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Feline hypertrophic cardiomyopathy:
reduced microvascular density and
involvement of CD34+ interstitial cells
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Abstract

The sequence of pathological events in feline hypertrophic cardiomyopathy (fHCM) is still largely unknown, although we
know that fHCM is characterized by interstitial remodeling in a macrophage-driven pro-inflammatory environment and that
myocardial ischemia might contribute to its progression. This study aimed to gain further insights into the structural changes
associated with interstitial remodeling in fHCM with special focus on the myocardial microvasculature and the phenotype of
the interstitial cells. Twenty-eight hearts (16 hearts with fHCM and |2 without cardiac disease) were evaluated in the current
study, with immunohistochemistry, RNA-in situ hybridization, and transmission electron microscopy. Morphometrical
evaluations revealed a statistically significant lower microvascular density in fHCM. This was associated with structural
alterations in capillaries that go along with a widening of the interstitium due to the accumulation of edema fluid, collagen
fibers, and mononuclear cells that also proliferated locally. The interstitial cells were mainly of fibroblastic or vascular
phenotype, with a substantial contribution of predominantly resident macrophages. A large proportion expressed CD34
mRNA, which suggests a progenitor cell potential. Our results indicate that microvascular alterations are key events in the
pathogenesis of fHCM and that myocardial interstitial cell populations with CD34+ phenotype play a role in the pathogenesis

of the disease.
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Cardiomyopathies are the most common cardiac diseases in
cats.?**! Among these, hypertrophic cardiomyopathy (HCM)
is by far the most prevalent.”®3? Feline HCM (fHCM) is char-
acterized by diffuse or regional increase in thickness of the
left ventricular wall without chamber dilation that cannot be
explained by other cardiovascular or systemic disorders.?*?*
The cause of fHCM is largely unknown; however, familial
HCM has been reported in several cat populations, and 2
mutations affecting the sarcomeric myosin-binding protein C
(MYBPC3) as well as 1 mutation affecting myosin-7 (MYH7)
have been identified in Maine Coon, Ragdoll, and Domestic
Shorthair cats, respectively.®”-%%88 This suggests that, at least
in a proportion of cases, fHCM might have a genetic basis as
in humans.*® Studies on large case cohorts have shown that
the disease has a higher incidence in male versus female cats
and an increased prevalence with age (mean age at diagnosis:
6 years).”®’>82 The clinical presentation is variable: some
cats with HCM remain subclinical, whereas others develop
congestive heart failure, thromboembolism, or sudden
death.®23:26.37.628081 Thig variation in presentation, as well as
the fact that the pathological mechanisms associated with the
development and progression of fHCM are still largely

unknown, contribute to the challenges faced with clinical
management of the disease.'*!-%?

Several studies have provided information on the histopath-
ological features of fHCM and, more recently, tried to gain
some mechanistic insight into its pathogenesis.'>*433 These
studies have shown that the disease is dominated by intense
remodeling processes concurrent with degenerative processes
in cardiomyocytes.!>?444:4349.50 Our group has recently shown
that fHCM is associated with a pro-inflammatory environment
in which the myocardial transcription of cytokines like IL-1
and TNF-o is upregulated.®® Remodeling processes affect
both the interstitium and the contractile tissue component. The
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interstitium was found to contain a significantly increased
amount of collagen and an increased number of interstitial cells
with macrophage phenotype. Smooth muscle actin—positive
cells were also more numerous, which was interpreted as an
increase in interstitial vessels. In addition, cardiomyocytes were
multifocally replaced by patchy areas of cell-rich fibrosis with
embedded macrophages and neovascularization.”® We inter-
preted these as a consequence of tissue ischemia, analogous to
human HCM (hHCM) where similar focal processes have also
been described.? Interestingly, h(HCM is apparently also associ-
ated with structural and functional alterations of the myocardial
microvasculature (so-called microvascular dysfunction) and
reduced capillary density.'>*3#* Consequently, we hypothesized
that myocardial ischemia is an intrinsic mechanistic feature of
the remodeling processes in fHCM prompting an in-depth
investigation of the myocardial microvasculature in fHCM
hearts. The human literature also suggests that circulating stem
cells play a role in the myocardial repair processes that follow
ischemic insults such as coronary obstruction, and that subpop-
ulations of macrophages, both resident and blood-derived,
might play regulatory or pro-inflammatory roles in the course of
an infarction process.®*' This suggests that blood-derived stem
cells could also be relevant to the pathogenesis of fHCM.

Therefore, the present study aimed to further investigate the
interstitium in the fHCM heart, to characterize any structural
changes of the myocardial microvasculature and to identify the
phenotype and origin (cardiac vs blood derived) of the cells
involved in the remodeling processes. In addition, we wanted
to gain deeper insight into the phenotypic and functional
changes that cardiomyocytes undergo in fHCM. For this, we
examined the hearts at light microscopic and ultrastructural
levels and employed RNA in situ hybridization (RNA-ISH)
and immunohistochemistry to characterize the phenotype of
the cells and identify progenitor cell populations.

Material and Methods

Animals

The study was performed on the hearts of 28 cats including 16
with HCM and 12 controls. All animals had undergone a full
diagnostic postmortem examination within 24 hours after
death, upon the owners’ request (HCM cats), and as part of a
study protocol (control cats; see below). The 16 animals with
HCM were of different breeds, with 3 intact males, 10 neutered
males, 1 intact female, and 2 spayed females (Supplemental
Table S1). HCM cats had a mean age of 8.6 = 4.1 years (mean
+ standard deviation) and a mean body weight of 5.2 = 1.2 kg
(Supplemental Table S1). Nine cats (cases 4, 6, 7, 9, 12—-16)
had been clinically diagnosed with HCM by a specialist in vet-
erinary cardiology by means of echocardiography; of these,
one was identified as end-stage HCM (case 14) based on thin-
ning and hypokinesis of the left ventricular free wall on echo-
cardiography, whereas the other cats had interventricular
septum and/or left ventricular free wall thickening (=6 mm in

diastole). Seven cats had died without a clinical diagnosis of
fHCM. Of these 7 cats, 3 were presented with sudden death
(cases 1, 8, and 11) and 4 (cases 2, 3, 5, and 10) with clinical
signs of respiratory distress. In all animals, HCM was con-
firmed by the postmortem examination, which revealed an
obvious thickening of the left ventricular walls and narrowing
of the ventricular lumen.

The mean heart weight (HW) of the fHCM cases was 29.6
+ 7.2 g (mean * standard deviation), the mean HW/BW (%)
was 0.53 + 0.25 (reference values 0.28 = 0.88).%* The histo-
logical findings were consistent with those previously described
for fHCM.>® Cats with a subjectively thickened left ventricular
wall with histological evidence of interstitial fibrosis and/or
cardiomyocyte degeneration and disarray were included in the
study (Supplemental Table S2). One cat had a saddle thrombus
in the caudal abdominal aorta (case 4) and had presented clini-
cally with paresis of the hind limbs; another had a thrombus in
the left ventricle (case 7). Two cats had an unrelated concomi-
tant pathological process, that is, a necrotizing bronchopneu-
monia the cause of which could not be identified (case 2) and
an ependymoma (case 6).

