosis provokes vascular
changes, including neovascularization, vascular remodeling, and increased vascular
permeability, which may promote rebleeding [13, 14, 18]. In mouse models synovitis and
vascular changes associated with hemarthrosis were more pronounced in FVII17~ mice than
in HYPOBALB/c mice with similar bleed volumes [14]. In turn, this may influence prolonged
iron retention in the joint since inflammation has been shown to be associated with iron
retention in the reticuloendothelial system [19, 20].
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Despite growing evidence that iron accumulation contributes to the progression of HA,
which includes studies related to the usefulness of iron chelators in HA [21, 22], the
processes involved in trafficking excess iron out of the joint tissue have not been described.
This study aimed to examine the extent and duration of synovial iron accumulation

after hemarthrosis, with a comparison of responses in FVII11~~ mice (+/-rhFVIII) and
HYPOBALB/c mice. Further, we explored mechanisms of iron clearance by examining gene
expression changes, tissue hypertrophy, macrophage infiltration, and vascular remodeling in
relation to synovial iron levels. This included visualization of lymphatic vessel remodeling,
which has not previously been studied in HA.

2 Materials and Methods

2.1 Mice

FVIII-deficient (FVI11™/") mice on a BALB/c background were provided by Prof. David
Lillicrap (Queen’s University, Kingston, ON) [23] and BALB/cByJ mice were purchased
from Jackson Laboratories (Bar Harbor, ME). In-house breeding colonies were established,
and housing conditions and experiments were in accordance with guidelines and protocols
approved by the Institutional Animal Care and Use Committee at the University of
California San Diego (UCSD).

2.2 Knee injury to induce hemarthrosis in FVIII~/~ mice

Skeletally mature (12-16 weeks old) FVI117~ mice of both genders were used to induce
hemarthrosis by 4 subpatellar punctures of the right knee with a 30-gauge needle. The
extent of intra-/peri-articular bleeding was inferred in all mice by determination of a spun
hematocrit on Day 2 after injury [13, 14, 18]. A subset of FVII1~~ mice were treated

with 100 1U/kg recombinant human FVIII (rhFVIII) prophylaxis given intravenously 2
hours before knee puncture, with a second dose 6 hours later (“peri-procedural” rhFVI11
administration). The 100 1U/kg dose effectively reduces joint bleeding after knee injury [14,
24]. All other mice were administered an equivalent volume of saline (vehicle control) by
intravenous injection. Joint tissue was harvested at baseline and Day 3, 2 weeks, 4 weeks, or
6 weeks after injury for histology. Synovial tissue was harvested at baseline, Day 3, and 2
weeks after injury for RNA sequencing.

2.3 Knee injury to induce hemarthrosis in hypocoagulable wild-type mice

A model of hemarthrosis with reversible hemostasis suppression in BALB/c mice
(HYPOBALB/c model) was used, as described previously [14], to elicit comparable joint
bleeding to FVII17/~ mice. Briefly, BALB/cByJ mice were fed 7.5 to 10 pg/mL warfarin
dissolved in drinking water for 7 days and injected intravenously with 0.25 mg/kg anti-FVI11
(GMA-8015) to induce hypocoagulability 2 hours before knee injury. Hemarthrosis was
induced by several subpatellar punctures of the right knee with a 30-gauge needle. On Day 2
after knee injury, warfarin was discontinued and mice were injected with 100 1U/kg 4-factor
prothrombin complex concentrate (4F-PCC) [14] to reverse the effects of warfarin. The
hematocrit was determined on Day 2 as a measure of joint bleeding and joint tissue was
harvested at 2 and 4 weeks after injury.

J Thromb Haemost. Author manuscript; available in PMC 2024 January 17.
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2.4 Joint tissue harvest and Perls’ Prussian blue staining

Joint tissue from injured FVI117~ mice and HYPOBALB/c mice was fixed in 10% zinc-
buffered formalin (Z-Fix) (Anatech, Battle Creek, MI) for 2 days with gentle shaking

and decalcified in 10% (v/v) formic acid +/-0.2% (w/v) potassium ferrocyanide for Perls’
Prussian blue staining of ferric iron (Fe3*). Decalcified joints were processed, embedded

in paraffin wax, and sectioned (4um) for imaging and immunohistochemistry procedures
[16]. After deparaffinization and mounting, Prussian blue-stained slides were imaged using a
NanoZoomer 2.0-HT brightfield slide scanner at 20x magnification (Hamamatsu Photonics,
Hamamatsu, Japan). Prussian blue staining was quantified in synovial tissue using ImageJ
software (National Institutes of Health, Bethesda, MD, USA).

2.5 Immunohistochemistry/immunofluorescence

Immunohistochemistry was performed to detect CD68 as a marker for macrophages

and macrophage-like synoviocytes (rabbit polyclonal anti-CD68 [ab125212]; abcam,
Cambridge, MA, USA), a-smooth muscle actin (aSMA) as a marker for remodeling
vessels (rabbit polyclonal anti-aSMA [ab5694]; abcam), and lymphatic vessel endothelial
receptor 1 (LYVEL) as a marker for lymphatic vessels (goat polyclonal anti-LYVE1
[AF2125]; R&D Systems, Minneapolis, MN, USA) in synovial tissue. Primary antibodies
were detected with ImmPress AP Horse Anti-Rabbit/Anti-Goat 1gG Polymer Detection Kits
and Vector Red Alkaline Phosphatase Substrate Kit (Vector Laboratories, Burlingame, CA,
USA). Gross morphology and extravasated erythrocytes were visualized by Safranin-O-Fast
Green staining [13, 14]. Slides were scanned using a NanoZoomer 2.0-HT brightfield

slide scanner at 20x magnification. Tissue area and stained areas were quantified using
ImageJ. For immunofluorescence, the same antibodies were used to detect LYVE1 and
aSMA in synovium, followed by donkey anti-goat Alexa Fluor 647 and donkey anti-rabbit
Alexa Fluor 594 (Jackson Immunoresearch, West Grove, PA, USA) secondary antibodies,
respectively. Slides were mounted with media containing 4”,6-diamidino-2-phenylindole
(DAPI) and imaged by laser scanning confocal microscopy on a Zeiss LSM 880 microscope
(Zeiss, Oberkochen, Germany) at 10x magnification.

