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Abstract

Right ventricular (RV) failure is the primary cause of death in pulmonary

hypertension (PH), but the mechanisms of RV failure are not well understood.

We hypothesized macrophages in the RV contribute to the RV response in PH.

We induced PH in mice with hypoxia (FiO2 10%) and Schistosoma mansoni

exposure, and in rats with SU5416‐hypoxia. We quantified cardiac macro-

phages in mice using flow cytometry. Parabiosis between congenic CD45.1/.2

mice or Cx3cr1‐green fluorescent protein and wild‐type mice was used to

quantify circulation‐derived macrophages in experimental PH conditions. We

administered clodronate liposomes to Sugen hypoxia (SU‐Hx) exposed rats to

deplete macrophages and evaluated the effect on the extracellular matrix

(ECM) and capillary network in the RV. In hypoxia exposed mice, the overall

number of macrophages did not significantly change but two macrophage

subpopulations increased. Parabiosis identified populations of RV macro-

phages that at steady state is derived from the circulation, with one

subpopulation that significantly increased with PH stimuli. Clodronate

treatment of SU‐Hx rats resulted in a change in the RV ECM, without

altering the RV vasculature, and correlated with improved RV function.

Populations of RV macrophages increase and contribute to RV remodeling in

PH, including through regulation of the RV ECM.
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INTRODUCTION

Pulmonary arterial hypertension w(PAH) is a rare
condition is characterized by remodeling of the small
pulmonary arteries resulting in a progressive increase in
pulmonary vascular resistance and right ventricular
(RV) failure. Despite advances in therapies over the
past few decades, the median survival remains only 7−9
years after the time of diagnosis.1 RV function is the
most important predictor of morbidity and mortality in
all forms of pulmonary hypertension (PH),2,3 yet there
are no specific therapies available that address RV
function.

The RV adaptive response to chronic PH includes
hypertrophy, fibrosis, inflammation, and capillary rare-
faction.4 Our prior work has demonstrated that capillary
rarefaction is driven by RV hypertrophy outpacing
compensatory angiogenesis, rather than by endothelial
cell death or capillary dropout.5 However, drivers of the
cellular responses to pressure overload are unknown. We
propose that RV macrophages play a central role in the
adaptation that the RV undergoes in chronic PH, and
may present a novel therapeutic target to improve
outcomes for patients with PH.

Macrophages are a heterogenous population of
immune cells that fulfill myriad tissue‐specific and
niche‐specific functions in homeostasis and inflamma-
tion, and are the major immune cells in the heart under
steady state conditions.6 Studies using fate mapping,
parabiosis, and transplantation have identified distinct
subsets of cardiac macrophages with differing origins
which determine cell programming and behavior.7–10

Long‐lived tissue‐resident cardiac macrophages are
derived from yolk sac progenitors during embryonic
development and are replenished primarily through local
proliferation, serving physiologic and homeostatic func-
tions including coronary development, cardiomyocyte
proliferation and physiologic hypertrophy.8 In response
to cardiac stress such as ischemia or pressure overload,
bone marrow derived monocytes are recruited to the
heart where they mature into macrophages that partici-
pate in the initiation of inflammation, ventricular
remodeling and scar formation as well as a wide range
of interactions that alter the extracellular matrix
(ECM).8,11–13 There is also evidence that in cancer and
wound repair, macrophages support angiogenesis by
secreting proangiogenic growth factors and matrix‐
remodeling proteases, and also by physically interacting
with the sprouting vasculature to assist the formation of
complex vascular networks.14,15 RV macrophages have
previously not been quantified or characterized in
response to experimental PH.

Here we aim to quantify and characterize the RV
macrophage response in experimental PH by surface
markers. We hypothesized that monocyte‐derived mac-
rophages are recruited into the right ventricle in PH, and
that these cells functionally promote RV remodeling
including regulation of the ECM and compensatory
angiogenesis.