Twelve control hearts were included. Of these, 11 were from
1.5-year-old healthy Domestic Shorthair cats (6 male, 5 female;
cases C1-C11) that had served as control animals in an experi-
mental study undertaken by a commercial provider. Upon post-
mortem examination, these animals did not exhibit any
pathological changes. Also included was the heart of a 7-year-
old female neutered Domestic Shorthair cat (case C12) that had
been euthanized for behavioral reasons.

Sampling, Histological and Immunohistological
Examinations

Hearts were removed as part of the routine necropsy and mac-
roscopically examined for any pathological changes, dissected
following the inflow-outflow method,* or sectioned longitudi-
nally to correspond to the 2-dimensional long axis echocardio-
graphic view to visualize the 4 cardiac chambers.® After
removing the pericardium and any clotted blood in the cham-
bers, the heart was weighed and fixed in 4% neutral buffered
formalin for 48 to 72 hours. Transverse sections (including left
and right ventricular free wall and interventricular septum) of
the mid ventricle were prepared. In order to assess the struc-
tural changes in a second plane of section, one longitudinal sec-
tion encompassing the ventricular free walls with atrium and
atrioventricular valves was additionally prepared in 4 HCM
cases (cases 12—15).

The tissue specimens were routinely embedded in paraffin
wax. Consecutive sections (3—5 pm) were prepared, routinely
stained with hematoxylin-eosin (HE), and subjected to immu-
nohistochemistry and RNA-in situ hybridization. HE-stained
sections served for the general assessment of cardiomyocyte,
interstitial, and focal changes.>

Immunohistochemistry was performed using an Autostai-
nerLink48 (Agilent Technologies, Inc) or the Discovery XT
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autostainer (Ventana Medical System, Inc). It served to detect
apoptotic cells (cleaved caspase 3+) and proliferating cells
(Ki67+), endothelial cells (CD31+), smooth muscle cells (.-
smooth muscle actin [a-SMA]+), macrophages (Ibal+; cal-
protectin+), cardiac stem cells, and mast cells (c-Kit+) in all
cases. Staining for procollagen I, collagen I, and collagen IV
was applied in selected cases to further characterize dense
patchy collagen depositions. Antibodies with antigen retrieval
and detection methods are listed in Supplemental Table S3.
Briefly, after deparaffinization, antigen retrieval was performed
for all antigens except for o-SMA, by incubation of the slides
with citrate buffer (pH 6) at 98 °C for 20 minutes (calprotectin,
Ibal, Ki67, procollagen I) or 80 °C for 20 minutes (collagen I),
EDTA buffer (pH 9) at 98 °C for 20 minutes (CD31 and colla-
gen IV), or Cell conditioning 1 (CCIl; Ventana Medical
Systems; cleaved caspase 3) at 98 °C for 20 minutes.
Endogenous peroxidase was blocked by incubation with hydro-
gen peroxide (Agilent) solution for 10 minutes, followed by
incubation with REAL Antibody Diluent (Agilent) for 30 min-
utes at room temperature (RT). DAB substrate buffer (Agilent)
was used as detection chromogen. Slides were then incubated
with the primary antibodies and matching secondary antibod-
ies, using the appropriate detection system (Supplemental
Table S3). Sections were washed with phosphate buffered
saline (pH 8) between each incubation step. Finally, sections
were counterstained with hematoxylin for 40 seconds and cov-
erslipped. Sections stained for CD31 were subsequently stained
with the van Gieson stain to highlight the interstitial collagen
deposition. Sections from the following tissues served as posi-
tive controls: lymph node (Ki67, cleaved caspase 3, Ibal, cal-
protectin), skin (procollagen I, collagen I, collagen IV, a-SMA),
and lung (CD31). Consecutive sections incubated without the
primary antibody served as negative controls.

RNA-In Situ Hybridization (RNA-ISH)

For RNA-ISH, the RNAscope (Advanced Cell Diagnostics Inc
[ACD]) technology was applied. A series of target oligoprobes
were designed by the manufacturer to hybridize a range of spe-
cific feline gene transcripts that can be regarded as markers for
stem cell subsets and monocyte or vascular cell origin or are
involved in cell signaling and hypertrophy (Table 1): Nanog,
Octa-4, CD34, Kit, C-C chemokine receptor 2 (CCR2), CD14,
CD29, CD34, CD133, Kit, collagen type I alpha 1 chain
(Col1Al), myocyte-specific enhancer factor 2C (MEF2C),
platelet derived growth factor receptor beta (PDGFRB), and
vascular endothelial growth factor 2 (VEGFR2). A protocol for
manual staining was applied, following the manufacturer’s
instructions. Briefly, sections were dried for 1 hour at 60 °C
and dehydrated in a series of graded alcohols and xylene.
Following standardized pretreatment steps with RNAscope
Pretreatment Reagents (RNAscope Hydrogen Peroxide
Reagent: 10 minutes at RT; RNAscope Target Retrieval
Reagent: 15 minutes at 100 °C; RNAscope Protease Plus
Reagent: 30 minutes at 40 °C), sections were incubated with
the oligoprobes for 2 hours at 40 °C in a HybEZ Oven.

RNAscope 2.5 HD Reagent Kit-BROWN was used for the
amplification and detection steps (incubation with reagent [1]
for 30 minutes at 40 °C; reagent [2] for 15 minutes at 40 °C;
reagent [3] for 30 minutes at 40 °C; reagent [4] for 15 minutes
at 15 °C, reagent [5] for 30 minutes at RT; reagent [6] for 15
minutes at RT; and DAB-B for 10 minutes at RT). Slides were
counterstained for 60 seconds with hematoxylin and mounted.
A soft tissue sarcoma served as positive control for Nanog and
Octa-4 mRNA, a lymph node for CD14 and CD34, bone mar-
row for CCR2, the thyroid gland for VEGFR2, PDGFRB, and
Kit, the pancreas for CD133, and the cerebral cortex for
MEF2C mRNA.

Oligoprobes specific for feline PPIB (Cyclophilin By mRNA
were used as positive control to confirm the correct technical
approach and to assess the RNA quality of the samples (posi-
tive brown dots in interstitial cells visible at 200X magnifica-
tion and >5 dots per cardiomyocyte with more than 50% of
cardiomyocytes positive). Oligoprobes specific for the DapB
gene of the Bacillus subtilis strain SMY were used as a nega-
tive control.

The positive signal for the markers of interest was repre-
sented by individual brown dots within the cells; accordingly,
the signal intensity was assessed based on the number of dots
per cell in a 400X magnification and considered as weak (up to
3 dots in interstitial cells and up to 10 dots in cardiomyocytes),
moderate (4—10 dots in interstitial cells and 11-20 dots in car-
diomyocytes), or strong (clusters of dots in interstitial cells and
more than 20 dots in cardiomyocytes).

Transmission Electron Microscopy (TEM)

Additional fresh myocardial samples were collected for TEM
within 1 hour of death from 6 HCM cases (cases 4, 7, 10, 12—
15; Supplemental Table S1) and 1 control heart (case C12). The
samples were fixed for 24 hours in 5% glutaraldehyde, buff-
ered in 0.2 M cacodylic acid buffer, pH 7.3, trimmed, and rou-
tinely embedded in epoxy resin. Toluidine blue—stained
semithin sections (1.5 pum) were prepared to select areas of
interest for the preparation of ultrathin sections (75 nm) that
were contrasted with lead citrate and uranyl acetate and viewed
with a Philips CM10, operating with a Gatan Orius Sc1000
digital camera (Gatan Microscopical Suite, Digital Micrograph).