2.6 RNA sequencing

Synovial tissue was harvested from FVII1~/~ mice at baseline, Day 3, and 2 weeks after
injury. RNA isolation and RNA sequencing were performed as described previously and
detailed briefly below [13, 14]. A NEBNext® Poly(A) mRNA Magnetic Isolation Module
(New England Biolabs, Ipswich, MA, USA) was used for polyA selection of splenic RNA
(100 ng), followed by library preparation with a NEBNext Ultra Il Directional RNA Library
Prep Kit (New England Biolabs). A SMART-Seq® v4 Ultra® Low Input RNA Kit (Takara
Bio, Mountain View, CA, USA) was used to generate cDNA from total synovial RNA (8
ng) and libraries were generated using an NEBNext® Ultra™ 11 DNA Library Prep Kit (New
England Biolabs). All cDNA libraries were cleaned using 0.9X AmPure XP Beads (New
England Biolabs) and sequenced on a NextSeg500 system (Illumina, San Diego, CA, USA)
(75bp; single-end) to generate approximately 20 million reads per sample. RNA sequencing
was performed by the Institute for Genomic Medicine (IGM) Genomics Center at UCSD.

J Thromb Haemost. Author manuscript; available in PMC 2024 January 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cooke et al.

Page 5

2.7 Sequencing data analysis

Primary RNAseq data analyses were carried out by UCSD Center for Computational
Biology and Bioinformatics as described previously [13, 14]. FastQC v0.11.4 was used for
quality control checks on raw sequencing data and Salmon v0.7.2 [25] was used for gene-
level expression quantification. Subsequent analyses included trimmed mean of M-values
(TMM) normalization [26], differential expression analyses using the limma-voom method
[27], filtering lowly expressed genes (counts per million >1 in 210 samples), and controlling
for batch effects. Significance was defined by an adjusted p-value <0.05 after multiple
testing corrections using a moderated t-statistic in limma. Heat maps were generated using
Morpheus (https://software.broadinstitute.org/morpheus).

2.8 Statistical analyses

Data are expressed as median plus interquartile range and statistical comparisons were made
using the Kruskal-Wallis test with Dunn’s multiple comparison test. Relationships between
histological parameters were assessed using Spearman’s rank correlation analysis. In all
cases, a p-value <0.05 was considered statistically significant. For RNAseq data, the criteria
for differential expression were i) log, fold-change of magnitude >1 and ii) adjusted p-value
<0.05.

3 Results

3.1 Hemarthrosis and synovial hypertrophy in FVIII7~ and FYPOBALB/c mice after knee

injury

A schematic representation of the experimental groups is provided in Supplementary Figure
1. The use of the HYPOBALB/c model [14] in comparison to FVII1~/~ mice provided

the unique opportunity to study the effects of long-term intrinsic FVI1I availability, after
recovery from a temporary (few days) depletion of intrinsic FVIII activity (anti-FVI11
antibody treatment), on iron clearance from the joint. The combined use of anti-FVIl1I
antibody and warfarin (reversed 2 days post-bleed) to generate HYPOBALB/c mice was
necessary, since warfarin or anti-FV1I1 antibody alone do not facilitate joint bleeding equal
to FVII~/~ mice [28].

For injured FVII1=/~ mice, the mean Day 2 hematocrit (joint bleeding) was similar for

all saline-treated groups (~30%) and significantly lower compared to baseline (47.5%).
Peri-procedural rhFVI1I maintained hematocrits that were comparable to baseline. The mean
Day 2 hematocrit for injured HYPOBALB/c mice (~34%) was comparable to injured FVII17/~
mice, as previously reported [14] (Supplementary Figure 2).

Synovial hypertrophy was determined histologically in harvested joint tissue by quantifying
synovial tissue area (Supplementary Figure 3). Tissue area was expanded in all groups

of injured FVIII/~ mice compared to baseline, peaking at 2 weeks after injury (2.5-fold
increase, p=0.008). Despite the reduction in bleed volume, peri-procedural rhFVIII caused
a similar expansion in tissue area at 2 weeks (2.6-fold, p=0.03) compared to saline-treated
mice. Tissue expansion was mild in HYPOBALB/c mice at 2 and 4 weeks (1.2-fold and

J Thromb Haemost. Author manuscript; available in PMC 2024 January 17.
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1.6-fold, respectively; p<0.05) after knee injury compared to baseline, and lower than in
FVII~~ mice.

3.2 Iron accumulation in synovial tissue after knee injury in FVIII~ and HYPOBALB/c mice

Using a sensitive method of Prussian blue staining during decalcification [16], ferric iron
was quantified in synovial tissue at multiple time points from Day 3 to 6 weeks after knee
injury. In FVII1™/~ mice, there was a large increase in ferric iron accumulation at 2 weeks
(331-fold, p=0.0003) and 4 weeks (466-fold, p=0.0009) after injury relative to baseline, with
moderate levels persisting at 6 weeks (13-fold, p=0.01) (Figure 1A). Prussian blue levels
at 2 weeks after injury in rhFVIlI-treated mice were comparable to baseline levels (Figure
1 A), indicating that bleed prevention prevented iron accumulation. There was a positive
correlation between synovial ferric iron levels and soft tissue area (r=0.4626, p=0.02)
(Figure 1B), suggesting that iron accumulation and synovial hypertrophy are intertwined in
FVIII7/~ mice. The distribution of synovial ferric iron changed over time from a diffuse
appearance at 2 weeks to distinct clusters of iron at later time points. Representative
examples are depicted in Figure 1C. On Day 3 after injury, there was an abundance of
erythrocytes in the joint space with visible hematomas but very little Prussian blue (Figure
1D), suggesting that iron from extravasated erythrocytes is converted to the ferric form
between Day 3 and 2 weeks after injury.

