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Abstract

Rationale—Ischemic mitral regurgitation (IMR), a complication after myocardial infarction
(M1), induces adaptive mitral valve (MV) responses that may be initially beneficial, but eventually
lead to leaflet fibrosis and MV dysfunction. We sought to examine the MV endothelial response
and its potential contribution to IMR.

Objective—Endothelial, interstitial and hematopoietic cells in MVs from post-MI sheep were
quantified. MV endothelial CD45, found post-MlI, was analyzed in vitro.

Methods and Results—Ovine MVs, harvested 6 months after inferior M1 (IMI), showed
CD45, a protein tyrosine phosphatase, co-localized with von Willebrand factor, an endothelial
marker. Flow cytometry of MV cells revealed significant increases in CD45-positive endothelial
cells (VE-Cadherin+/CD45+/a-smooth muscle actin (SMA)+ and VE-cadherin+/CD45+/aSMA-
cells) and possible fibrocytes (VE-Cadherin-/CD45+/ aSMA+) in IMI compared to sham-operated
and normal sheep. CD45+ cells correlated with MV fibrosis and MR severity. VE-cadherin+/
CD45+/aSMA+ cells suggested CD45 may be linked to endothelial-to-mesenchymal transition
(EndMT). MV endothelial cells treated with TGFB1 to induce EndMT expressed CD45 and
fibrosis markers collagen 1 and 3 and TGFp1-3, not observed in TGFp1-treated arterial
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endothelial cells. A CD45 protein tyrosine phosphatase inhibitor blocked induction of EndMT and
fibrosis markers, and inhibited EndMT-associated migration of MV endothelial cells.

Conclusions—MV endothelial cells express CD45, both in vivo post-MI and in vitro in
response to TGFB1. A CD45 phosphatase inhibitor blocked hallmarks of EndMT in MV
endothelial cells. These results point to a novel, functional requirement for CD45 phosphatase
activity in EndMT. The contribution of CD45+ endothelial cells to MV adaptation and fibrosis
post-MI warrants investigation.
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INTRODUCTION

Ischemic mitral regurgitation (IMR) is a common complication after myocardial infarction
(MI) that doubles mortality 1. IMR is caused by left ventricular remodeling and dysfunction,
which leads to papillary muscle displacement and tethering of the mitral valve (MV),
restricting leaflet closurel. Tethered MVs adapt by increasing their surface area, but this
adaptation is often insufficient and appears to result in stiff, fibrotic valves, which may
ultimately contribute to increasing IMR 275,

Several cellular events occur in the IMR MV: MV endothelial cells (mitral VECs) undergo
endothelial-to-mesenchymal transition (EndMT), MV interstitial cell (mitral VICs) are
activated to become myofibroblasts that secrete and compact extracellular matrix, and there
is evidence for valve neovascularization and leukocyte infiltration 2 58, Infiltrating
macrophages and leukocytes release growth factors and cytokines, such as TGFp family
members, which can promote angiogenesis, collagen production and attraction of additional
inflammatory cells, while transforming interstitial cells to myofibroblasts that also secrete
growth factors and cytokines. Thus, TGF@ isoforms may also be produced endogenously by
the MV cells 910,11,

In this work we used an ovine inferior MI (IMI) model to study the MV endothelium in the
context of valve growth and fibrosis in response to IMR. Immunohistochemistry and flow
cytometry of MV leaflets from infarcted sheep revealed endothelial cells positive for the
leukocyte marker/protein tyrosine phosphatase CD45. Flow cytometry further revealed
CD45+/a-smooth muscle actin (a-SMA)+ cells which may be fibrocytes!? 13 and CD45+
hematopoietic cells in the MV, all of which might contribute to development of fibrosis in
IMR. Fibrocytes are circulating CD45+ myeloid cells that migrate into sites of inflammation
or tissue injury and, under the influence of cytokines and TGFp, transform into a-SMA+
myofibroblast-like cells'® In vitro, CD45 was induced in several ovine mitral VEC clones by
the fibrogenic factor TGFB1, which potently induces endothelial-to-mesenchymal transition
(EndMT) in these cellsl4 15, Blocking CD45 protein tyrosine phosphatase activity
pharmacologically inhibited expression of EndMT and fibrosis markers and EndMT-
associated enhanced migration in mitral VEC. TGFp did not induce CD45, EndMT or
fibrosis markers or migration in ovine carotid artery endothelial cells (CAEC), indicating
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specificity. Our findings uncover an unanticipated role for CD45 in TGFp-stimulated
EndMT and suggest that mitral VECs may be a source of fibrotic cells in IMR.