Morphometric Analyses

Slides were scanned (NanoZoomer-XR C12000; Hamamatsu)
and evaluated with an image analysis software (Visiopharm
2020.08.1.8403; Visiopharm). For the quantification of intersti-
tial capillaries, 20 square-shaped regions of interest (ROIs) of
0.09 mm? were manually annotated in a random manner in areas
where cardiomyocytes were transversely cut (subendocardial
and subepicardial regions) and did not exhibit any focal areas of
cell-rich fibrosis (Suppl. Fig. S1). Subsequently a threshold clas-
sification method with a DAB filter was used for the detection of
vascular structures, based on the expression of CD31, and for the
extent of interstitial edema and collagen deposition, based on the
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Table I. Cell markers detected by RNA-in situ hybridization, cells known to express the markers and their functions.?

Marker

Cells known to express the marker and its functions

CCR2

CDI4

CD29

CD34

CDI33

KIT

CollAl
MEF2C

Nanog

Oct4

PDGFRB

VEGFR2

C-C chemokine receptor 2. Chemokine receptor of monocyte chemoattractant protein-1 (MCP-1). Myocardium: contains
CCR2- and CCR2+ macrophages. CCR2— macrophages: derived from primitive yolk sac and fetal monocyte progenitors,
self-maintained in the heart independently from the bone marrow; regenerative functions. CCR+ macrophages: maintained
through gradual monocyte recruitment and local proliferation; pro-inflammatory functions.*?”:3¢

LPS receptor. Humans: expression in monocytes, with variable intensity depending on monocyte subset (ie, classical,
nonclassical, and intermediate monocytes) and macrophages;? cultured circulating CD 14+ monocytes differentiate into
mesenchymal and endothelial lineages, so-called monocyte-derived multipotential cells.’* Cats: expression in proportion
of monocytes in bone marrow and peripheral blood; cultured dendritic cells.>?® Myocardium (humans): contains CD 14+
macrophages.’

Cell surface receptor with roles in cell adhesion and migration, and regulation of cellular phenotype.®® Myocardium: receptor
for different extracellular matrix proteins including collagens, involved in myofibroblast differentiation and facilitation of
interaction between cardiomyocyetes, fibroblasts, and endothelial cells;® also known to be involved in cardiac remodeling
and fibrosis as well as cardiac hypertrophy.'® Cats: CD29 expression found in cultured cardiomyocytes, bone marrow cells,
fibroblasts of the renal cortex, and adipose tissue derived mesenchymal stem cells.>#6:56:100

Transmembrane phosphoglycoprotein expressed in hematopoietic stem cells, hematopoietic progenitor cells, and wide range
of non-hematopoietic stem cells including mesenchymal stem cells and endothelial progenitor cells.¢*® Function largely
unknown but regulation of cell stemness and proliferation, cell adhesion, and hematopoietic cell trafficking is suggested.®%°
Myocardium: expressed by various endogenous cardiac stem cells with cardiogenic or vascular phenotype,® and by interstitial
Cajal-like cells (so-called telocytes).>? Cats: protein expression in endothelial cells of renal capillaries and various tumors,
progenitor cells from the umbilical cord;'*3%72 mRNA expression in different organs (ie, brain, spleen, heart, testis, thymus,
liver) with highest levels in the heart (no information on cellular source).'%

Membrane glycoprotein expressed by wide range of stem cells, cancer stem cells, and differentiated cells (mainly polarized
epithelial cells, glial cells, and photoreceptors).''** Function: not clear; involved in maintenance of the plasma membrane
in differentiated epithelial cells; linked to molecular pathways associated with cell proliferation, angiogenesis and migration
in cancer cells. Humans: used as a marker of circulating endothelial progenitor cells, together with CD34 and VEGFR2.#"%7
Cats: used as a marker for cancer stem cells.”””8

Tyrosine kinase receptor expressed in several cell types including germ and hematopoietic stem cells, mast cells, melanocytes,
and Cajal interstitial cells.*” Function: activation of various transcription factors involved in apoptosis, cell differentiation,
proliferation, chemotaxis, and cell adhesion.®” Myocardium: expression by cells regarded as cardiac stem cells (humans, mice,
cats)’03>93.104 3nd by telocytes.

Collagen type | alpha | chain. Gene encoding the o chain of type | collagen; expressed by fibroblasts.*?

Myocyte enhancer factor 2C. Transcription factor with central roles in embryological differentiation and morphogenesis of
cardiac, skeletal, and smooth muscle cells, the nervous system and B cells. Myocardium: promotes cardiac hypertrophy upon
pathological stimuli; genetic variants leading to increased MEF2C expression have been described in human HCM.341¢

Transcription factor expressed in embryonic stem cells to maintain cell pluripotency.”’ Myocardium: cardiac stem cell marker
in rat and mouse.’®'?' Cats: identified in amniotic epithelial cells and mesenchymal stem cells; used as transcription factor to
generate induced pluripotent stem cells.20:4687.105

Transcription factor expressed by embryonic stem cells to maintain cell pluripotency.”® Myocardium: cardiac stem cell marker
in rat and mouse.'"1%2 Cats: identified in amniotic epithelial cells and mesenchymal stem cells; used as transcription factor to
generate induced pluripotent stem cells. 204687105

Platelet derived growth factor receptor beta. Cell-surface receptor with tyrosine kinase domain, expressed in vascular
smooth muscle cells and pericytes.* Myocardium: expressed by telocytes.>? Functions: role in maintenance of vasculature
homeostasis,*® regulation of angiogenesis by mediating pericyte and vascular smooth muscle cell migration for stabilization of
newly formed vessels.2 Cats: expression in normal endocrine pancreas and endothelial cells and histiocytic cells in histiocytic
disorders.”

Vascular endothelial growth factor receptor 2. Transmembrane receptor with tyrosine kinase domain, expressed in endothelial
cells and endothelial progenitor cells.*""*” Functions: role in vascular permeability and angiogenesis; promoting proliferating,
differentiation, and sprouting of endothelial cells during angiogenesis.? Cats: expressed by neoplastic cells in renal cell
carcinoma and mammary cell carcinoma.'373

2Unless specifically stated, the information originates from studies in mice and humans.

presence of empty spaces and the van Gieson staining reaction.  used to outline an entire cross section of the left ventricular free
Results were quantified as vessels per mm? and percentage of  wall (6 mm width), which was defined as ROI. Subsequently, a
clear spaces (edema), respectively. For the quantification of threshold classification method with a DAB filter was used for
Ki67, Ibal, and calprotectin positive cells, a first tissue detection  the detection of positive cells; cells expressing each marker were
application using a Decision Forest classification method was  quantified as positive cells per mm?.



Rodriguez et al

273

Statistical Analysis

Data from morphometric measurements were analyzed using
the commercially available software package (IBM SPSS
Statistics 21). Basic descriptive statistics (mean, median, vari-
ance, standard deviation, interquartile range, and confidence
interval) were calculated for the morphometrical variables
recorded. Distribution of data was analyzed applying graphical
Q-Q plots, Kolmogorov-Smirnov, and Shapiro-Wilk analyses.
Data for Ibal, Ki67, and calprotectin were not normally distrib-
uted and were log-transformed to improve normality and the
model assumptions necessary for parametric analysis. Results
obtained from the 2 groups were compared using unpaired ¢
tests. Statistical significance was defined as P < .05.