In HYPOBALB/c mice, an increase in Prussian blue was observed at 2 weeks after injury
(50-fold, p=0.01), which was significantly less (14-fold, p=0.03) than in FVII1™~ mice
despite a similar bleed volume (Figure 1E). In contrast to FVII1™~ mice, the Prussian

blue accumulation had subsided to near baseline levels at 4 weeks. This suggests that iron
accumulation and clearance are not dependent on bleed volume and that these processes are
impaired in FVII1~/~ mice. Since FVIII deficiency was only transient in the HYP°BALB/c
mice at the time of bleeding, but enduring in the FVI11~/~ mice, iron clearance appears
dependent on FVIII availability during the healing phase.

3.3 Differential gene expression of iron regulators in synovial tissue in FVIII™~ mice after

knee injury

To investigate potential mechanisms of iron transport and clearance, we studied synovial
gene expression changes after induced joint bleeding in FVIII™/~ mice, +/-rhFVIII
treatment, by RNAseq (n=3-5 per group). We previously published RNAseq results of
differential gene expression pertaining to tissue and vascular remodeling [14]. Here, we
explored gene expression changes relating to iron uptake and transport (Reactome pathway
R-MMU-917937) [29] in synovium on Day 3 and 2 weeks after knee injury. Among 48
genes in the pathway, 13 were differentially expressed and their functions are listed in Table
1. Figure 2 provides a visual representation of expression changes for all genes in this
pathway. The full list of genes with their respective log, fold-change and adjusted p-values
are provided in the supplementary information (Supplementary Table 1).

The expression levels were generally highest on Day 3 and fell to baseline at 2 weeks for
approximately half of the genes. RhFVI11 dampened the differential expression for most of

J Thromb Haemost. Author manuscript; available in PMC 2024 January 17.
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the genes but did not fully normalize the gene expression pattern despite negligible joint
bleed volume (Supplementary Figure 2) and no ferric iron accumulation (Figure 1A).

The most highly upregulated gene was HmoxI (hemoxygenase-1), which exhibited a
31-fold increase in expression on Day 3 (p=3.0x107%) and a 3-fold increase at 2 weeks
(p=0.003), both compared to baseline. Upregulation on Day 3 was dampened with rhFVIII
(8-fold, p<0.0001). Hemogygenase-1 is broadly expressed in various tissues, is induced by
stressors such as reactive oxygen species [30], and also responsible for intracellular heme
degradation, thereby reducing heme cytotoxicity [31]. A similar expression pattern was
observed for Afp6v0ad2 (V-ATPase subunit D2 gene) (Table 1).

Conversely, there was a strong down-regulation of the gene encoding ceruloplasmin (Cp)
(17-fold on Day 3, p=5.4x107°), a ferroxidase working in tandem with ferroportin and
hephaestin to facilitate iron export [32]. This effect was dampened by rhFVIII (8-fold
down-regulation relative to baseline, p=7.4x107°). The hephaestin (ceruloplasmin homolog)
gene (Heph) was also down-regulated on Day 3 (5-fold, p=0.002) and 2 weeks (3-fold,
p=0.01), and rhFVIII did not dampen this effect (Table 1). The iron exporter ferroportin
(solute carrier family 40 member 1 [S/c40a1]) was not significantly affected. The profound
downregulation of 2 of 3 major genes facilitating iron export (Cp, Hep/j), suggests a
tendency towards intracellular iron retention in FVI11~/~ mice post-bleed. Since the observed
gene expression changes were only partially corrected by rhFVIII, they appeared to be
triggered by small amounts of blood.

There was a 5-fold down-regulation of CdZ63 (encoding the macrophage hemoglobin
scavenger) on Day 3 (p=0.03), persisting at 2 weeks (3-fold decrease, p=0.02) normalized
by rhFVI1II (no differential expression) at both time points (Table 1). Cd63is expressed on
M2-polarized macrophages, exerting anti-inflammatory properties [33—-35], which may have
been hampered in saline-treated mice.

Other differentially expressed genes involved in iron recycling, but whose roles are less well
described, included Lcn2, Slc11al, Tfre, Acol, Slc22al7, and genes encoding V-ATPase.
Their protein names and functions are displayed in Table 1.

3.4 Synovial macrophage infiltration and/or differentiation in relation to iron
accumulation after joint injury in FVIII7~and HYPOBALB/c mice

Based on these findings we sought to examine the relationship between macrophage and
iron accumulation in synovial tissue after joint bleeding. Infiltration of macrophages into
inflamed hemophilic synovium has been described previously [12, 31]. Macrophages ingest
iron by erythrophagocytosis and/or CD163 mediated scavenging of hemoglobin [36]. We
studied a time course of CD68 expression in association with synovial ferric iron levels in
FVII~~ mice (+/-rhFVIII) and HYPOBALB/c mice.

In FVI11~"~ mice, CD68 expression remained at baseline on Day 3 but was profoundly
elevated at 2 weeks (40-fold, p<0.0001 and 4 weeks (14-fold, p=0>0.05) after injury,
subsiding somewhat at 6 weeks (15-fold increase, p>0.05) (Figure 3A and B). As with
Prussian blue staining, CD68-positive cells were dispersed throughout the synovium at 2

J Thromb Haemost. Author manuscript; available in PMC 2024 January 17.
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weeks but appeared clustered at 4 weeks and 6 weeks after injury (Figure 3A), largely
co-localizing with ferric iron deposits (Figure 3D). This suggests synaovial clustering of
iron-laden macrophages between 2 and 4 weeks after injury. There was a strong positive
correlation between synovial ferric iron and CD68 expression (r=0.8992, p<0.0001) (Figure
3E), further supporting a relationship between macrophage accumulation and ferric iron
levels. RhFVIII prevented the increase in CD68 expression at 2 weeks (Figure 3B), which
aligned with absent Prussian blue staining (Figure 1A). Ferric iron levels also correlated
with the extent of synovial hypertrophy (Figure 1B), suggesting that synovial hypertrophy
and accumulation of iron-laden pro-inflammatory macrophages are intertwined (Figure 1A,
3B, and 4A), resolving slowly. In HYPOBALB/c mice, CD68 expression increased at 2 weeks
(5-fold, p=0.02), but was much lower than in FVI11~/~ mice and returned to baseline at 4
weeks (Figure 3C) despite the similar bleed volumes. The mild increase in CD68 expression
aligned with sparse iron deposits (Figure 1E) and absence of synovial swelling. Altogether
the findings suggest exaggerated synovial hypertrophy and accumulation of iron-laden
macrophages in FVI117/~ mice. Thus, clearance of iron-laden macrophages from inflamed
synovium after a joint bleed may be dependent on FVII1I availability during the healing
phase.