METHODS

Animal models

All animal experiments were approved by the University
of Colorado Institutional Animal Care and Use Commit-
tee. CD45.1 (B6.SJL‐PtprcaPepcb/Boy) and CD45.2
(C57BL/6) mice were purchased from Jackson Labora-
tory and Charles River Laboratories. Cx3cr1‐green
fluorescent protein (GFP) mice were purchased from
Jackson Laboratory and bred in‐house. Mice were used at
6–10 weeks of age and housed in a specific pathogen‐free
environment.

Mouse hypoxia PH model

We exposed male and female C57BL/6 mice (Jackson
Laboratory) at 6 weeks of age to 10% FiO2 at Denver
altitude for 24 h, 48 h, or 7 days duration followed by
terminal RV harvest. The partial pressure of oxygen was
regulated by a ProOx 110 (Biospherix) oxygen sensor and
feedback loop regulating the flow of nitrogen gas into the
chamber.

Mouse schistosomiasis PH model

We have previously published studies using an experi-
mental schistosomiasis‐induced PH model,16 which
models the natural history of the parasite infection,
notably in relation to the pulmonary vascular disease.
Mice were sensitized with 240 purified S. mansoni
eggs/gram body weight (purified from the livers of
infected Swiss‐Webster mice; provided by the Biomedical
Research Institute) injected intraperitoneally (IP),
followed 2 weeks later by challenge with 175 S. mansoni
eggs/gram body weight injected by tail vein. We have
previously shown that mice that receive intravenous
(IV) S. mansoni egg injection develop PH, while those
that receive only IP S. mansoni egg injection do not.16

One week later, the mice underwent terminal right heart
catheterization and tissue collection.

2 of 16 | GU ET AL.



Rat Sugen hypoxia (SU‐Hx) PH model

The Sugen (SU5416) hypoxia model (SU‐Hx) is a well‐
established model of PH in which exposure to Sugen, a
selective small molecule inhibitor of VEGF receptor
tyrosine kinase activity, along with hypoxia results in
angio‐ablative lesions in the pulmonary vasculature
resembling group I PAH in humans, resulting in severe
PH and RV failure.17 Female Sprague‐Dawley rats
(Taconic Biosciences) at 6–8 weeks of age received
subcutaneous SU5416 (Tocris Bioscience) 20 mg/kg
dissolved in carboxymethylcellulose and then diluted in
1:1 with phosphate buffered saline (PBS) just before
being placed into hypobaric hypoxia at simulated
elevation 18,000 ft. After 21 days, the rats underwent
terminal RV catheterization for pressure−volume mea-
surements followed by RV tissue collection. The rat RV
tissue was placed into water to determine the absolute
volume of the tissue (Archimedes' principle), and then
divided into eight pieces and numbered. An 8‐sided die
was cast to randomly determine which tissue pieces
would be snap frozen or placed in formalin.

Clodronate treatment

One day before SU‐Hx treatment, rats received 50mg/kg
clodronate liposomes, divided into 500 µl intravascular
(IV) injection via tail vein, with the remaining volume
delivered IP. Control rats received the equivalent volume
of PBS liposomes via tail vein and IP. On Days 7 and 14,
the rats received additional 25mg/kg clodronate liposome
or PBS liposome injections. On Day 21, the rats under-
went RV catheterization.

Parabiosis

Pairs of female CD45.1 (B6.SJL‐PtprcaPepcb/Boy) and
CD45.2 (C57BL/6) mice, or Cx3cr1‐GFP and wild‐type
C57BL/6 mice were surgically joined using a published
protocol to create a shared circulatory system.18 Male
mice were not used in parabiosis experiments due to our
previous experience with high rates of fighting resulting
in wound dehiscence and death. Briefly, mice were
continuously anesthetized with isoflurane and kept on a
heated pad throughout surgery. Animal partners were
shaved on opposing sides followed by an incision from
the elbow to the knee. First, joints of the elbows and
knees were sutured together using 3–0 nonabsorbable
sutures. Then, dorsal–dorsal and ventral–ventral skin
was joined using an absorbable 5–0 Vicryl suture.