Results

The main histological features were consistent with those pre-
viously described for fHCM,!224444550 SQeryctural changes
affecting the interstitial compartment and cardiomyocytes were
subsequently focused upon.

In Feline HCM, the Capillary Density Is Reduced
Within the Myocardium, With Structural
Alterations of the Microvasculature

In HCM hearts, compared to control hearts, the interstitium
was significantly widened, with clear spaces, variable but com-
paratively increased amounts of spindle-shaped and round cells
compatible with macrophages, as well as partly densely packed
collagen fibrils as shown by the van Gieson stain and immuno-
histochemistry for collagen I (Figs. 1, 2; Suppl. Fig. S2). As a
consequence, the vascular density (ie, the number of CD31+
endothelial cells forming ring-shaped capillary structures/
mm?) was significantly lower than in control hearts (Table 2).
Capillaries were irregularly arranged, formed tortuous
branches, and often had plump endothelium (Fig. 3). Some had
thickening of the vascular basement membrane, as revealed by
the increase in collagen IV protein expression (Fig. 4). None of
these features were seen in the control hearts in which capillar-
ies were arranged parallel to the cardiomyocytes with one cap-
illary placed in a straight line between 2 cardiomyocytes
(Suppl. Fig. S3). Ultrastructural analysis confirmed the vascu-
lar alterations, supported by the following findings: Capillaries
occasionally formed tight curves and there was branching (Fig.
5). Capillaries were often lined by plump reactive endothelial
cells with fluid accumulation in the cytoplasm and an irregular
course of the luminal plasma membrane, resulting in narrowing
of the capillary lumen (Figs. 5, 6). Some capillaries were sur-
rounded by rows of round and plump pericytes,” and in some
the basement membrane was thickened. None of these features
was observed in the control animal (Figs. 5, 6). The interstitium
was expanded by ample intercellular spaces that contained
amorphous electron-lucent material consistent with edema
fluid (Figs. 5-7). There were areas that showed moderate to
large amounts of collagen fibrils that formed irregular bundles;

these were either admixed with edema fluid or formed dense
fibrous connective tissue with embedded spindle-shaped cells
interpreted as fibroblasts (Figs. 5—7). The accumulation of fluid
and collagen resulted in marked expansion of the distance
between capillaries and cardiomyocytes.

In addition, 9 cases (cases 1, 3, 5, 8, 12—16) showed changes
in medium-sized myocardial arteries characterized by thicken-
ing of the tunica media with narrowing of the vascular lumen
either due to expansion of the media by hypertrophic smooth
muscle cells or widening due to pale eosinophilic material,
interpreted as collagen, that replaced the smooth muscle cells
as confirmed by loss of staining for a-SMA (arteriosclerosis;
Fig. 8).

In Feline HCM, the Myocardial Interstitium
Contains Proliferating Cells and an Increased
Amount of Cells With Fibroblast and Vascular
Phenotypes

In the attempt to gain information on the origin of the cells that
we observed in increased numbers in the interstitium, we
examined the myocardium for the transcription of CD34,
VEGFR2, PDGFRB, CD133, Kit, and CollA (Table 1).

In control animals, the myocardium exhibited small to mod-
erate numbers of interstitial cells with a weak CD34 and
VEGFR2 mRNA signal; their arrangement and morphology
was consistent with endothelial cells of interstitial capillaries
(Suppl. Figs. S4a, S5). A weak endothelial CD34 mRNA signal
was also seen in small to medium-sized vessels (Suppl. Fig.
S4b) but there was no VEGFR2 signal. Scattered medial
smooth muscle cells and adventitial pericytes were PDGFRB
mRNA-positive (Suppl. Fig. S6a), and so were scattered indi-
vidual cells in the interstitium (Suppl. Fig. S6b). There were
small to moderate numbers of interstitial cells with weak to
moderate CollAl mRNA signal, interpreted as fibroblasts.
Immunohistochemistry showed cytoplasmic procollagen 1
expression in small numbers of fibroblasts and a few collagen I
bundles in the interstitial space (Suppl. Figs. S7-S9). Rare
clongate to spindle-shaped interstitial cells expressed Kit
mRNA, while Kit protein was not detected (Suppl. Fig. S10).
There were no CD133 mRNA-positive cells.

In HCM, small to medium-sized myocardial vessels and
interstitial capillaries showed a similar transcription pattern as
in control hearts. The interstitium contained variable amounts
of spindle-shaped or slightly plumper cells of which moderate
to large numbers were found to moderately to strongly tran-
scribe CD34 (Fig. 9). There were also moderate to large num-
bers of cells that strongly transcribed CollAl (Fig. 10), and
similar numbers showing procollagen I protein expression in
the cytoplasm (Fig. 11). In line with this was the presence of
abundant collagen in the extracellular interstitial space; this
was identified as collagen I and mildly increased amounts of
collagen IV compared to control animals (Fig. 2). In addition,
there were small numbers of cells that transcribed VEGFR2
(Fig. 12) and/or PDGFRB (Fig. 13). Occasionally, CD34,
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Figures 1-8. Hypertrophic cardiomyopathy, left ventricular free wall, cat. Figure |. Case 8. There is widening of the interstitium with
increased numbers of interstitial cells (arrowheads) and cardiomyocyte disarray (arrow). Hematoxylin eosin (HE). Figure 2. Case 3. The
widened interstitium contains abundant collagen I. Immunohistochemistry (IHC). Inset: Collagen deposition (pink) is present in the inter-
stitium between blood vessels (brown). IHC for CD31 (microvasculature) with van Gieson counterstain. CM: cardiomyocyte. Figure 3.
Case 6. Myocardial capillaries are irregularly arranged and appear to branch frequently (arrowheads). IHC for CD31. Figure 4. Case |12. The
interstitium contains fine strands of collagen V. Occasional small capillaries exhibit thickening of the basement membrane due to abundant
collagen IV deposition (arrow). IHC. Figure 5. Case |3. Interstitium with a capillary forming a tight curve (large arrow). There is also evidence
of branching (medium sized arrow on the right). The nuclei of the lining endothelial cells are relatively plump (arrowheads). Aligned with
the capillary is a row of plump pericytes (small arrows). The interstitium is expanded by edema fluid (represented by electron-lucent, amor-
phous material filling well-demarcated intercellular spaces; asterisks) and irregularly arranged collagen fiber bundles (CF). CM: cardiomyocyte.
Transmission electron microscopy (TEM); bar = 10 pm. Figure 6. Case |5. Interstitial capillary (C) with narrowing of the lumen, lined by
swollen endothelial cells (arrows) with irregular luminal surface and fluid accumulation in the cytoplasm (arrowhead). The interstitium is dis-
tended (edema; asterisks). TEM; bar = 5 pm. Figure 7. Case 2. The interstitium is severely expanded due to abundant collagen fiber bundles
(CF) and edema fluid containing amorphous electron-lucent material (asterisks). There are some embedded fibroblasts (arrowheads). TEM;
bar = 20 um. Figure 8. Case 5. Arteriosclerosis of a myocardial artery. (a) Affected artery (A) with diffuse thickening of the tunica media by
eosinophilic amorphous material (collagen). HE. (b) Deposition of the proteinaceous material is associated with focal loss of smooth muscle
cells in the tunica media and narrowing of the arterial lumen. IHC for a.-smooth muscle actin.