METHODS

Animal model

A total of 13 Dorsett hybrid sheep were analyzed. The IMI sheep (n=5) had ligation of their
second and third obtuse marginal branches of the left circumflex coronary artery. Two- and
3-dimensional echocardiography was performed before M1 and 30-60 minutes following
MI. Six months post-MI, echocardiograms were repeated to assess MR and the animals
euthanized and their MVs excised. The excised MV leaflet tissue was immediately
submerged in a solution of 5% heat-inactivated fetal bovine serum (FBS), 4% Penicillin/
Streptomycin/Amphotericin B, 1% L-Glutamine and 0.2% gentamycin sulfate in EBM-2
medium (Lonza Inc., GA, USA, #CC-3156), and kept on ice at 4°C until processed. MV
from five (n=5) age and weight-matched sheep who underwent sham procedures
(thoracotomy without infarction) were analyzed as controls. Echocardiographic
measurements are shown in Online Table I. Three-dimensional (3D) echocardiographic
analysis included LV end-systolic and end-diastolic volumes integrated from multiple
rotated views derived from the full 3D dataset using Omni4D software; infarct size as
endocardial surface area (ESA) measured at end diastole based on visualized wall motion
hinge points; and total LV remodeling reflected by the increase in total LV ESA from
immediately to 6 months post-MI16-19, In addition, mitral valves from normal sheep (n=3)
were analyzed (Online Table I). Animals were monitored by qualified AAALAC-certified
veterinary staff. These studies conform to National Institutions of Heath guidelines for
animal care and received Institutional Animal Care Committee approval.

Immunohistochemistry

A portion of each excised MV was frozen in OCT compound (Sakura Finetek, Tokyo,
Japan), sectioned and stained with primary mouse anti sheep CD45 antibody (AbD Serotec,
NC, USA, cat# MCA2220GA) or anti-sheep CD14 (AbD Serotec, cat#MCA920GA) by the
avidin-biotin-peroxidase method or by fluorescence double-labeling for von Willebrand
Factor (VWF; DAKO, CA, USA, cat#, A0082) as described?0. Masson Trichrome staining to
assess collagen accumulation as an indication of fibrosis was performed as in previous
studies® 8

Flow cytometry

Ovine MVs were minced and digested for 30 minutes at 37°C with Liberase (Roche
Diagnostics, IN, USA, # 5401119001), a blend of purified collagenases I and 11, to prepare a
single cell suspension of MV cells. Isolated cells were fixed using Flow Cytometry Fixation
Buffer (R&D Systems, MN, USA, #FC004) and labeled in Flow Cytometry
Permeabilization/Wash Buffer | (R&D Systems, MN, USA, #FC005) for 45 minutes
(100,000 cells/100 pl Buffer I). Murine anti-sheep CD45-FITC or -APC (1:50; AbD Serotec,
NC, USA, # MCA2220F, #MCA2220GA, #MCAB896GA, LYNX Rapid APC Antibody
Conjugation Kit, #. NK031APC), VE-cadherin-PE or -FITC (1:100; R&D Systems, MN,
USA, # FAB9381P and AbD Serotec, NC, USA, # AHP628F), and a-smooth muscle actin
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(aSMA)-APC or -PE (1:100; R&D Systems, MN, USA, # IC1420P and # IC1420A) were
used. All antibodies were shown to cross-react with their ovine homologs.

Cell culture

Ovine mitral VEC clones and carotid artery endothelial cells (CAEC) were isolated14 and
grown on 1% gelatin-coated dishes in EBM-2 medium (Lonza Inc., GA, USA #CC-3156)
supplemented with 10% heat-inactivated FBS, 1% glutamine-penicillin-streptomycin sulfate
(Life Technologies, cat# 10378-016) and 2ng/ml basic fibroblast growth factor (Roche
LifeScience, IN, USA, cat # 11123149001), henceforth referred to as EBM-B.

EndMT assay

Ovine mitral VEC and CAEC were plated on gelatin-coated plates at 10,000 cells/cm?. After
24 hours, EBM-B was replaced with fresh EBM-B containing 1ng/ml human TGF1 (R&D
Systems, MN, USA #100-B-001). Cells were harvested with Liberase (100uL/cm?) 96 hours
later, and used for flow cytometry, quantitative PCR or migration assays. For flow
cytometry, cells were analyzed simultaneously for VE-cadherin, a-SMA and CD45 as
described above.

Quantitative PCR (qPCR)

Ovine mitral VEC and CAEC were subjected to the EndMT assay in the presence or absence
of 0.5umol/L A-(9,10-dioxo-9,10-dihydro-phenanthren-2-yl)-2,2-dimethyl propionamide, a
CD45-selective protein tyrosine phosphatase (PTPase) inhibitor ( EMD Millipore Sigma,
MA, USA# 540215) 21, Total cellular RNA was extracted from mitral VEC clones (C5, D1,
E5, E10 and E10-2) and CAEC (n=2) with an RNeasy Micro extraction kit (Qiagen,
Valencia, CA, #74004). Reverse transcriptase reactions were performed using an iScript
cDNA Synthesis Kit (Bio-Rad, CA, USA #170-8890). qPCR was performed using Kapa
Sybr Fast ABI Prism 2x qPCR Master Mix (KAPA BioSystems, MA, USA # KK4604).
Amplification was carried out in an ABI 7500 (Applied Biosystems, Foster City, CA). A
standard curve for each gene was generated to determine amplification efficiency. RPS9 was
used as housekeeping gene expression reference. Fold increases in gene expression were
calculated according to 2 delta Ct method 22 23, with each amplification reaction performed
in triplicate.