Finally, mice were administered carprofen for pain
relief, as needed, and were kept on antibiotic Septra
diet to prevent postoperative infections. The mouse
pairs underwent 2 weeks of recovery before any further
experimentation.

Rat pressure−volume measurements

Rats were anesthetized with isoflurane. A tracheal
cannula was inserted and connected to a Hallowell
EMC Anesthesia Workstation and anesthesia was main-
tained at 1.5%–2.5% isoflurane in 21% oxygen/balance
nitrogen. A pressure‐only catheter (FTH‐1611B‐0018;
Transonic/Scisense) was placed into the femoral artery
for continuous recording of systemic pressure. The RV,
pulmonary artery (PA), and left ventricular (LV) pres-
sures were directly measured with a 1.9‐Fr pressure
−volume catheter (Transonic/Scisense; FTH‐1912B‐
6018) inserted into the heart directly through the wall
via a diaphragmatic approach. The pericardium was
resected and a small entry hole was made at the base of
the RV with a 26‐gauge needle. The pressure−volume
catheter was inserted and advanced along the length of
the RV. Steady‐state hemodynamics were collected with
short pauses in ventilation to eliminate ventilator artifact
from the pressure−volume recordings. Occlusions of the
inferior vena cava were also performed to decrease
preload and obtain an accurate end‐systolic pressure
−volume relationship. The catheter was then placed into
the PA and pressure measurements were recorded. One
final puncture was made in the apex of the LV and the
catheter was placed along the length of the LV for
measurement of steady‐state data in the LV. Data were
recorded continuously with LabScribe 2 (iWorx) and
analyzed offline.

Immunostaining and flow cytometry

Immunostaining of rat RV tissue was performed using
the reagents in Supporting Information: Table 1. For rat
RV macrophage quantification, five images from each RV
were taken at 20 magnification. Quantification was done
with STEPanizer stereology tool (www.stepanizer.com)
by an experimenter blind to the treatment conditions.19

Flow cytometry was performed on digested RV tissue
from mice using the reagents in Supporting Information:
Table 2 in the Online Supporting Information. IV
myeloid cells were labeled by retro‐orbital injection of
fluorescently conjugated anti‐CD45 antibody just before
sacrifice.
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Vascular stereology

We followed a previously described approach to quantify
RV vascular structure by stereology.5 In brief, 4−6
images per sample were randomly and uniformly
obtained from FITC‐Isolectin B4‐stained isotropically
oriented sections, which were digitally analyzed to
identify the tissue area and number of vessel intersec-
tions with the sampling plan. The length per unit volume
and average radius of tissue served per vessel were then
calculated,7 including a correction factor of 20% for
shrinkage of cardiac tissue due to processing.5

Matrisome protein analysis

Materials and methods for matrisome analysis are
described in detail in the Online Supporting Information.
Briefly, the sample was powderized in liquid nitrogen
using a ceramic mortar and pestle, homogenized, and
vortexed three times to obtain three fractions of
supernatant which were combined to make the cell
fraction, with the remaining sample spun and divided
into soluble ECM and insoluble ECM fractions. Samples
were subsequently digested with trypsin and analyzed by
nano‐UHPLC‐MS/MS (Easy‐nLC1000; QExactive HF;
Thermo Fisher Scientific). Instrument raw spectrum files
were directly loaded into Proteome Discoverer 2.2 and
were searched in mascot against the Uniprot Rat
database using Mascot (v2.3.1), and a common contami-
nants database. Significant proteins were uploaded into
Ingenuity Pathway Analysis (Qiagen) to explore signifi-
cantly enriched networks and canonical pathways.

Statistics

t‐test and analysis of variance (ANOVA) with post hoc
Tukey test were performed for normally distributed data,
and rank‐sum test and ANOVA on ranks with post hoc
Dunn's test for non‐normally distributed data using the
software GraphPad Prism, MetaboAnalyst, and Sigma-
Plot 13.0. p< 0.05 was considered statistically significant.