3.5 Synovial blood vessel remodeling and density in relation to iron accumulation after
joint injury in FVIII™~ and HYPOBALB/c mice

To investigate the effect of synovial iron accumulation on vascular remodeling and density,
which has been associated with vascular permeability and re-bleeding in mice and humans
with FVI1I1-deficiency [13, 14, 18, 37], a SMA expression was normalized to soft tissue
area and expressed as the fold-increase over the median baseline value for FVII17~ or
BALB/c mice (Figure 4A). Raw data are displayed in Supplementary Figure 4A. The
median baseline values for aSMA area were 789 pixel? (interquartile range [IQR]: 531—
1534) and 1636 pixel? (IQR: 1487-1809) for FVI11~/~ and HYP°BALB/c mice, respectively.
The density of a SMA-positive (a SMA+) blood vessels increased 1.9-fold at 2 weeks after
injury (p<0.05) in FVIII~~ mice and remained elevated during the 6-week observation
period (2.2-fold increase) (Figure 4A), supporting previous evidence of prolonged vascular
remodeling after hemophilic joint bleeding [13, 14, 18]. The density of a SMA+ vessels
was weakly associated with ferric iron levels (r=0.3615, p=0.08) (Figure 4B), indicating that
iron accumulation had no major effect on vascular remodeling. Mice treated with rhFVI11
exhibited a similar fold-increase in aSMA+ vessel density (1.6-fold, p<0.05) to those
receiving saline (Supplementary Figure 4). The fold-increase in aSMA+ vessel density

in HYPOBALB/c mice at 2 weeks (1.6-fold, p=0.02) and 4 weeks (1.7-fold, p=0.008) was
comparable to FVI11~/~ mice (+/-rhFV111) suggesting that even little bleeding can incite
vascular remodeling.

3.6 Synovial lymphatic vessel remodeling and density in relation to iron accumulation
after joint injury in FVIII~/~ and HYPOBALB/c mice

Since synovial iron deposition in FV1117/~ mice was proportional to macrophage
accumulation and synovial swelling, but had little effect on vascular remodeling, we sought
to investigate its interplay with lymphatic vessel remodeling. Macrophages have been
implicated in the dynamics of lymphangiogenesis, whereby the lymphatic system provides
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a potential clearance mechanism for iron-laden macrophages and plays an important role in
resolution of inflammation [38]. Lymphangiogenesis is affected in mice with inflammatory
arthritis [39, 40], but has not yet been described in hemophilic mice. We therefore examined
and quantified lymphatic endothelial cell marker, LYVEL, in FVIII~/~ and HYPOBALB/c mice
by immunohistochemistry.

Expression levels of LYVEL were normalized to soft tissue area to calculate vessel density,
expressed as the fold-increase over the median baseline value for FVI11~/~ or BALB/c mice
(Figure 4C). Raw data are displayed in Supplementary Figure 4B. In contrast to aSMA
expression, there was a transient, dramatic reduction in LYVE1 expression after induced
hemarthrosis in FVI117/~ mice (Figure 4C, Figure 5 and Supplementary Figure 4). LYVE1
expression was decreased 11.8-fold on Day 3 (p=0.007) and 1.7-fold at 2 weeks (p>0.05)
relative to baseline (Figure 4C). A modest reduction in LYVE1 expression persisted up to

4 weeks, and returned to baseline thereafter. LYVEL expression at 2 weeks in mice treated
with rhFVII1 was comparable to baseline (0.9-fold increase, p>0.05). There was a strong
negative correlation between lymphatic vessel density and Prussian blue staining (r=0.6863,
p<0.0001) (Figure 4D). Representative examples of LYVEZ1 expression in relation to
Prussian blue staining over the 6-week time course are displayed in Figure 5A. At baseline,
LYVEL expression revealed vessels appearing as small, incongruent structures (Figure 5A
and B). In injured synovium, lymphatic vessels evolved into longer, flat structures that were
distinct from a SMA+ vessels (Figure 5C).

HYPOBAL B/c mice had a higher median baseline LYVEL1 area (12598 pixel?; IQR: 11448
14695) compared to FVII1™~ mice (7028 pixel?; IQR: 5296-8487) and, in contrast to
FVIII7/~ mice, maintained their baseline LYVE1 expression at 2 weeks and 4 weeks after
injury. They also exhibited a 2.3-fold higher fold-increase in LYVEL expression at 2 weeks
than FVI11~~ mice (p=0.009) (Figure 4C).

These findings suggest a deficit in lymphangiogenesis in FVI11~/~ mice, with a profoundly
maladaptive response to injury-related hemarthrosis. Synovial iron accumulation was
proportional to impairment of lymphangiogenesis, suggesting that lymphatic vessels
contribute to tissue iron clearance.

3.7 Differential gene expression of lymphatic markers in synovial tissue after joint injury
in FVIIIT~ mice

To explore effects of joint bleeding on lymphangiogenesis in FVI117~ mice, we pursued
gene expression analyses by RNA sequencing. Several lymphatic markers showed
pronounced transcriptomic changes after joint bleeding (Figure 6), demonstrating the
incitement of processes related to lymphatic vessel remodeling at the molecular level. These
genes are listed with their functions in Table 2, and the log, fold-change and adjusted
p-values for each gene are provided in the supplementary information (Supplementary Table
2). RhFVIII dampened the differential expression for most genes but did not fully normalize
the gene expression pattern despite negligible joint bleed volume (Supplementary Figure 2).