VEGFR2, and PDGFRB mRNA-positive cells were not only
found in small capillaries but were also seen to aggregate as
rudimentary ring-shaped structures resembling primitive ves-
sels (Figs. 9, 12, and 13). There was no evidence of CD133
transcription, as in control hearts.

Labeling for Ki67 (as a marker of proliferation) showed
nuclear positive expression in some round macrophage-like
and spindle-shaped cells as well as occasional endothelial cells
of differentiated capillaries (Fig. 14). The number of Ki67-
positive cells was significantly higher in the HCM hearts

compared to control hearts which only showed rare positive
interstitial cells (Table 2).

We also investigated the transcription of markers associated
with signaling transduction pathways in stem cells (Table 1).
Neither Nanog nor Oct-4 were transcribed in HCM, but there
were rare to few individual spindle-shaped cells that expressed
Kit mRNA, and rare individual cells that showed Kit protein
expression in the cytoplasm (Fig. 15). Small numbers of inter-
stitial cells exhibited a weak MEF2C signal (Fig. 16). In con-
trol hearts, rare individual spindle-shaped interstitial cells
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Table 2. Overall cellular and interstitial composition of the
left ventricular myocardium in 12 control cats and 16 cats with
hypertrophic cardiomyopathy (HCM).2

Parameter Control (n=12) HCM (nh = 16) P
CD31 (n/mm?)® 234238 = 417.11 1686.18 £ 241.4 <.001
Interstitium (edema)® 0.38 = 0.19 5.84 = 3.96 .002
Interstitium 1.22 = 0.95 2919 .012
(collagen)©
Ki67 (n/mm?)¢ 1.32 = 1.62 19.49 = 19.79 <.00I
Ibal (n/mm?)? 6.36 * 3.80 64.48 = 73.19 <.001
Calprotectin 3.1 =310 1621 =24.02 54|
(n/mm?)¢

*The data show the mean * standard deviation based on the morphometric
evaluation of histological and immunohistochemical specimens.

®Number of capillaries (n/mm?) based on the number of CD3|-positive
endothelial cells in 20 square regions of interest (ROI) of 0.09 mm2.
‘Percentage of myocardium composed of interstitial edema or interstitial
collagen (Van-Gieson stain: positive) in 20 square regions of interest (ROI)
of 0.09 mm?2

9Number (n/mm?) of positive cells in an entire cross section of the left
ventricular free wall (6 mm width).

exhibited a weak Kit mRNA signal (Suppl. Fig. S10), and/or a
weak MEF2C mRNA signal (Suppl. Fig. S11). Nanog or Oct4
mRNA-positive cells were not detected in control hearts.

Cell death was minimal among the interstitial cells and
restricted to rare individual apoptotic cells in the HCM myo-
cardium, as confirmed by staining for cleaved caspase 3.

The vast majority of interstitial cells also showed a strong
CD29 (B,-integrin) mRNA signal (Fig. 34). The equivalent
cells in control hearts were also positive, though with only
weak to moderate signal intensity (Suppl. Fig. S12).

The Focal Myocardial Areas of Cell-Rich Fibrosis in
HCM Are Similar in Composition to the Interstitium

In 7 HCM hearts (cases 1, 7-9, 12—14) the sections also con-
tained focal areas of cell-rich fibrosis (Fig. 17) consistent with
those previously described by our group.’® These areas of car-
diomyocyte replacement by spindle cell infiltrates and new
blood vessels of variable caliber embedded in a collagenous
matrix had a lot in common with the interstitial changes
described above. They comprised a moderate number of cells
showing moderate to strong CD34 and/or Coll A1 transcription
(Figs. 18, 19). Lesions with abundant collagen (ie, collagen I
and IV) deposition (Fig. 20) and lower cellularity contained
only few cells with moderate Coll1 A1 transcription. When abun-
dant vessels were present, there was substantial collagen IV
expression in the basement membranes (Fig. 21). The embed-
ded small vessels were composed of endothelial cells (CD31+)
of which small numbers showed weak to moderate CD34 (Fig.
18), VEGFR2, and/or PDGFRB mRNA signals. Small numbers
of spindle-shaped cells transcribed MEF2C (Fig. 22), and scat-
tered cells expressed Kit mRNA (Fig. 23). The lesions also con-
tained occasional mast cells, as shown by light microscopy in
combination with Kit mRNA and protein expression (Fig. 23).

There were a few proliferating (Ki67+) spindle-shaped cells
and rare apoptotic (cleaved caspase 3+) cells.

The Interstitial Macrophage Accumulation in
Feline HCM Is Not the Consequence of Monocyte
Recruitment

We have previously identified a significantly increased macro-
phage (Ibal+) population in the interstitium,*® and have now
attempted to identify their origin from resident cardiac popula-
tions or monocytes. Staining of the present case cohort for Ibal
confirmed that positive cells were present in significantly
higher numbers (approximately 10 times higher) in the HCM
myocardium than in control hearts (Table 2). Calprotectin-
positive macrophages (representing recently blood-derived
macrophages)®> were also observed in fHCM and control ani-
mals, and while there was a trend for higher numbers in the
fHCM group (5 times higher in fHCM compared to controls),
there was not a significant difference (Table 2). RNA-ISH for
CD14 (Fig. 24), a marker expressed in some populations of
circulating monocytes and macrophages, and CCR2 (Fig. 29),
confirmed as a marker of monocytes and recently blood-
recruited macrophages in humans,?’ confirmed the calprotectin
results as only rare cells with a moderate mRNA signal were
observed. Cells positive for either marker were not detected in
the interstitium of the control hearts.

The focal cell-rich fibrotic lesions also contained variable
numbers of Ibal+ macrophages and a few calprotectin-posi-
tive and CD14 mRNA positive cells and exhibited scattered
cells that showed CCR?2 transcription. In 2 animals (cases 1 and
12), the focal lesions also contained small clusters (up to 15
cells) of CDl14-positive and fewer CCR2 mRNA-positive
round and spindle-shaped cells (Figs. 26, 27).

In HCM, Cardiomyocytes Undergo Degeneration
But Also Exhibit Limited Phenotypic Changes