RESULTS

Two RV cardiac macrophage
subpopulations are increased by acute
hypoxia

To identify and quantify RV macrophages after hypoxia
exposure, flow cytometry analysis was performed on a

digest of cells isolated from the mouse RV. Previous work
has demonstrated that the coexpression of markers
MerTK and CD64 is highly specific for macrophages.20

We excluded IV myeloid cells labeled by intravenously
injected fluorescently conjugated anti‐CD45 antibody just
before sacrifice. We identified interstitial macrophages
with further gating for CD45+, CD11b+, MerTK+, and
CD64+ cells (Figure 1A). MerTK+CD64+ macrophages
were further analyzed using CD11c and MHCII to
identify three subpopulations which have been previ-
ously shown to be present in the lungs, heart and liver21

based on their expression levels of CD11c and MHCII:
CD11cloMHCIIlo (IM1); CD11cloMHCIIhi (IM2); and
CD11chiMHCIIhi (IM3). IV monocytes were identified
based on gating for IV‐CD45+, Ly6C+, and CD11b+ cells.

We observed no significant change in the overall
number of extravascular RV macrophages across all
timepoints (Figure 1B). When analyzing subgroups of
macrophages, we observed that the number of IM1 and
IM3 macrophages was significantly increased after 48 h
and 7 days of hypoxia compared to normoxic conditions,
with no change in the IM2 population (Figure 1C).
Compared to normoxia, the absolute number of IV
monocytes was also significantly increased after 48h and
7 days of hypoxia (Figure 1D).

Assessment of RV macrophage
recruitment from the circulation

To determine if the RV macrophages were derived from
the circulation or expansion of prepositioned interstitial
cells, we performed parabiosis experiments. We surgi-
cally conjoined C57BL/6 (wild‐type) and Cx3cr1‐GFP
mice, which label monocytes and macrophages with
GFP. After allowing for 2 weeks of recovery and
development of shared circulation, two pairs of C57BL/
6 + Cx3cr1‐GFP mice were placed into a FiO2 10%
hypoxia chamber for 48 h while two pairs remained in
normoxia (Figure 2A). One normoxic pair experienced
wound dehiscence and did not survive to the time of
harvest. After RV macrophages were identified by flow
cytometry, they were further dichotomized based on GFP
fluorescence as originating from self or from the partner
mouse (Figure 2A). We observed in the parabiosis pairs
that <10% of RV macrophages in acute hypoxia were
derived from the partner parabiont, while in the
normoxic pair there was significant variation in the
percentage of RV macrophages derived from the partner
parabiont (3% and 58%) (Figure 2B).

To follow‐up these results, we surgically joined
CD45.1 and CD45.2 congenic mice (N= 3 pairs). Two
weeks after surgery each parabiont received IP injections

4 of 16 | GU ET AL.