Cellular migration assay

Mitral VEC clones (D1, E5, E10-2) or CAEC were treated = TGFp for 4 days to induce
EndMT. The cells were treated for 30 minutes + the CD45-selective PTPase inhibitor
(1umol/L)2L prior to trypsinization. 20,000 cells (+ PTPase inhibitor 1umol/L) in 0.1% BSA/
EBM-2 (Lonza) were placed in the upper chamber of 6.5mm Transwells containing
fibronectin-coated (0.2 ug/cm2) polycarbonate membranes with 8.0um pores. The lower
chambers contained 0.1% BSA/EBM-2 media alone or EBM with serum and basic FGF as a
chemoattractants. Cells were allowed to migrate for 6 hours at 37°C. Cells that migrated
through the pores were fixed with methanol and stained with Eosin-Y, Azure A and
Methylene Blue for visualization and quantification using Three Step Stain Set (VWR, PA,
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USA #48218-567). In parallel, an aliquot of cells used for the migration assay were also
analyzed for CD45 by flow cytometry to verify response to TGFB1.

Sample variances were analyzed by Fisher tests to determine equal or non-equal variances.
A Fisher p-value > 0.05 was considered equal variance. In Table 1, equal variances were
found for all comparisons. Two-tailed, two sample t-tests were performed. In Figures 4 and
5, fold changes are reported as mean + standard deviation (SD). In Figure 4, gPCR data from
5 different mitral valve VEC clones were standardized as described Willems 24, In Figures 4
and 5, data were analyzed by one-way ANOVA, Fisher Tests, and two-tailed two
independent sample T-Tests. Statistical programs were from Excel and XL Stat Pro. In Figure
6, linear regression analysis was performed and the R-squared value was calculated to see
how well the regression line fit the data. P < 0.05 was considered significant.

CD45 expression in mitral valve endothelium post-Mil

A total of 5 sheep underwent IMI and were euthanized 6 months after the procedure. All
infarcted sheep developed MR, as determined by color-doppler echocardiography at the time
of sacrifice. Sham (n=5) and normal (n=3) were analyzed as well (Online Table I). Because
of the known inflammatory state associated with MI, we assessed the presence of leukocytes
in MV by staining for CD45, a receptor-like protein tyrosine phosphatase (PTPase)
expressed in all leukocytes. Strong immunostaining for CD45 was seen on the endothelial
and sub-endothelial layers on the atrial side of the IMI MVs as well as the interstitial regions
(Fig A, D). CD45 expression was less evident in control MVs (Fig 1B) and was not detected
in IMI MV stained with an isotype-matched control 19gG (Fig 1C). For comparison, CD14,
expressed on macrophages and, to a lesser extent, neutrophils, was detected in the interstitial
region of IMI MVs but not along the endothelium (Fig 1E). CD45 was not detected in MVs
from a mitral regurgitation (MR) only model, in which there was no Ml, only a posterior
leaflet retraction to produce MR (Fig 1F). Double immunofluorescent staining of IMI MVs
showed CD45 co-localized with von Willebrand Factor, a glycoprotein expressed in
endothelial cells2> (Fig 1G-J). Results from these two immunostaining experiments
indicated that mitral VECs might contribute to the CD45+ cell population in IMI MVs.
CD45 was also partially co-localized with aSMA+ cells in IMI MV leaflets (Online Figure
IA). Based on this, we hypothesized that some of the CD45+ cells could be endothelial cells
undergoing EndMT or fibrocytes, which are myeloid fibroblasts that express aSMA and
produce collagen? 26, ¢ SMA and increased collagen are both hallmarks of MV adaptation
to IMR 5.8,

Quantification of CD45-positive cells in MVs by triple-label flow cytometry

To pursue the endothelial-localized CD45 expression, we devised a method to gently release
cells from MV leaflet tissue immediately after removal from sheep and quantify the relative
proportions of endothelial, interstitial and hematopoietic cell populations. MV leaflet tissue
was minced into small pieces and digested with a mix of type I and 11 collagenases for 30
minutes at 37 °C to generate a single cell suspension. Cells were permeabilized, and
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simultaneously incubated with anti-VE-cadherin-PE (endothelial marker), anti-CD45-FITC
(hematopoietic/fibrocyte marker) and anti-aSMA-APC (myofibroblast/fibrocyte marker).
This allowed us to identify and quantify 8 distinct cell populations (Figure 2 and Table 1).
The co-expression of CD45 in VE-cadherin-positive endothelial cells (Fig 2, top row, pink
shaded quadrant) confirmed the CD45-positive endothelium detected in Figure 1.
Furthermore, VE-cadherin+/CD45+/aSMA- and VE-cadherin+/CD45+/a SMA+ cells were
significantly increased in IMI MVs compared to sham MVs (Table 1). VE-cadherin-/
CD45+/aSMA+ cells, which we designated fibrocytes?”: 28, were also significantly
increased in IMI MVs compared to sham MVs (Table 1). The flow cytometric analysis
provided additional information on the cellular composition of the ovine mitral valve and
how it changed after IMI. Cells with a quiescent valve interstitial cell (VIC) phenotype, VE-
cadherin-/CD45-/a. SMA-, were the most abundant in the MV but were not significantly
different between IMI and sham MVs (Table 1). Activated VICs (VE-cadherin-/CD45-/
aSMA+) were detected in both sham and IMI valves but also did not differ significantly by
this method of analysis. Hematopoietic cells, defined as VE-cadherin-/CD45+/a SMA-, were
present and not significantly changed. From Table 1, one can calculate that MV endothelial
cells constituted 64% of the total CD45+ cells, hematopoietic cells 21% and fibrocytes 14%
in this 6 month IMI model. This demonstrates that at 6 months post-IMI, the majority of the
CD45+ cells in the MV are endothelial cells.