Degenerative changes (cytoplasmic vacuolation and loss of
striation, as well as necrosis of individual cardiomyocytes)
mainly close to areas of fibrosis have previously been described
in fHCM.?*° These were regularly seen in the present case
cohort (Figs. 1, 28). There were also rare randomly distributed
apoptotic (cleaved caspase 3+) cardiomyocytes. The ultra-
structural examination provided further details on the degen-
erative processes. Randomly distributed cardiomyocytes
exhibited swollen mitochondria (Fig. 29), accumulations of
membrane-bound multivesicular bodies and lamellar bodies, a
complete loss of organelles, and/or an accumulation of fluid
and electron-dense debris within the sarcoplasm (Figs. 30, 31).
Cardiomyocytes sometimes exhibited irregularly thickened
and electron-dense Z disks, and occasionally disruption of the
intercalated discs. In addition, there were occasional cardio-
myocytes that showed a substantially enlarged nucleus with
finely dispersed chromatin (Figs. 32, 33), suggesting hypertro-
phy of the cell.”®
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Figures 9-16. Hypertrophic cardiomyopathy, left ventricular free wall, cat. Figure 9. Case ||. CD34 mRNA expression is seen in the
cytoplasm of capillary endothelial cells (arrowheads) and a large proportion of interstitial cells, some of which are arranged in rudimentary
ring-shaped structures reminiscent of primitive vessels (arrow). RNA-in situ hybridization (RNA-ISH). Figure 10. Case 8. A large proportion
of interstitial cells express Col| Al mRNA the cytoplasm (arrows). RNA-ISH. Figure I 1. Case 13. A moderate number of interstitial cells
are positive for procollagen | protein (arrows). Immunohistochemistry (IHC). Figure 12. Case ||. VEGFR2 mRNA expression is seen in
the cytoplasm of capillary endothelial cells (arrowheads; [a]), and in several interstitial cells some of which are arranged in rudimentary ring-
shaped structures reminiscent of primitive vessels (arrow; [b]). RNA-ISH. Figure 13. Case | |. PDGFRB mRNA expression is seen in the
cytoplasm of cells surrounding capillary endothelial cells (pericytes; arrowheads), and in several interstitial cells some of which are arranged in
rudimentary ring-shaped structures reminiscent of primitive vessels (arrow). RNA-ISH. Figure 14. Case 8. A few round and spindle-shaped
cells in the interstitium express the proliferation marker Kié7 in the nucleus (arrows). IHC. Figure 15. Case 8. (a) Scattered individual cells
in the interstitium express Kit mRNA in the cytoplasm and nucleus (arrows). RNA-ISH. (b) Rare interstitial cells show Kit protein expression
(arrows). IHC. Figure 16. Case 8. Almost all interstitial cells show a positive signal for MEF2C mRNA in the cytoplasm (arrow). This is also
seen in cardiomyocytes. RNA-ISH.

In all HCM cases, cardiomyocytes exhibited moderate
MEF2C mRNA signals (Fig. 33), whereas a weak MEF2C sig-
nal was generally seen in the cardiomyocytes of the control
hearts (Suppl. Fig. S11). CD29 transcription was consistently
observed in cardiomyocytes both in control and HCM cats.
However, while the signal was generally weak in control ani-
mals (Suppl. Fig. S12), it was strong in HCM, where individual
cells in areas with more severe interstitial widening due to
fibrosis and/or edema showed a signal of even higher intensity
(Fig. 34). In 5 cats (cases 1, 3, 6, 10, and 11), a small number of
cardiomyocytes was also found to transcribe Kit; the signal
was of moderate intensity and observed in the perinuclear cyto-
plasm and/or in the nucleus (Fig. 35). Immunohistology con-
firmed Kit protein expression in individual cardiomyocytes

(Fig. 36), although in fewer cells than those with an mRNA
signal. There was no evidence of an association between Kit
expression and degenerative changes. One control animal (case
C4) also exhibited scattered cardiomyocytes with a moderate
Kit mRNA signal in the perinuclear sarcoplasm, without any
apparent morphological change (Suppl. Fig. S13); Kit protein
was not expressed.

Discussion

The present study is a follow-up of our recently published work
which showed that fHCM is associated with myocardial remod-
eling in a pro-inflammatory environment.” It suggested that
macrophages and the vasculature play important roles in the
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Figures 17-27. Hypertrophic cardiomyopathy, left ventricular free wall, cat. Focal area of cell-rich fibrosis with abundant small and medium-
sized vessels. Figure 17. Case |. Focal area of cell- and vessel-rich fibrous connective tissue. Arrows: adjacent cardiomyocytes. Hematoxylin
eosin (HE). Figure 18. Case |. Numerous, predominantly spindle-shaped cells (arrowheads) as well as vascular endothelial cells (arrow)
express CD34 mRNA. RNA-in situ hybridization (RNA-ISH). Figure 19. Case |. There are numerous, mainly spindle-shaped cells with
strong Coll Al mRNA signal (arrows). RNA-ISH. Figure 20. Case |12. Area with lower cellularity exhibiting abundant collagen | deposition.
Immunohistochemistry (IHC). Figure 21. Case 12. Collagen IV deposition is predominantly seen around vessels (arrows). IHC. Figure 22.
Case 12. The majority of cells within the focal lesion exhibit a weak MEF2C mRNA signal. RNA-ISH. Figure 23. Case |. Focal lesion with
a few individual Kit mRNA positive round cells consistent with mast cells (arrows) and rare elongate cells with a weak signal (arrowheads).
RNA-ISH. Figure 24. Case |. Small cluster of CD14 mRNA positive round cells in the interstitium. RNA-ISH. Figure 25. Case 10. Rare
individual round cells in the interstitium exhibit a weak CCR2 signal (arrowheads). RNA-ISH. Figure 26. Case |2. Several elongate to
spindle-shaped cells in a focal area of cell-rich fibrosis exhibit a weak CD 14 signal (arrows). RNA-ISH. Figure 27. Case |. Several round cells

(arrowheads) and spindle-shaped cells (arrows) in a focal area of cell-rich fibrosis exhibit a weak CCR2 signal. RNA-ISH.

pathogenesis of fHCM, providing evidence that ischemic pro-
cesses are underlying the pathological changes and eventually
lead to multifocal infarct-like lesions.>® In human HCM, simi-
lar remodeling processes take place; however, these are accom-
panied by microvascular dysfunction and a reduced capillary
density,>3340:53:5583 and they seem to trigger an increase in cir-
culating stem cells.***> The present study aimed to provide fur-
ther insights into the nature of the pathogenetic processes in
fHCM; based on our previous findings and analogous to human
HCM, it focused on structural changes in the myocardial
microvasculature and the involvement of cardiac and blood-
derived stem cell and progenitor cell populations.

Our results confirm that in fHCM the interstitium undergoes
substantial structural changes. The most obvious was a

significantly reduced capillary density (ie, lower number of
capillaries per cross-sectional myocardial area) and a relative
increase of the space occupied by the interstitium (ie, higher
proportion of tissue occupied by interstitial edema and/or col-
lagen per cross-sectional myocardial area) in fHCM compared
to control animals. This suggests that the reduced capillary
density is the consequence of an interstitial widening due to
edema and collagen deposition.*?

We found that the capillaries were often irregularly arranged.
While they were aligned in parallel to cardiomyocytes in the
unaltered myocardium, they were bent or twisted and formed
branches in HCM. Ultrastructural examination confirmed these
findings and also revealed irregularities in the capillary walls,
with evidence of endothelial cell degeneration (endothelial cell
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Figures 28-36. Hypertrophic cardiomyopathy, left ventricular free wall, cat. Figure 28. Case |3. Individual degenerating cardiomyocytes
showing sarcoplasmic vacuolation (arrows), hypereosinophilia, and vacuolated and hypereosinophilic sarcoplasm (arrowhead). Hematoxylin
eosin (HE). Figure 29. Case |12. Degenerating cardiomyocyte. Mitochondria exhibit diffuse swelling (arrows). C: interstitial capillary. Asterisk:
interstitial edema. Transmission electron microscopy (TEM); bar = 20 um. Figure 30. Case 16. Cardiomyocytes with cytoplasmic lamellar
bodies (arrows). TEM; bar = 5 pm. Figure 3 1. Case |3. Degenerate cardiomyocyte (asterisk) with loss of organelles. The cytoplasm contains
fluid and electron-dense debris. C: interstitial capillary with plump endothelial cells and irregular basement membrane. Arrowhead: pericyte.
TEM; bar = 20 pm. Figure 32. Case |3. Cardiomyocyte with enlarged nucleus with finely dispersed chromatin (arrow). C: interstitial capillary.
TEM; bar = 10 um. Figure 33. Case 5. Cardiomyocytes exhibit moderate MEF2C mRNA signals. Individual cardiomyocytes exhibit an enlarged
nucleus (arrowhead). RNA-ISH. Inset: consecutive section, showing a cardiomyocyte with an enlarged nucleus (arrowhead). Figure 34.
Case 5. Cardiomyocytes exhibit strong CD29 mRNA signals. RNA-ISH. Figure 35. Case 5. Cardiomyocytes exhibit a variable Kit mRNA

signal (arrows). RNA-ISH. Figure 36. Case 5. Several cardiomyocytes show Kit protein expression (arrows). Immunohistochemistry.