FIGURE 1 Murine right ventricular (RV) interstitial macrophage and intravascular (IV) monocyte identification and quantification in
hypoxia (a). Representative flow cytometry gating strategy. After excluding debris and doublets using forward (FSC) and side scatter (SSC),
cells were further gated for viable cells. Fluorescently conjugated CD45 (IV‐CD45) antibody injected retro‐orbitally before sacrifice was used
to separate IV from interstitial myeloid cells. IV‐CD45 positive cells were further gated on CD11b and Ly6C to identify circulating
monocytes. IV‐CD45 negative interstitial cells were further gated on myeloid markers CD45 and CD11b, and E macrophage specific markers
CD64 and MerTK. Macrophages were divided by expression of CD11c and MHCII into IM1 (CD11cloMHCIIlo), IM2 (CD11cloMHCIIhi) and
IM3 (CD11chiMHCIIhi) subsets (b). Quantification of all IV‐CD45 negative, CD45 + CD11b + CD64 +MerTK+ RV interstitial macrophages
in normoxia (NMX) and hypoxia (HYX) at 24 h, 48 h, and 7 days (n= 4, 5, 5, 5), (analysis of variance [ANOVA] shown, ns) (c).
Quantification of 3 RV macrophage subpopulations in normoxia (NMX) and hypoxia (HYX) at 24h, 48 h, and 7 days (n= 2, 3, 3, 3) (ANOVA
and post hoc Tukey test shown, *p< 0.05, **p< 0.01, ns (d). Quantification of IV monocytes (n= 4, 5, 5, 5 per group), (ANOVA and post hoc
Tukey test shown; *p< 0.05; **p< 0.01). ns, nonsignificant.
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FIGURE 2 (See caption on next page)
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of S. mansoni eggs (Figure 2C). Two weeks after the IP
injection, only the CD45.1 mouse in each pair received
an additional IV injection of S. mansoni eggs to induce
PH in that mouse specifically.22 One week later, all pairs
of mice underwent terminal RV harvest. Single cell
suspensions were prepared and analyzed with flow
cytometry. Using the IV‐CD45 and CD45.1/.2 markers,
we confirmed successful chimerism of the circulation
with a mean of 46% and 44% of circulating myeloid cells
derived from the partner mouse (Figure 2D). We
observed a mean of 8.5% partner‐derived overall RV
macrophages in the IV egg‐challenged PH mice, which
was not significantly different than a mean of 4.9% of
overall RV macrophages that were partner‐derived in the
non‐PH mice that received S. mansoni eggs IP only
(Figure 2E). When we analyzed subgroups of macro-
phages, we observed that the percentage of partner
derived IM3s (CD11chiMHCIIhi) was significantly
increased in the Schistosoma‐PH challenged mice
(20.6% vs. 2%, p= 0.0015), whereas the percentage of
IM1 (CD11cloMHCIIlo) macrophages derived from the
partner mouse was modestly increased but not statisti-
cally different (10.4% vs. 5.4%, p= 0.5) (Figure 2E).

These experiments suggest that a small proportion of
RV macrophages are derived from the circulation in
steady state, and PH stimuli significantly recruits at least
one macrophage subpopulation from the circulation into
the RV interstitium.

Clodronate treatment improves RV
function

To determine a functional role for macrophages in RV
adaptation in PH, we used previously established mono-
cyte/macrophage depletion approaches with clodronate
liposomes in rat SU‐Hx.8,23–27 We have previously shown

that macrophage depletion with clodronate starting before
hypoxia exposure decreases pulmonary interstitial macro-
phages and partially decreases but does not abrogate the PH
phenotype.23

After exposure to SU5416 and 3 weeks hypoxia
(SU‐Hx), and clodronate administration on Days 0, 7,
and 14 (timeline shown in Figure 3A), rats underwent RV
catheterization on Day 21. Immunostaining of harvested
rat RV tissue with the macrophage marker F4/80 showed a
trend towards decreased RV macrophages in clodronate‐
treated rats (Figure 3B). RV catheterization data revealed
severely elevated RV systolic pressure in both the PBS
liposome and clodronate treated rats, with no significant
difference between groups in RV afterload measured by
arterial elastance (Ea), or in RV hypertrophy measured by
Fulton Index (Figure 3C). Multibeat pressure−volume
loop analysis showed a significant improvement in RV
contractility and systolic function measured by end‐systolic
elastance (Ees) and maximal elastance (Emax), as well
as improved RV/PA coupling measured by the ratio
of Ees to Ea (Ees/Ea ratio) and by the Emax/Ea ratio
(Figure 3C; full rat RV hemodynamics data in Supporting
Information: Table 3).

The RV ECM in PH is affected by
clodronate treatment

The ECM and matricellular composition of RV tissue
specimens from the rats were characterized using tissue‐
compartment resolved proteomics (n=6 clodronate
liposome‐treated rats, n=6 PBS liposome‐treated rats).
Principal component analysis revealed a clear separation of
the ECM proteins isolated from clodronate‐treated
rats compared to PBS‐treated rats (Figure 4A). Specific
differences in the clodronate‐treated rats included reduc-
tions in multiple ECM component and glycoproteins