For comparison, the flow cytometry analysis was also performed on MVs from normal
sheep (Online Table Il). The normal MVs were comprised of primarily VE-cadherin+/
CDA45-/a. SMA- endothelial cells (38%) and VE-cadherin-/CD45-/aSMA- cells (57%),
which we designate quiescent VVICs. There were very few CD45+ or a-SMA+ cells
indicating a quiescent, non-inflammatory, non-fibrotic state.

TGFB1 induces CD45 in mitral VEC, coincident with EndMT

The presence of CD45 and aSMA in VE-cadherin-positive cells in IMI MVs suggested that
CD45 induction may coincide with EndMT processes 29. Our previous work showed
increased EndMT, also called EMT, in tethered MVs in an ovine model, and suggested
EndMT as a possible contributor to growth of MV leaflets to minimize mitral regurgitation®.
To assess the link between EndMT and CD45, mitral VEC clones (prepared by expansion
from a single mitral VEC14) and CAECs (incapable of undergoing EndMT4) were tested
for CD45 expression in response to TGFP1. /n vitro treatment of mitral VEC clone E10 with
TGFp1 led to strong induction of CD45 and aSMA, detected by flow cytometry (Fig 3A,
B). Interestingly, 23-25% of the mitral VEC clone E10 cells showed a low level of CD45
expression prior to TGFp treatment (Fig 3A). Non-treated and TGFp1-treated CAECs did
not express CD45 or aSMA (Fig 3C and D). Analysis of four additional mitral VEC clones
treated with TGFB1 showed that the percent CD45-positive cells ranged from 19-88% in
these clones (Fig 3E). In TGFP1 non-treated VEC clones, CD45-positive cells ranged from
3-40% (not shown). In total, seven mitral VEC clones were studied: CD45 was significantly
increased after 4 day exposure to TGFB1 (P= 0.029 by paired £test). a SMA was also
significantly increased in TGFB1-treated mitral VEC clones, as expected (P= 0.007 by
paired ttest) (not shown). To determine if other hematopoietic markers were increased in
TGFp1-treated mitral VEC, we analyzed expression of CD11b (expressed on monocytes,
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neutrophils, natural killer cells, granulocytes and macrophages) and CD14 (expressed on
macrophages, neutrophils and dendritic cells) by flow cytometry (Online Figure 11). No
expression was detected, while CD45 was increased as expected. These results demonstrate
that purified mitral VECs specifically express CD45, and the levels are significantly
increased by TGFB1.

CD45 PTPase inhibitor blocks expression of EndMT and fibrosis markers

To verify the increased CD45 detected by flow cytometry, we analyzed CD45 mRNA in
TGFp1-treated mitral VEC and CAEC by gPCR (Fig 4A, B). In parallel, VE-cadherin and
aSMA were measured to assess EndMT. Data compiled from five different mitral VEC
clones showed significant increases in CD45 (p=0.0001) and a SMA mRNA (p=0.0131) (Fig
4A). No changes in CD45, VE-cadherin or aSMA mRNA levels were seen in TGFp1-
treated CAEC (Fig 4B). Well-established EndMT markers Slug and MMP230: 31 and
NFATc1, which is negatively correlated with EndMT32, were modulated as expected in
TGFp1-treated mitral VEC, consistent with our previous study!®. Collagen 1 and collagen 3
mMRNA transcripts as well as TGFB1, TGFB2 and TGFB3 were also increased in TGFP1-
treated mitral VEC clones (Fig 4C). Inclusion of a CD45-selective protein tyrosine
phosphatase (PTPase) (0.5 uM) during the 4 day TGFB1 treatment significantly reduced
aSMA, Slug, MMP-2, collagen 1, collagen 3, TGFB1, TGFB2 and TGFBR3 mRNA levels
and restored NFATc1 mRNA (Fig 4C). P-values for Figure 4C are provided in Online Table
[11. In contrast, no changes in these markers were seen in TGFp1-treated CAEC, in the
presence or absence of the CD45 PTPase inhibitor (Fig 4D). These results suggest that
CD45 plays a functional role in EndMT and transition of mitral VEC to a fibrotic phenotype.