swelling) and activation (enlarged nucleus), the presence of
enlarged reactive pericytes, and thickening of the basement
membrane. These findings suggest that the interstitial remodel-
ing processes in fHCM could develop from structural changes
in the myocardial capillary bed that lead to increased capillary
leakage and interstitial edema, resulting in widening of inter-
cellular spaces and thereby an increased diffusion distance
which would render the cardiomyocytes prone to ischemia.
What triggers the vascular changes in the first place is not yet
known, but the apparent subsequent increased permeability and
edema could set off the more obvious remodeling processes
such as collagen deposition. The concept of myocardial inter-
stitial edema is not entirely new in cats. It has been suspected
as the process underlying a transient myocardial thickening

observed in cats that presented with clinical findings consistent
with HCM which later resolved.” Thickening of the ventricu-
lar wall due to interstitial edema instead of “real” hypertrophy
could also explain, at least in part, the lack of clear evidence of
cardiomyocyte hypertrophy in fHCM. Two studies have so far
attempted quantification of cardiomyocyte size; they did not
find a correlation between the increase in cardiac thickening
and cardiomyocyte diameter.**>° However, our findings sug-
gest that cardiomyocytes at least attempt to become hypertro-
phic which could indicate the optimal technical approach to
assess the parameters has yet to be taken.

Beside the preexisting differentiated vessels, the intersti-
tium also harbored variable numbers of individual spindle-
shaped to slightly plumper cells that expressed VEGFR2,
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PDGFRB, and/or CD34 mRNA. Expression of VEGFR2, the
main receptor of the VEGF family, identifies a proportion of
the cells as endothelial cells, and indeed we also found that
VEGFR2 was expressed by endothelial cells of differentiated
capillaries.”’ On the other hand, expression of PDGFRB indi-
cates that other cells are pericytes and/or vascular smooth mus-
cle cells, in line also with its transcription by cells around
capillaries.*® The transcription of CD34 suggests that a propor-
tion of cells could have progenitor cell capabilities.®"+%
However, previous studies in cats have shown CD34 expres-
sion in endothelial cells which we also observed in differenti-
ated capillaries.>*”> We found VEGFR2, PDGFRB, and CD34
mRNA positive interstitial cells arranged in ring-shaped struc-
tures that resembled primitive blood vessels; this would sug-
gest attempts at angiogenesis. In particular the transcription of
CD34 could indicate some degree of stemness of these cells,
and their involvement in vascular homeostasis.”” In human
patients, HCM was found to be associated with an increase in
CD45—/CD34+/VEGFR2+ and CD45—/CD34+/CD133+
circulating endothelial progenitor cells (EPC) which was
hypothesized to play a role in angiogenic processes in the myo-
cardium.*' While we found interstitial cells with strong CD34
transcription and cells with a VEGFR2 mRNA signal, there
were none transcribing CD133. Since CD133 is rapidly lost
with differentiation of EPCs and immature endothelial cells
and is generally expressed in stem cells,>*’® the absence of cells
transcribing CD133 could indicate that the progenitor cells
involved in the remodeling processes in fHCM are generally in
a more advanced stage of differentiation.

Overall, in HCM hearts we observed substantially more
CD34 than VEGFR2 and PDGFRB mRNA positive cells in the
interstitium. This suggests that CD34 transcription was not lim-
ited to cells of vascular phenotype. In both mice and man, CD34
can be expressed in mesenchymal stem cells (MSC), and in
mice, CD34+ MSCs were shown to have enhanced proliferative
and angiogenic capacity compared to CD34— MSC.!>% Also, in
humans, CD34+ fibrocytes have been described in multiple
organs.'? Hence, a proportion of the CD34+ cells in the intersti-
tium of the fHCM hearts could represent non-endothelial mesen-
chymal populations, and in particular fibroblasts. Indeed, the
large proportion of fibroblasts in the interstitium, as identified
based on their CollA1 transcription,** supports this interpreta-
tion and even suggests CD34 and CollAl co-expression in a
proportion of cells. Alongside this, the morphometric analyses
identified a significantly higher amount of interstitial collagen in
HCM than in control hearts, which immunohistochemistry con-
firmed to be mainly collagen I. When activated (ie, after tissue
damage or during remodeling processes), fibroblasts differenti-
ate into myofibroblasts and transcribe the ACTA2 gene which
encodes aSMA.** This could explain our previous observation
of a significant increase in aSMA positive cells in the intersti-
tium of fHCM hearts.™ At the time we considered these as evi-
dence of an increase in small- to medium-sized vessels which, in
light of the present findings, was apparently a misinterpretation.
We also found a small number of interstitial cells that transcribed
MEF2C, a cardiogenic transcription factor.? It is known that the

phenotype of fibroblasts depends on their tissue environment;
for example, in mice, MEF2C was found to be transcribed in
cardiac fibroblasts. This indicates that the MEF2C mRNA posi-
tive cells in fHCM also represent subsets of fibroblasts.’!

Interestingly, we also observed individual Kit mRNA posi-
tive cells which could represent subpopulations of stem cells.*
On the other hand, the complete lack of Nanog and Octa4
mRNA expression allows us to rule out the option of stem cell
pluripotency.'?19? Alternatively, the Kit mRNA positive cells
could represent the so-called telocytes, which are Cajal-like
cells that have been described in human and murine hearts.*
Telocytes co-express Kit, CD34, and PDGFRB and seem to
play an active role in the progression of cardiac interstitial
remodeling.” However, since telocytes have not been described
in cats, further studies are required to determine their existence
and potential role in this species.

Labeling for Ki67 revealed that a small proportion of inter-
stitial cells was proliferating, these were spindle-shaped cells,
round cells with macrophage morphology, and occasional capil-
lary endothelial cells. This finding indicates that the interstitial
remodeling processes in fHCM involve the local proliferation
of these cell populations.

In order to gain some basic mechanistic insight into the pro-
cesses underlying fHCM we assessed the transcription of CD29
(integrin subunit beta 1) since integrins including CD29 are
known to also play a role in cardiac remodeling, as they facili-
tate the progression of cardiac fibrosis by mediating the differ-
entiation of fibroblasts into myofibroblasts.'"® Indeed, we
observed CD29 transcription in all interstitial cells and in car-
diomyocytes in HCM, whereas the signal was present but con-
sistently weak in control hearts. The apparently substantial
CD29 upregulation in fHCM would be consistent with a role of
this integrin in the pathogenic processes in fHCM, providing
evidence of an intense crosstalk between interstitial cells them-
selves and with cardiomyocytes which we also found to express
CD29 mRNA.