FIGURE 2 Identification of circulation derived right ventricular (RV) macrophages in experimental PH with parabiosis (a). Cx3cr1‐GFP
and wild‐type mice were paired with parabiosis surgery (n= 3 pairs). After 2 weeks to allow for recovery and joining of their circulations,
two pairs were placed in FiO2 10% hypoxia for 48 h (48 h HYX). One pair was housed in normoxia (NMX). After harvest and digestion of the
RV, flow cytometry was done to identify macrophages according to our previous gating strategy and GFP fluorescence was used to
differentiate self versus partner derived macrophages (b). Percentage of RV macrophages derived from partner circulation in normoxia
(NMX) mice (n= 1 pair) and hypoxic mice (n= 2 pairs) (c). CD45.2 and CD45.1 mice underwent parabiosis surgery (n= 3 pairs) and were
allowed to recover and join circulation over 2 weeks. The CD45.2 partner mouse was only sensitized to Schistosoma mansoni antigen with
intraperitoneal (IP) injection of 240/g purified S. mansoni ova while experimental PH was induced in the CD45.1 partner mouse with
sensitization of IP injection of 250/g purified S. mansoni ova followed by intravenous (IV) injection of 175/g purified S. mansoni ova after 2
weeks (d). Before sacrifice, mice were injected retro‐orbitally with fluorescently conjugated CD45 antibody to label intravascularly
circulating myeloid cells. CD45.1/.2 markers were used to quantify degree of chimerism in their joint circulation (e). RV digestion and flow
cytometry was performed to identify CD45.1 and CD45.2 surface expressing macrophages to differentiate self and partner derived
macrophages. Surface markers CD11c and MHCII were used to further characterize subpopulations of IM1, IM2, and IM3 macrophages.
(T‐test comparisons depicted of partner circulation derived overall macrophages, IM1, IM2, and IM3, **p< 0.005). GFP, green fluorescent
protein; PH, pulmonary hypertension.
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FIGURE 3 (See caption on next page)
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including subunits of collagen isoforms I, III, IV and V;
fibrillin 1; microfibrillar‐associated protein 5; and elastin
microfibril interface 1 (Figure 4B).

RV Non‐ECM proteins are also affected by
clodronate treatment

In addition to these core ECM proteins, we also observed
separation of non‐ECM proteins in the clodronate treated
SU‐Hx rats (Figure 5A). Changes identified included
reductions in myosin heavy chain 2 (Myh2), dysbindin
(Dtnb), cadherin‐5 (Cdh5), vimentin (Vim), and titin
(Ttn) (Figure 5B). There was also a significant decrease in
several proteins involved in mitochondrial function (Ccd51,
MTfr1l, Pdhx, Agk, Fundc2, and Tomm22). Purine nucleo-
side phosphorylase (Pnp) and guanine deaminase (Gda),
were also significantly decreased. Proteins significantly
increased in clodronate treated rats include immuno-
globulin kappa constant (Igkc), Protein flightless‐1 homolog
(Flii), and apolipoprotein E (APOE) (Full set of significant
proteins in Supporting Information: Table 4).

We performed pathway analysis on the ECM and
non‐ECM proteomic data to identify canonical pathways
enriched in clodronate treated SU‐Hx rats. Pathways that
were significantly downregulated included oxidative
phosphorylation and GP6 signaling, while pathways that
were significantly affected without a clear predicted
directionality included mitochondrial dysfunction and
sirtuin signaling, a highly conserved pathway important
for cardiac homeostasis under physiologic conditions and
stress (Supporting Information: Table 5).

Clodronate treatment did not affect RV
vascular structure

Randomly oriented pieces of RV tissue from the SU‐Hx
rats treated with clodronate or PBS control liposomes

were stained with FITC‐lectin, and the total RV vascular
length and vascular density were quantified using
stereology. We observed no significant differences in
RV volume of clodronate versus control rats, and
quantification with stereology of total RV vascular length
showed no significant difference in total RV vessel
length, or radius of tissue served per vessel (Figure 6),
suggesting that clodronate treatment did not modify RV
vessel remodeling in the SU‐Hx rat model.