CD45 PTPase inhibition reduced EndMT-associated migration

Increased migration is a hallmark of endothelial cells undergoing EndMT33: 34, Therefore,
we examined the requirement for ongoing CD45 phosphatase activity in migration of
endothelial cells induced to undergo EndMT (Fig 5). Mitral VEC and CAEC were treated
without (gray bars) or with TGFB1 for 4 days (black bars). Cells were then treated with or
without CD45 PTPase inhibitor (1.0 uM) for 30 min, removed from culture dishes with
trypsin, and resuspended in endothelial basal media (EBM) without serum and growth
factors, + 1.0 uM CD45 PTPase inhibitor. The cells were then assayed for migration towards
EBM or EBM with serum and basic fibroblast growth factor (0FGF) added as
chemoattractants3®. TGFp-treated mitral VEC clones (n=3) showed significantly increased
migration towards serum and bFGF (p=0.0145), which was significantly inhibited by the
CD45 PTPase inhibitor (p=0.0100) (Fig 5A). Both control and TGFp1-treated CAEC
showed modest but significantly increased migration towards serum and bFGF in the 6 hour
migration assay (p=0.0249; p=0.0141, respectively), but showed no increase in migration
after TGFp treatment and no response to the CD45 PTPase inhibitor (Fig 5B). An aliquot of
mitral VEC and CAEC used for the migration assay was assayed for CD45 by flow
cytometry to verify CD45 was expressed in the mitral VEC and not in the CAEC (data not
shown). These results further suggest that CD45 plays a functional role in EndMT.
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Increase in CD45+ cells at 6 months post-IMI correlates with MV fibrosis and MR severity

To determine if CD45+ MV cells associate with detrimental impacts, MVs were analyzed
histologically and functionally. To assess collagen accumulation, which would stiffen the
MV leaflets and impair their ability to form an effective seal to prevent MR, MV sections
from sham (n=5) and IMI-6 month (n=5) sheep were analyzed by Masson Trichrome stain
(Fig 6A). Quantification of the percent positive area showed significantly increased collagen
in the IMI-6 MVs (Fig 6B), which correlated with increased CD45+ cells detected by
immunohistochemistry (Fig 6C). The excessive and disordered collagen detected by Masson
Trichrome in the IMI-6 MV is a hallmark of fibrosis.

Total CD45+ cells in individual IMI-6 month MVs, measured by flow cytometry, showed a
positive correlation with infarct surface area relative to the total left ventricular endocardial
surface area (ESA) (R2 = 0.83, p= 0.02) (Fig 6D). The vena contracta width (VCW)
indicating mitral regurgitation severity was measured in all sheep, sham (x) and IMI-6
month (A), and plotted against CD45+ cells that increased 6 months after IMI (Table 1).
These CD45+ cells (VE-cadherin+/CD45+/aSMA+, VE-cadherin+/CD45+/a-SMA-, and
VE-cadherin-/CD45+/aSMA+) showed a strong correlation (R2=0.72, p= 0.002) with the
VCW (Fig 6E). Global LV remodeling was assessed by measuring the total LV ESA ratio
between immediately post-MI (T1) and 6 months (T2) by 3-dimensional
echocardiography6-19 This remodeling ratio showed a strong positive correlation with the
MV CD45+ cells (R2=0.79, p<0.001).This suggests that not only the infarct size but left
ventricular remodeling exerts an effect on the MV and in turn the number of CD45-
expressing cells in the leaflets. The cell-modifying stimulus could be attributed to prolong
cytokine release occurring after LV damage and failure, as has been described36. CD45+
cells showed a negative correlation with ejection fraction (R2=0.71, p= 0.002) (Fig 6G).

DISCUSSION

In this study we identify an unanticipated expression of CD45 in mitral VEC both /n vivo
post-MI and /n vitro in response to TGFB1. At 6 months post-MI, CD45+ endothelial cells
were the most abundant CD45+ cell population in the MV. This was determined by flow
cytometry, an objective and quantitative method carried out on single cell preparations from
collagenase-digested anterior and posterior MV leaflets. A large fraction of the CD45+
endothelial cells co-expressed a SMA, which suggested the cells were undergoing EndMT.
CD45+/aSMA+ cells were also detected and significantly increased in 6 months-IMI MVs.
The increases in CD45+ cells correlated with MV fibrosis, MR severity and infarct size. /n
vitro, ovine mitral VECs expressed a low level of endogenous CD45, which was increased
significantly by TGFp1, with concomitant, significant increases in aSMA, additional
EndMT markers, and collagen 1, collagen 3, TGFp1, TGFB1 and TGF3; such cytokine
self-amplification has been described previously 36. A CD45-selective PTPase inhibitor
modulated expression of all of these markers. The CD45 PTPase inhibitor also blocked
EndMT-associated increased migration of mitral VEC. These assays were conducted on
several different mitral VEC clones, indicating robust findings. Combined, these results
suggest a functional role for CD45 in EndMT and induction of a collagen-producing, TGFp-
producing cellular phenotype that could portend fibrosis. Consistent with this idea, increased
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collagen accumulation, indicative of fibrosis, was coincident with increased CD45+ cells in
the IMI-6 MVs.