The chemokine (C-C motif) ligand 21 gene (Cc/21) was 194-fold upregulated at 2 weeks
(p=0.001), coinciding with the increased CD68 expression in synovium at 2 weeks (Figure
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3A/B). The CCL21 protein is expressed by synovial fibroblasts in inflammatory arthritis
[41] and functions as a chemoattractant for chemokine receptor 7 expressing cells, such

as macrophages. It is also constitutively expressed on lymphatic endothelial cells (LECs)
[42]. Ccl21 upregulation may therefore play a central role in macrophage infiltration in
inflamed synovium, as well as macrophage trafficking to lymphatic vessels. The Semaza
gene (encoding semaphorin 7a), was 20-fold (p=0.0003) and 5-fold (p=0.02) upregulated on
Day 3 and 2 weeks, respectively, promoting chemokine-driven immune cell and macrophage
migration [43]. Other upregulated genes included Ccbel (collagen and calcium binding EGF
domains 1), which functions in lymphatic vessel maturation; /¢4, which encodes a receptor
for vascular endothelial growth factor (VEGF)C and VEGFD; and Nrp2, which also encodes
a receptor (neuropilin-2) for VEGFC and mediates VEGFC-induced lymphatic sprouting.
However, the Vegfcand Vegfd genes were downregulated (~2 to 5-fold). Moreover, Lyvel
was 37-fold and 7-fold (both p=0.0001) down-regulated on Day 3 and 2 weeks, respectively.
These findings align with the reduction in LYVEL expression and lymphatic vessel density
observed histologically (Figure 4C, Figure 5, and Supplementary Figure 4).

Of note, rhFVI11 dampened the downregulation of LyveZ on Day 3 (from 37-fold to 6-fold),
normalized Nrp2, SemaZaand Vegfdexpression at 2 weeks, and increased Vegfc expression
(from 2-fold downregulated to 2-fold upregulated) on Day 3 and at 2 weeks. These findings
imply that rhFVI11 restored the neuropilin-2/\VVEGFC axis (critical for lymphatic vessel
sprouting), and improved Lyvel gene expression sufficient to normalize LYVEL protein
expression (Figure 5C).

4 Discussion

It is generally accepted that iron accumulation in association with hemophilic joint bleeding
is the incendiary propelling HA progression. Iron accumulation in HA demonstrated by
magnetic resonance imaging or Prussian blue staining is assumed to be the result of frequent
joint bleeding over time [44]. However, it has never been questioned if impairment of iron
clearance may contribute to hemosiderin accumulation, perhaps due to joint inflammation
affecting synovial iron handling and/or other unknown features related to hemophilia.

Here, we shed light on this question by studying synovial iron accumulation and clearance
rates in FVI117/~ mice. We employed two established mouse models involving induced knee
bleeding in FVIII~ (BALB/c background) and HYP°BALB/c mice [14], and compared iron
accumulation and clearance rates. FVI11~~ and HYPOBALB/c mice share the peri-procedural
lack of intrinsic FV1II activity with comparable joint bleed volumes after knee injury. FVIII
deficiency is transient in HYPOBALB/c mice owing to rapid clearance of anti-FVI11 antibody,
but permanent in FVI117/~ mice, thereby enabling the investigation of the long-term effects
of FVIII on synovial iron clearance.

We discovered that, compared to transient FV111 deficiency (HYP°BALB/c mice), permanent
FVIII deficiency (FVIII~~ mice) was associated with a profound inability to clear synovial
iron during the 6-week observation period, accompanied by prominent synovial hypertrophy,
macrophage accumulation, and impairment of lymphangiogenesis. These findings could be
largely abrogated by bleed prevention with peri-procedural rhFVII1 treatment, excluding
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that needle injury alone, perhaps followed by subclinical blood leakage, may have resulted
in iron accumulation. Of note though, peri-procedural rhFVIII treatment did not reduce
synovial tissue swelling and, as also shown earlier [14], synovial vascularity, suggesting that
small blood volumes or injury may be sufficient to trigger synovitis, which is not avoidable
by short-term factor replacement.

Macrophages belong to the reticuloendothelial system and facilitate iron recycling.
Macrophages engulf and digest erythrocytes, scavenge hemoglobin via the CD163 receptor,
degrade heme, and oxidize toxic Fe2* to less toxic Fe3* via inducible hemoxygenase [45,
46]. Here, we demonstrated that the extent of macrophage (CD68 expression) and ferric

iron (Prussian blue) accumulation correlated well in FVI117~ mice, with co-localization over
time, suggesting reticuloendothelial macrophage recruitment and iron uptake in response

to hemarthrosis. However, the magnitude of synovial iron and macrophage accumulation

in FVII1~ mice vastly exceeded that of HYPOBALB/c mice. Moreover, iron clearance was
incomplete during the 6-week observation period, while iron became quickly undetectable in
HYPOBALB/c mice.

Tissue drainage of debris, interstitial fluid, macromolecules, and immune cells including
macrophages is accomplished through the lymphatic system [47-50]. The lymphatics serve
as a conduit for macrophage and immune cell movement to local and distant lymph nodes
[47]. Alteration of lymphangiogenesis has been noted in rheumatoid arthritis (RA) and
osteoarthritis, and thought to be an under-recognized mechanism contributing to disease
manifestations. Although the molecular regulation of the synovial lymphatic system is
incompletely understood, it has been established that functional lymphatics are critical for
tissue homeostasis [47, 51]. The formation of lymph vessels requires VEGFC, provided

by activated macrophages attracted by LECs [47, 51]. Lymphatics are affected negatively
in murine RA, and their restoration by anti-TNF therapy was critical to facilitate removal
of macrophages and other inflammatory cells [52]. Although little is known about excess
tissue iron removal after hematoma formation, two clinical reports describe that iron-laden
macrophages use lymphatics to exit tissue [53, 54]. Altogether, this prompted us to probe