DISCUSSION

Regulators of RV adaptation in PH are not well
understood. We identified expansion of RV macrophage
subpopulations in the setting of experimental PH
challenge including one subset that appears to be derived
significantly from the circulation. We then looked for a
functional role of RV macrophages, utilizing a well‐
described method of monocyte/macrophage depletion
using clodronate liposomes to see these effects on these
features of RV adaptation: vascular and ECM remodel-
ing. Previously we have found that there is significant RV
vessel augmentation in rodents with severe PH, but here
we found that clodronate treatment did not impact the
degree of RV vascular adaptation. However, our RV
proteomic analysis of clodronate‐treated SU‐Hx rats
suggested that macrophages regulate RV adaptation
through ECM composition and the microenvironment
either directly or indirectly such as via interactions with
cardiac myocytes or fibroblasts. Clodronate treatment did
improve RV function and RV/PA coupling, suggesting
that the RV macrophages depleted by clodronate could
be promoting RV maladaptation in PH.

The RV ECM is a highly organized, three‐
dimensional structure that serves important roles includ-
ing providing the scaffolding for myocytes and other
cardiac cells, regulating contractility and relaxation by
maintaining ventricular geometry, tissue elasticity and

FIGURE 3 Effect of clodronate treatment on rat right ventricular (RV) adaptation to pulmonary hypertension (a). Experimental
timeline of clodronate treatment in rat Sugen hypoxia (SU‐Hx) experiment. Female Sprague‐Daley rats at 6–8 weeks of age received
50mg/kg clodronate liposomes, or PBS control liposomes, divided into 500 µl intravascular (IV) injection via tail vein, with the remaining
volume delivered intraperitoneally (IP). Control rats received the equivalent volume of PBS liposomes IV and IP. On Day 1, all rats received
subcutaneous (SQ) injection of SQ Sugen (SU5416) 20mg/kg and were placed into a hypobaric hypoxia chamber at simulated 18,000 ft
elevation. On Days 7 and 14, rats received additional 25mg/kg clodronate liposome or PBS liposome injections IP and IV. On Day 21, rats
underwent RV catheterization and RV tissue harvest (b). Quantification of rat RV tissue macrophages with F4/80 immunostaining. RV
tissue was stained with F4/80 antibody and methyl green counterstain. F4/80 positive profiles were identified with the STEPanalyzer
stereology software and normalized for tissue area. t‐test shown (c). Rat invasively obtained RV hemodynamics (n= 5 control, n= 6
clodronate treated; Grubb's test applied to identify outliers; t‐test, ns, *p< 0.05) and Fulton Index ratio of RV tissue mass to mass of LV plus
septum (n= 6 control, n6 clodronate treated, t‐test, ns). Ea, arterial elastance; Ees, end‐systolic elastance; EMax, maximal elastance; LV, left
ventricular; ns, nonsignificant; PA, pulmonary artery; PBS, phosphate buffered saline; RVSP, right ventricular systolic pressure.
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stiffness, and mediating cell interactions, proliferation,
and migration.24,28 The RV basement membrane (BM) is
a specialized layer of well‐organized ECM proteins
between cardiac myocytes and the cardiac interstitium,
anchoring cells and allowing for cell alignment, cell‐to‐
cell signaling and electrical communication.28 Collagen
type IV is the most abundant protein in the BM and
forms the scaffold upon which other BM components
adhere. Deficiency of Col4a1/Col4a2 (collagen type IV a1
chain/collagen type IV a2 chain) in mice is embryoni-
cally lethal due to BM structural instability as the
developing heart is subjected to increasing mechanical

stress.29 In rat hypoxia‐PH induced RV hypertrophy,
increased collagen type III and IV has been seen in the
remodeled RV.30 Here we found a significant reduction
of collagen type IV alpha chains and collagen III alpha‐1
chain in clodronate treated rats with SU‐HX PH,
suggesting RV macrophages may contribute to regulation
of synthesis of these proteins.