CD45 is best known as a transmembrane glycoprotein expressed on all differentiated
hematopoietic cells, except erythrocytes and platelets. As such, it is often used as a marker
for cells of hematopoietic origin, and it is commonly used to isolate leukocytes. CD45
regulates a variety of cellular processes including cell migration, proliferation, and
differentiation 373839, n light of its known roles in cellular motility and migration of
hematopoietic cells, it is interesting that CD45 also appears to play a role in migration of
mitral VEC that have become activated to undergo EndMT. Through its intrinsic
phosphatase activity CD45 can either dampen or activate signaling pathways by
dephosphorylating Src kinase family members, in particular Lck in T cells and Lyn in B
cells38. CD45 can also affect integrin-mediated adhesion in T cells and macrophages by
down regulating the activity of Src family kinases Lyn and Hck, limiting their participation
in the formation of stable focal adhesions38. Bone marrow-derived mononuclear cells from
CD45 knockout mice show increased adhesion and decreased migration??, activities that
would counteract EndMT processes. Further, the CD45 knockout cells showed increased Src
and phosphorylated Erk#°. An analysis of Src family kinases as potential targets of VEC
CD45 would be a topic of future studies.

CD45 is not normally expressed on endothelium or endothelial cells. An exception is during
embryonic development when specific sites within the yolk sac, the placenta and the dorsal
aorta become “hemogenic” for a narrow window of time. CD45+/VE-cadherin+ cells bud
from the hemogenic endothelium to give rise to hematopoietic stem cells#! 42, Purified
cultures of human endothelial cells are typically devoid of CD45+ cells*3, although we
detected a limited window of hemogenic activity in human umbilical cord blood CD133-
selected endothelial colony forming cells*4. No CD45+ adult endothelium has been
described so far. Therefore, our discovery of CD45+ endothelial cells in MVs at 6 months
post-IMI and in cultured mitral VECs is novel. Further, we show CD45 is not expressed in
arterial endothelial cells treated with or without TGF, indicating selectivity. We also
showed that hematopoietic markers, such as CD14 and CD11b, were not increased in mitral
VEC by TGFp1, nor was CD14 detected along the endothelium in mitral valves from IMI
sheep at 6 months.

We postulate that endothelial CD45 is important in the MV adaptive response post-MI and
further, the response encompasses both pro- and maladaptive processes. We recently
reported a constellation of cellular changes in MV leaflets in an ovine model of tethering
plus MI, which included significantly increased CD45+ cells at 2 months, as well as
significantly increased EndMT®. In that study, we had not yet developed the triple-label flow
cytometric method to quantify the 8 distinct cell populations in MV, and therefore do not
know the distribution of CD45+ cells among endothelial cells, hematopoietic cells and
fibrocytes. In the current study, we show that in the 6 months IMI model, MV endothelial
cells constituted 64% of the total CD45+ cells, hematopoietic cells 21% and fibrocytes 14%.
We postulate that increased endothelial CD45, with its intrinsic phosphatase activity, may
decrease adhesion and/or increase migration of mitral VECs, as CD45 has been implicated
in these cellular activities?0: 3941, Indeed, increased migration is a hallmark of cells
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undergoing EndMT?29, which we speculate is an important process used to replenish mitral
VICs and increase MV leaflet area® 35. The EndMT could be pro-adaptive if it proceeded in
a regulated manner to produce VICs; on the other hand, if EndMT is uncontrolled, it may
result in maladaptive valve growth. EndMT has recently been implicated other maladaptive
settings, such as atherosclerotic lesions and plaque instability*®.

Approximately 15% of the CD45™ cells in the IM1-6 months MVs may be fibrocytes, also
known as myeloid fibroblasts28, based on the co-expression of CD45 and aSMA and lack of
VE-cadherin. CD45 suggests a hematopoietic origin of fibrocytes/myeloid fibroblasts and
aSMA indicates myofibroblastic functionality!2. Despite their relatively low number in IMI
MVs, the fibrocytes may be an important factor in the maladaptive MV response to Ml, as
these cells can release inflammatory and fibrogenic growth factors, including TNFa, IL6,
IL8, TGFB1-3, collagen I and 111, and fibronectin?6 and importantly have been shown to
contribute to cardiac fibrosis2%, including fibrosis post-M147: 48, The possibility that MV
CD45+ cells after MI contribute to a self-reinforcing fibrotic cycle merits exploration for
potential therapeutic directions; targets could include both fibrocytes and CD45+ VEC
undergoing EndMT. In myxomatous MVs, fibrocytes are increased under pro-fibrotic
conditions*9, supporting their role in collagen deposition in the valves. Hajdu and colleagues
identified a fibrocyte-like population in normal murine mitral valve leaflets that are spindle-
shaped, CD45-positive and bone marrow-derived. They further characterized the cells as
vimentin-positive but endothelial and leukocyte marker negative®. They concluded that
bone marrow-derived cells contribute to the VIC population under normal homeostatic
conditions. The increased CD45+/a.SMA+ cell population in the ovine IMI MVs may be
related to this phenomenon, but would likely reflect an enhancement or exaggeration of the
steady state influx of bone marrow cells into the MV. An alternative hypothesis, given the
capability of mitral VEC to express collagen I, collagen 3 and TGFB1, TGFB2 and TGFB3
(Figure 4C), is that some VE-cadherin+/CD45+/aSMA+ endothelial cells might
downregulate VE-cadherin and become resident CD45+/aSMA+ fibrocytes. The possibility
that mitral VEC may contribute directly to the fibrocyte population merits investigation.