if lymphatic dysregulation may play a role in the impaired removal of iron from synovial
tissue in FVII1~/~ mice. Indeed, FVIII~/~ mice exhibited lower synovial LYVE1 expression
at baseline compared to HYPOBALB/c mice, with a significant decrease shortly after
hemarthrosis and incomplete recovery even 4 weeks later. LEC rarefication was associated
with pronounced iron and macrophage accumulation, both of which diminished with
increasing LYVE1 expression over time and with formation of tubular lymphatic structures.
As these findings were not present in HYPOBALB/c mice despite similar joint bleed volumes,
it appears that lymphangiogenic dysregulation in FVII11~/~ mice contributed to impaired
synovial iron clearance. The temporal relationship of lymphatic capillary formation and
disappearance of iron-laden macrophages also suggest that the lymphatics (and not blood
vessels) constitute an important pathway for removal of iron-laden macrophages from
synovium. This is further supported by the fact that the extent of vascularity (a SMA-
expressing blood vessels) was comparable between FVI117/~ and HYP°BALB/c mice and did
not correlate with iron accumulation. These findings imply that FVIII deficiency disrupted
lymphangiogenesis and synovial iron clearance during the healing phase; however, the
reasons for this lymphaniogenic dysregulation are less clear.
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Differential gene expression analyses were helpful to formulate hypotheses connecting
molecular processes related to synovial iron recycling and lymphangiogenesis. First, the
analyses established that gene expression patterns involving molecular processes of iron
handling and transport were highly affected in hemophilic synovium after hemarthrosis,
although analyses were not cell-type specific. Second, gene expression changes related

to lymphangiogenesis strengthened histological findings. The genes encoding Lyvel

and Vegfc/d were downregulated after hemarthrosis. Upregulation of F/t4and Nrp2

genes encoding the VEGFC/D receptors could not compensate to instigate histologically
detectable lymphatic sprouting. Of note, avoidance of large hematoma formation with peri-
procedural rhFVIII mitigated Lyvel downregulation, maintained baseline levels of LYVEL
protein expression, and reversed Vegfc gene expression from down-regulated to upregulated
(Table 2). These findings support a central role of VEGFC in synovial lymphangiogenesis
[47], but do not explain why VEGFC-modulated lymphangiogenesis is disrupted after
hemarthrosis in FVII1~~ mice. One explanation may be inherent to recent reports that
FVII1 gene and protein expression is high in LECs compared to other endothelial cell
populations [55, 56]. However, FVIII activity in the lymph is only ~#10-30% of that in
plasma, perhaps due to low secretion with low lymphatic shear stress [56]. It is conceivable
that FV111 expression in LECs is important for lymphangiogenesis and/or adaptive lymphatic
processes. Mechanical signals, including fluidity within vessels, are deemed important
regulators of lymphangiogenesis and lymphatic vessel integrity [57]. Although lymph is
hypocoagulable due to the absence of platelets and reduced clotting factor activities and
fibrinogen [58], one may speculate that undercutting thresholds of lymph coagulability by
absence of FVIII may affect flow dynamics and adaptive lymphangiogenesis.

When analyzing synovial gene expression of iron regulators in FVI11~/~ mice, significant
differential expression of genes involved in heme scavenging, heme degradation, and iron
export ensued after hemarthrosis. Many of those genes exert dual roles in inflammation.
Here, their expression pattern inferred a pro-inflammatory milieu (for instance upregulation
of Hmox1, downregulation of Cd163). Also, iron export gene regulation appeared tilted
towards intracellular iron containment, a characteristic innate host response to deprive
intruding organisms of iron [46]. Since inflammation may curtail lymphatic vessel formation
and drainage [59], shown previously to influence VEGFC/D secretion by macrophages and
their biological functions [60-62], the here observed downregulation of vegfe/din FVIIT-
mice (reversible with rhFVI11/bleed rescue) suggests that the post-bleed inflammatory milieu
contributed at least in part to lymphangiogenesis dysregulation.

5 Conclusions

Our observations suggest maladaptive lymphangiogenesis in response to hemarthrosis in
FVIII deficiency, resulting in synovial iron accumulation by curtailing lymph-mediated
exit of iron-laden macrophages. Dysregulated lymphangiogenesis has been shown to
increase joint inflammation and lesions profoundly in other arthritic conditions [40], with
notable improvement upon restoration of lymphatic drainage [63]. Therefore, studying and
targeting lymphatic function as a novel target in HA, and investigating whether defective
lymphangiogenesis is unique to FVIII deficiency or is also present in Factor 1X deficiency,
appear important next steps.
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Essentials
1. Frequent hemarthroses result in iron accumulation in hemophilic joints.
However, mechanisms and time course of synovial iron clearance are
unknown.
2. Induced hemarthrosis in FVI11=/~ mice and hypocoagulable mice (warfarin

and transient anti-FV 111 antibody) to compare synovial iron clearance in
relation to lymphangiogenesis. Molecular mechanisms were explored by
RNAseq.

3. Profound defects in adaptive lymphangiogenesis after hemarthrosis,
preventing iron clearance, were unique to hemophilic mice.

4. Intact lymphangiogenesis is critical for clearance of iron-laden macrophages,
and these processes are dependent on FVIII availability during the healing
phase.
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Figure 1. Ferric iron accumulation in synovial tissue after induced hemarthrosis.
Joint tissue was harvested from FVI11~~ and HYPOBALB/c mice at baseline (BL) and

Day 3 (d3), 2 weeks (2w), 4 weeks (4w), or 6 weeks (6w) after sub-patellar injury to

induce hemarthrosis (n=5-12 per group). A group of FVI11~/~ mice received peri-procedural
recombinant human FVI1I1 before injury with tissue harvest at 2 weeks (2w+F8). Joint
tissue was processed and stained with Perls Prussian blue for detection of ferric iron

(Fe3%). Paraffin-embedded tissue was sectioned (4um), deparaffinized, and imaged using

a Hamamatsu Nanozoomer brightfield slide scanner at 20x magnification. Prussian blue
staining was quantified in synovial tissue using ImageJ. (A) Synovial iron quantification in
FVIII7/~ mice; (B) Spearman’s rank correlation analysis between Prussian blue staining at 2
to 6 weeks after injury and soft tissue area in FV111-deficient mice (n=30); (C) representative
examples of synovial ferric iron staining; (D) representative Safranin O-Fast Green-stained
joint tissue showing erythrocyte-laden synovium (green cells) with hematomas (black
arrows) on Day 3 after injury; (E) synovial iron quantification in HypoBALB/c mice. Data
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are displayed as median (*p<0.05, ***p<0.001). F: femur, S: synovium, M: meniscus, T:
tibia.
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Figure 2. Expression of iron regulators in synovial tissue from FVII1
hemarthrosis.