As previously described, fHCM is associated with a signifi-
cant increase in interstitial Ibal-positive macrophages.® We
know from humans and mice that the normal myocardial mac-
rophage population is heterogeneous and consists of both resi-
dent macrophages and blood-derived macrophages.?>*° Since
Ibal is a pan-macrophage marker that cannot discern between
monocytes and macrophages at different stages of differentia-
tion,’! we made a first attempt at dissecting the macrophage
populations in the feline heart by addressing their direct mono-
cyte origin. The quantification of cells expressing calprotectin,
a marker of monocytes and recently blood-derived macro-
phages,*?? confirmed the presence of the latter in both the con-
trol and HCM myocardium. Their number was higher in HCM;
however, their proportion in relation to the overall macrophage
population (Ibal+) was lower in HCM compared to control
animals, though the difference was not significant. Considering
the concurrent increase in Ki67 positive cells with macrophage
morphology in the interstitium in HCM, proliferation of resi-
dent macrophages is indeed likely. We also assessed the tran-
scription of CD14 and CCR2, in the attempt to further classify
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the macrophages according to their counterparts in humans
(Table 1). In humans, circulating monocytes are classified into
3 subtypes, two with pro-inflammatory functions, the so-called
classical (CD14++, CD16—, and CCR2+ +) and intermediate
(CD14++, CD16+, and CCR2+) monocytes, and a third
known as nonclassical (CD14+, CD16++, and CCR2-)
monocytes which have anti-inflammatory functions.”’” The
human and murine heart contains both CCR2+ and CCR2—
macrophages. These have different origin and functions: while
CCR2- macrophages are of embryonic origin and tend to play
regenerative roles, CCR2+ macrophages are monocyte-
derived and promote inflammatory responses (Table 1).3° The
current study identified scattered individual CD14 and/or
CCR2 mRNA positive cells among the mononuclear cells in
the interstitium. We observed only rare monocytes with a weak
signal for either marker (data not shown). Together with the
fact that CD14 expression has been observed in only a small
proportion of bone marrow cells and was variable in peripheral
blood monocytes of healthy cats,>* this raises the question of
how confidently we can extrapolate markers of the different
monocyte phenotypes from humans to cats. Our findings show
that fHCM is not dominated by cells that transcribe CD14 or
CCR2; however, this does not necessarily allow us to draw
conclusions with regards to the protein expression of these
markers.’” Nonetheless, our findings provide further evidence
of the heterogeneous nature of macrophage populations also in
cats and highlight the necessity of further investigations into
feline intracardiac macrophage populations, their origin and
local proliferation in fHCM.

We have previously shown that fHCM is associated with
focal areas of cardiomyocyte replacement by cell-rich fibrosis
with abundant vessels. These areas resemble chronic infarcts
and could therefore be the result of ischemic events.>® Such
focal lesions were also seen in a proportion of cases in the
present cohort. The focal lesions and the interstitial processes
have a similar composition which suggests that they represent
a focal exacerbation of the interstitial processes. Besides
mature blood vessels (CD31+), fibroblasts (CollAl+) and
macrophages (Ibal+, occasional calprotectin-positive and
CD14/CCR2 mRNA-positive cells), they contained CD34
mRNA positive spindle-shaped cells and cells with a vascular
phenotype (VEGFR2/PDGFR2 mRNA positive). Also, the
presence of scattered spindle-shaped fibroblast-like cells that
showed a CD14, MEF2C, and/or Kit mRNA signal in some
cases provides further evidence of the potential plasticity of
this cell population. Further support toward this comes from in
vitro studies that have identified human CD14+ cells with
progenitor cell capacity that co-expressed myeloid, vascular
and fibroblast markers.’** Interestingly, the focal lesions gen-
erally contained at least a few Kit-positive mast cells. Mast
cells have also been found in human cardiovascular disease,
where they seem to play a role in the exacerbation of fibrotic
lesions.*® Further investigations are needed to identify their
role in fHCM.

In line with a potential ischemic basis for the myocardial
lesions of fHCM, cardiomyocytes were found to exhibit subtle

degenerative changes typically seen with hypoxia, such as
swollen mitochondria and evidence of fluid accumulation.
Also, apoptotic cardiomyocytes were very rare, whereas there
were a few cells with more overt damage, such as thickening of
the Z disks, disruption of the intercalated discs, loss of stria-
tion, and necrosis, all compatible with cell death due to hypoxia
and energy deprivation.'”* The structural changes were seen
alongside some phenotypic alterations in morphologically
unaltered cardiomyocytes. We found evidence of substantial
CD29 mRNA upregulation in cardiomyocytes, a feature shown
to occur under conditions of cell stress that is linked with the
activation of pro-survival pathways, hence representing a cel-
lular defense mechanism.®® On the other hand, in murine stud-
ies it has been hypothesized that mechanical signals in the
cardiomyocyte could trigger an integrin response that activates
hypertrophic signaling pathways.'®

Interestingly, we also found evidence of mild upregulation
of MEF2C transcription. MEF2C is a cardiogenic transcription
factor which, in adult human hearts, is also involved in tran-
scriptional regulation processes associated with pathological
cardiac hypertrophy.>* We also found random, otherwise mor-
phologically unaltered cardiomyocytes with enlarged vesicular
nuclei; these could be indicative of activation and attempts at
hypertrophy.*? Finally, we also observed consistent expression
of both Kit mRNA and protein in a variable proportion of car-
diomyocytes. It is known that cardiomyocytes can express Kit;
however, why they do this and what is its exact physiological
role in cardiomyocytes is still not clear.?"° Overall, our results
indicate that in fHCM cardiomyocytes undergo phenotypical
changes that might aim to secure the cell’s survival and hyper-
trophy, likely as a compensatory mechanism. Whether these
efforts do indeed lead to cardiomyocyte hypertrophy requires
further investigations, optimally using 3D imaging techniques.
In addition, further assessment of structural alterations in com-
bination with molecular signaling pathways would be equally
useful.

The present study has some limitations. The age of the con-
trol group did not match that of the HCM cats, as it was mainly
composed of animals of 1.5 years of age; however, our previ-
ous study did not find age-related differences in collagen depo-
sition, interstitial widening, and the ratio of contractile versus
noncontractile tissue in feline hearts.*® In our opinion, this is
likely also applicable to the capillary density. The morphomet-
ric approach to assess the capillary density was based on the
quantification of capillary profiles per unit area in one trans-
verse histological section. This approach might introduce some
bias as it lacks an unbiased random sampling.”! Finally, single
marker approaches limit the options for the identification of
specific cell phenotypes. Using the RNA-ISH approach which
we chose to overcome the lack of antibodies that reliably detect
the markers of interest in feline tissue, however, excluded dou-
ble or triple staining. Nonetheless, the present study sets the
ground for future more specific studies. In particular, the
CD34+ populations, their progenitor cell properties, and their
involvement in the progression of fHCM should be further
investigated. Also, the intracardiac macrophage populations
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need to be better characterized to understand the pathophysiol-
ogy of the disease. Finally, microvascular structural alterations
should be further investigated for their association with myo-
cardial ischemia.
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