In summary, here we provide a relative quantification of multiple cell types in MVs at 6
months post-MI using an objective and unbiased method, similar to a recent report on
murine cardiac cellular composition®L. The identification of a CD45+ endothelial population
suggests upregulated endothelial CD45 may play a role in adaptation of MV cells post-Ml.
Given the plasticity of mitral VECs 14, CD45 may be an indicator of an adaptive phenotype.
Finally, these results identify a functional role for CD45 protein tyrosine phosphatase in
EndMT, an entirely novel finding that warrants further investigation. That CD45+ cells were
found associated with adverse outcomes including leaflet fibrosis, MR severity, LV
remodeling and reduced ejection fraction provides a strong rationale for pursuit of such
studies.
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Refer to Web version on PubMed Central for supplementary material.
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MV mitral valve
IMI inferior myocardial infarction
a-SMA a-smooth muscle actin

EndMT endothelial-to-mesenchymal transition

VEC valve endothelial cell

VIC valve interstitial cell

MR mitral regurgitation

CAEC carotid artery endothelial cell
FBS fetal bovine serum

TGFB transforming growth factor-p

PTPase protein tyrosine phosphatase

ESA endocardial surface area
VCW vena contracta width
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Novelty and Significance
What Is Known?

. After inferior myocardial infarction (IMI), progressive mitral valve
(MV) regurgitation develops that increases heart failure and mortality,
and is difficult to repair.

. While MV leaflet tethering causes compensatory valve enlargement,
associated with endothelial-to-mesenchymal transition (EndMT), Ml
combined with leaflet tethering induces counterproductive MV fibrosis
that impairs leaflet closure and increases regurgitation.

. This post-MI fibrotic process is associated with excessive EndMT and
CD45-positive cells in the MV, and TGF protein in MV cells.

What New Information Does This Article Contribute?

. Unexpectedly, the CD45+ cells in the ovine six-month post-MI MV co-
express endothelial markers, many localize within the endothelium or
sub-endothelium, and express markers consistent with EndMT. The
proportion of CD45+ cells in these valves correlates with valve fibrosis
(collagen content) and MR severity as well as infarct size and left
ventricular remodeling (dilation).

. In vitro, TGFB specifically induces ovine MV endothelial cells to
undergo EndMT, migrate, and express CD45, collagen and intrinsic
TGFB, all blocked by a CD45-selective protein tyrosine phosphatase
inhibitor.

Ml is accompanied by adaptive enlargement of the tethered MV combined with
maladaptive fibrosis that limits leaflet expansion and promotes mitral regurgitation
through as yet unknown cellular processes. MV EndMT appears to play a role in the
initial enlargement and new findings here indicate it may be a substrate for fibrosis. There
are substantially increased cells expressing CD45, a protein tyrosine phosphatase, in the
MYV at 6 months post-inferior MI. The majority of the MV CD45+ cells have an intrinsic
endothelial phenotype with indicators of ongoing EndMT. The increase in CD45+ cells is
correlated with MV collagen deposition, infarct size and MR severity in the ovine inferior
MI model. In vitro, TGF, which is released in the post-MI inflammatory state, induced
CD45+ expression in MV endothelial cells, coincident with increased cell migration, a
hallmark of EndMT, and expression of EndMT markers and the fibrosis markers
collagens 1 and 3 and endogenous TGFB1-3. A CD45-selective phosphatase inhibitor
blocked the increased migration and expression of EndMT and fibrosis markers, which
suggests a functional role for CD45 in EndMT and the production of fibrotic cells. These
findings suggest new avenues for understanding mechanisms driving MV regurgitation
and point to new therapeutic opportunities.
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Figure 1. CD45 detected in the mitral valve endothelium post-Ml
(A-F) Immunohistochemical staining of MV leaflets: anti-CD45 staining (A, B, D, F),

control 1gG staining (C). anti-CD14 staining (E). Ovine MV leaflets from animals 6 months
after IMI (A, C, D, E), control animals (B) and mitral regurgitation (MR) only animals (F).
(G-J) Immunofluorescence staining of IMI 6-months MV leaflets. Panel G shows double-
staining with anti-CD45 and anti-von Willebrand factor (vWF), an endothelial marker.
Arrows mark endothelial cells co-expressing CD45 and vWF. Panel H shows single staining
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with anti-vWF. Panel | shows single staining with anti-CD45 and Panel J shows DAPI
staining only.
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Figure 2. CD45/VE-Cadherin/aSMA analysis of MV cells 6 months after inferior M1 (IMI)
A representative flow cytometric analysis is shown. Top panels show the labeling for VE-

cadherin, aSMA and CD45. VE-Cadherin-positive/CD45-positive cells (pink-shaded box)
were analyzed in the APC-channel (green-shaded box) for aSMA-positive cells. This shows
the distribution of VE-cadherin-positive/CD45-positive cells into a SMA-negative and
aSMA-positive subpopulations. Bottom row shows cells labeled with isotype-matched IgGs
to establish background staining. A summary of the complete flow cytometric analysis is
shown in Table 1.
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Figure 3. Flow cytometry of mitral VEC clones and non-valvular CAEC
Mitral VEC clone E10 (A, B) and CAECs (C, D) treated with EBM-B (A, C) or EBM-B