Hemarthrosis was induced in FVI11~/~ mice by sub-patellar needle puncture +/- peri-
procedural recombinant human FVIII (rhFVIII) or saline (vehicle), given 2 hours before
and 6 hours after injury (n=3-5 per group). Tissue was harvested at baseline and Day 3
(d3) or 2 weeks (2w) after injury. RNA was purified and analyzed by RNA sequencing
using an Illumina NextSeg500 platform (75bp; single-end). The heat map was generated
using Morpheus and displays the log, fold-change over baseline values for genes related to
iron uptake and transport (Reactome pathway) on a color scale from -5 to +5. Rows were
clustered using the Euclidian distance method.
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Figure 3. CD68 expression in synovial tissue after induced hemarthrosis.
Joint tissue was harvested from FVIII/~ and HYPOBALB/c mice at baseline (BL) and

2 weeks (2w), 4 weeks (4w), or 6 weeks (6w) after sub-patellar injury (n=5-19 per

group). A group of FVIII~ mice received peri-procedural recombinant human FVIII

with tissue harvest at 2 weeks after injury (2w+F8). Joint tissue was fixed in 10% zinc-
buffered formalin, decalcified in 10% (v/v) formic acid containing 0.2% (w/v) potassium
ferrocyanide for Perls’ Prussian blue staining of ferric iron (Fe3*) (shown in blue) and
paraffin-embedded. Tissue sections were subjected to immunohistochemistry with an anti-
CD68 antibody (shown in red) and imaged using a Hamamatsu Nanozoomer brightfield
slide scanner at 20x magnification. (A) Representative images of synovial CD68 staining in
FVIII7/~ and HYPOBALB/c mice, (B/C) quantified using Image J and displayed as median
(**p<0.01, ****p<0.0001). (D) Representative images of synovium from FVI11~/~ mice at 2
weeks or 4 weeks after hemarthrosis. Black arrows indicate areas of CD68 and Prussian blue
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colocalization. (E) Spearman’s rank correlation analysis of CD68 and Prussian blue staining

(n=35).
F: femur, S: synovium, M: meniscus, T: tibia.
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Figure 4. Blood and lymphatic vessel density in synovial tissue from FVII I/~ mice after
hemarthrosis.
Joint tissue was harvested from FVI117/~ and HypoBALB/c at baseline (BL), Day 3

(d3), 2 weeks (2w) +/- recombinant human FVIII (F8) peri-procedural treatment, 4

weeks (4w), or 6 weeks (6w) after injury to induce joint bleeding (n=5-12 per group).
Immunohistochemistry was performed with an anti-aSMA antibody to detect remodeling
blood vessels (A) or an anti-LYVEL antibody to detect lymphatic vessels (C). Tissue
sections were imaged using a Hamamatsu Nanozoomer brightfield slide scanner at 20x
magnification and staining was quantified with ImageJ. Stained areas were normalized to
tissue area and data in (A) and (C) are displayed as the fold increase over the median
baseline value for FVI117/~ or HYPOBALB/c mice. Error bars represent median values
(*p<0.05, **p<0.01, ***p<0.001). Spearman’s rank correlation analysis was used to assess
relationships in FVI1I1-deficient mice between Prussian blue staining at 2 to 6 weeks after
injury and (B) aSMA normalized to tissue area (n=25) or (D) LYVE1 normalized to tissue
area (n=30).
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Figure 5. Lymphatic vessels in synovial tissue from FVI1!
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Baseline

mice after induced joint bleeding.

FVI117/~ mice were subjected to sub-patellar puncture to induce hemarthrosis and joint
tissue was harvested at baseline (BL) and Day 3, 2 weeks (2w), 4 weeks (4w), or 6 weeks
(6w) after injury. (A) Joints were fixed in 10% zinc-buffered formalin and decalcified in
10% (v/v) formic acid containing 0.2% (w/v) potassium ferrocyanide for Perls’ Prussian
blue staining of ferric iron (Fe3*) (shown in blue). Tissue sections were subjected to
immunohistochemistry with an anti-LYVEZ1 antibody (shown in red) and imaged using

a Hamamatsu Nanozoomer brightfield slide scanner at 20x magnification. (B) and (C)

Joints were fixed in 10% zinc-buffered formalin and decalcified in 10 % (v/v) formic acid.
Immunofluorescence was performed with anti-LYVEL (shown in light blue) and anti-aSMA
antibodies (shown in red) and tissue sections were imaged by laser scanning confocal
microscopy (Zeiss LSM 880) at 10x magnification. Representative examples of baseline (B)
and injured mice (C) (2 weeks) are displayed.
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6.00

mice

procedural recombinant human FVIII (rhFVIII) or saline (vehicle), given 2 hours before
and 6 hours after injury (n=3-5 per group). Tissue was harvested at baseline and Day 3

(d3) or 2 weeks (2w) after injury. RNA was purified and analyzed by RNA sequencing

using an Ilumina NextSeq500 platform (75bp; single-end). The heat map was generated
using Morpheus and displays the log, fold-change over baseline values for genes related
to lymphatic homeostasis on a color scale from =5 to +5. Rows were clustered using the

Euclidian distance method.
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Differentially expressed markers of iron regulators in synovial tissue from FVI117/~ mice

after hemarthrosis.