+ 1ng/mL TGFp1 (B, D) for 4 days to induce EndMT. E) Four additional mitral VEC clones
treated with EBM-B + 1ng/mL TGFp1 for 4 days. Each mitral VEC clone, E5, D1, 14 and
C5, was analyzed for VE-cadherin and CD45 to show the range of CD45 expression among
mitral VEC clones.
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Figure 4. Increased EndMT and fibrosis markers blocked by CD45 PTPase inhibitor
(A, B) CD45, VE-cadherin and a SMA mRNA levels in mitral VEC clones and CAEC

measured by gPCR. Cells were treated for 4 days without (gray bars) or with (black bars)
TGFB1. (C) Mitral VEC clones were treated £ TGFB1 (1 ng/mL) and + CD45 PTPase (0.5
uUM) for 4 days. mRNA levels of aSMA (black), Slug (blue), MMP2 (orange), NFATc1
(teal), collagen 1 (yellow), collagen 3 (gray), TGFB1 (red), TGFB2 (green) and TGFp3
(light blue) were measured by gPCR. Closed symbols indicate p values between control and
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TGFB1 treatment groups; open symbols indicate p values between TGFB1 and TGFpB1 +
CD45 PTPase inhibitor treatment groups. (D) CAECs were analyzed as in Panel C.
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Figure 5. Increased EndMT migration blocked by CD45 PTPase inhibitor
(A) Mitral VECs were treated without (light gray bars) or with TGFB1 (1 ng/mL) for 4 days

(dark gray bars) to induce EndMT. Cells were treated + CD45 PTPase (1.0 uM) for 30
minutes prior to and during the migration assay, as indicated. Cells were allowed to migrate
across Transwell membranes towards either endothelial basal media alone or endothelial
basal media + serum and bFGF for 6 hours. (B) CAEC were analyzed as in Panel A.
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Figure 6. Fibrosis, MR severity, infarct size and LV remodeling correlate with CD45+ cells
(A) Representative images of Masson Trichrome-stained MV leaflets from sham (n=5) and

IMI-6 month sheep. (B) Quantification of positively stained areas of collagen (Masson
Trichrome) and (C) anti-CD45 in adjacent sections. Data were analyzed by Student’s t-test
using GraphPad Prism v7.0; p<0.05 considered significant. (D) Total CD45+ cells, measured
by flow cytometry, in individual IMI-6 month sheep were plotted against infarct size
(normalizing for heart size as infarct relative to total LV endocardial surface area). (E) MR
was determined by measuring the width of the proximal jet (vena contracta) in the apical
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long-axis view. Values for individual sheep in sham (x) and IMI-6 (A) groups were plotted
against CD45+ cells (VE-cadherin+/CD45+/aSMA+, VE-cadherin+/CD45+/aSMA-, and
VE-cadherin-/CD45+/aSMA+). (F) LV remodeling, determined by the ratio of infarct
endocardial surface area (ESA) at time of sacrifice (T2) / ESA at 30 minutes post-MI (T1),
was plotted against the same CD45+ cells as in E. (G) Ejection fraction plotted against the
same CD45+ cells as E and F. D-G, Linear regression analysis was performed and the R2
value was calculated to see how well the regression line fit the data. P < 0.05 was considered
significant.
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Table 1

Endothelial, interstitial and hematopoietic cell populations in MVs from IMI infarcted sheep versus sham
operated sheep, percentage of total cells within each cell population. Fisher test used determine variances;
equal variances were found for each comparison group. Statistical significance measured using student t-test
analysis. P<0.05 considered significant Comparisons with P<0.05 are shaded beige.

Sham 6 months IMI  Statistical
n=5 n=5 Significance
VEC 135+70 4.6+6.6 P=0073
VE-Cadherin*/CD45 /aSMA~
VECCD45+ 256+24 9.0+51 P=0033
VE-Cadherin*/CD45*/a. SMA™
VEC-EndMT 3.1+24 3.8+3.6 P=070
VE-Cadherin*/CD45 /aSMA*
VECCP45+_ EndMT 1.18+2.2 174+ 4.6 P =0.0001
VE-Cadherin*/CD45*/a. SMA*
Quiescent VIC 65.3+13.6 47.1+128 P =0.060
VE-Cadherin”/CD45 /aSMA~
Activated VIC 84+87 53+5.1 P=0521
VE-Cadherin”/CD45 /aSMA*
Hematopoietic cells 547 +3.9 8.8+6.0 P=0323
VE-Cadherin”/CD45*/a.SMA~
Fibrocytes 0.94+2.0 58+29 P=0015

VE-Cadherin”/CD45*/a.SMA*
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