Synovial tissue was harvested from FVI117/~ mice at baseline and Day 3 or 2 weeks after induced hemarthrosis
+/- peri-procedural recombinant human FVIII (rhFVIII) (n=3-5 per group). RNA was purified and analyzed
by RNA sequencing using an Illumina NextSeq500 platform (75bp; single-end). Differential expression was
determined as log, fold-change > 1 or < —1 and p < 0.05. The table lists up- (1) and down-regulated ({) genes
in the Reactome iron uptake and transport pathway, as well as their functions and absolute fold-change at Day
3 or 2 weeks. ND: No significant difference. V-ATPase: vacuolar-type ATPase.

Gene Protein Function Fold-change day 3 Fold-change 2 weeks
Saline rhFVIIl  Saline rhFVIII
Hmox1 Heme-oxygenase-1 Heme-degrading enzyme 31-foldt 8-fold? 3-fold®  3-fold *
Atp6v0d2  V-ATPase subunit D 2 Acidification of endosomes; (facilitates iron 11-fold * 6-fold*  8-foldt  5-fold t
release from transferrin and transferrin
receptor recycling)
Lcn2 Lipocalin-2 Iron-binding protein 10-fold *  6-foldt  ND ND
Sicllal Solute carrier family 11 Macrophage iron transporter 3-fold * 2-foldt? ND ND
member 1
Tfrc Transferrin receptor Endocytosis of (iron-bound) transferrin 3-fold * 3-fold? ND ND
Atp6vla V-ATPase catalytic subunit A Acidification of endosomes (facilitates iron 2-fold 1 ND ND ND
release from transferrin and transferrin
receptor recycling)
Cp Ceruloplasmin Ferroxidase; efflux of cellular iron 17-fold ¢  8-fold |  3-fold ¢ ND
Atpbv0e2  V-ATPase subunit E 2 Acidification of endosomes (facilitates iron 6-fold¢  6-fold!¢  3-fold}  3-fold |
release from transferrin and transferrin
receptor recycling)
Heph Hephaestin Ferroxidase; efflux of cellular iron 5-fold!¢  5-fold! 3-fold}  4-fold |
Cd163 Cluster of differentiation 163 Hemoglobin scavenging receptor 5-fold ¥ ND 3-fold}  ND
(macrophages)
Acol Acotinase 1 Transcriptional regulation of intracellular iron ~ ND ND 2-fold ¢ 2-fold ¥
Slc22al7  Solute carrier family 22 Lipocalin-2 receptor 2-fold ¥ 2-foldy  ND ND
member 17
Atpbvlg2  V-ATPase subunit G 2 Acidification of endosomes (facilitates iron ND ND ND 2-fold |

release from transferrin and transferrin
receptor recycling)
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Differentially expressed markers of lymphatic vessels and remodeling in synovial tissue

from FVI117/~ mice after hemarthrosis.

Synovial tissue was harvested from FV1117/~ mice at baseline and Day 3 or 2 weeks after induced hemarthrosis
+/- peri-procedural recombinant human FVIII (rhFVIII) (n=3-5 per group). RNA was purified and analyzed
by RNA sequencing using an Illumina NextSeq500 platform (75bp; single-end). Differential expression was
determined as log, fold-change > 1 or < -1 and p < 0.05. The table lists absolute fold-change values for up-
(1) and down-regulated () genes. ND: No significant difference. LEC: lymphatic endothelial cell, CCR7: C-C
motif chemokine receptor 7, DC; dendritic cell, VEGF(R): vascular endothelial growth factor (receptor), EGF:
epidermal growth factor.

Gene Protein Function Fold-change day 3 Fold-change 2 weeks
Saline rhFVIIlI  Saline rhFVIII
Chemokine (C-C Constitutively expressed by LECs; prominent role in B g
Cel2la otif) ligand 21 trafficking CCR7+ cells through lymphatic vessels ND ND 194-fold T 79-fold 1
Drives podoplanin-dependent adherence of
- macrophages and DCs to LECs to promote ; g g
Sema7a  Semaphorin 7a lymphangiogenesis: regulates CCL21-mediated 20-fold*  7-foldt  5-fold ND
migration of DCs
Collagen and calcium : : -
i . Required for budding and maturation of LECs;
Ccbel l;mdlng EGF domains | Lo e the lymphangiogenic effect of VEGF-C 15-foldt  6-fold*  6-fold * 7-fold 1
FMS-like tyrosine
Flt4 Kinase 4 (VEGFR3) Receptor for VEGF-C and VEGF-D on LECs ND ND 6-fold * 3-fold *
Receptor for Sema3a and isoform of Vegf,gs; regulates
Nrpl Neuropilin 1 vessel maturation, enhances cell migration during 1-fold | 1-fold ¥ 1-fold * 1-fold *
angiogenesis
- Receptor for VEGF-C; mediates VEGF-C-induced
Nrp2 Neuropilin 2 lymphatic sprouting 3-fold*  2-fold?  2-fold 1 ND
Pdpn Podoplanin Expressed in LECs; function unknown 3-fold * 3-fold * ND ND
Lymphatic vessel L .
. Hyaluronic acid receptor expressed on LECs; plays a 3 g g y
Lyvel endothelial hyaluronan role in dendritic cell docking 37-fold ! 6-fold ¢  7-fold ¢ 3-fold |
receptor 1
Expressed in LECs; binds neuropilin-1 to facilitate
Sema3a  Semaphorin 3a lymphatic valve formation and entry of dendritic cells 9-fold ¥ 3-fold ! 2-fold ¥ ND
into lymphatic vessels
Vascular endothelial Lymphangiogenic factor; regulates proliferation and 3 y ;
Vegfd growth factor D migration of LECs via VEGFR 5-fold v 3-fold | 2-fold | ND
Vascular endothelial Lymphangiogenic factor; principle driver of § ; : ;
Vegfc growth factor C lymphangiogenesis 2-fold¢  2-fold?  2-fold* 2-fold *
Sema3d  Semaphorin 3d Expressed in LECs; binds neuropilin-1toregulate actin - o i | a401d | 1-fold | 1-fold 4

network organization and stabilizes EC sheet
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