We also found a significant reduction in collagen type
I, fibrillary proteins and ECM glycoproteins in
clodronate‐treated rats, as well as reduction in other
proteins important in the structural support of the ECM
in functions of actin filament binding, actin cytoskeleton

FIGURE 4 Clodronate treatment significantly alters extracellular matrix (ECM) proteins in Rat Sugen hypoxia (SU‐HX) (a). Principal
component analysis of core ECM proteins in SU‐HX rats that received phosphate buffered saline liposomes (control) compared to clodronate
liposomes. PLS‐DA, partial least squares‐discriminant analysis; VIP Score, variable importance projection (b). Heat map with expression of
core ECM proteins in control compared to clodronate treated SU‐HX rats with differentially expressed proteins with p<=0.05.
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organization, cell adhesion, and muscle assembly. There
were also decreases in mitochondrial functions, purine
metabolism and salvage, and an increase in lipid
metabolism along with upregulation of APOE, a protein

with pleomorphic effects in cardiovascular disease and
mortality. The role of nonstructural ECM and non‐ECM
proteins in RV remodeling is not yet understood, but our
findings highlight the need to further study these

FIGURE 5 Clodronate treatment significantly alters nonextracellular matrix (ECM) proteins in Rat Sugen hypoxia (SU‐HX) (a). Principal
component analysis of non‐ECM proteins in SU‐HX rats that received PBS liposomes (control) compared to clodronate liposomes (drug) (b). Heat
map with expression of non‐ECM proteins in control compared to clodronate treated SU‐HX rats with differentially expressed proteins with
p<=0.05. PBS, phosphate buffered saline; PLS‐DA, partial least squares‐discriminant analysis; VIP, variable importance projection.
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processes. These ECM and non‐ECM protein changes
were associated with functional improvements in RV
contractility and RV/PA coupling in our study, and our
findings could indicate that macrophages play a role in
RV remodeling. These are supported by conclusions of
another study on experimental PH in rats using PA
banding, in which inhibition of TLR9‐NF‐κB pathway‐
mediated sterile inflammation was associated with
decreased macrophage infiltration and concomitant
decreased fibrosis in the right ventricle.31

Our findings of stable total macrophage numbers are
consistent with the finding that total CD68 cardiac
macrophages were not increased in one autopsy series of
human RV tissue in the setting of chronic idiopathic
pulmonary arterial hypertension (IPAH).32 This contrasts
with the finding of increased RV macrophages in the
same autopsy series on patients that died from acute
pulmonary embolism,33 another investigation showing
increased RV macrophages in patients with systemic
sclerosis‐associated PH compared to IPAH,34 and a third
study comprised mostly of IPAH patients but that also

included PH and chronic thromboembolic pulmonary
hypertension which reported increased RV macro-
phages.35 In an experiment using the VEGFR2 inhibitor
sumatinib to induce PH in rats, increased RV CD68
macrophages were seen and were correlated with RV
dilation and decreased fractional area change.36 A
limitation of these previous studies is their observational
nature, which did not establish a clear relationship
between RV macrophages and RV function, and that they
did not attempt to quantify subsets of macrophages.
However, in aggregate they suggest that macrophage
expansion in the RV increases with greater acuity of RV
pressure overload, and potentially in specific etiologies of
PH, and thus our experimental findings must be carefully
interpreted within these contexts.

The presence of at least three macrophage subpopu-
lations in tissues including the lung and adult heart at
steady state gated based on surface markers CD11c and
MHCII has been demonstrated previously.8,21 We observed
an increase in two subsets of RV interstitial macrophages,
IM1 (CD11cloMHCIIlo) and IM3 (CD11chiMHCIIhi),

FIGURE 6 Clodronate treatment does not affect right ventricular (RV) vascular adaptation in pulmonary hypertension (PH). Total RV
vascular length, RV free wall volume, and radius of tissue served per vessel in PBS liposome treated (control)and clodronate treated Sugen
hypoxia rats (n= 6 per group, t‐test, ns). RV volume, RV vessel length, and percentage of proliferating endothelial cells determined from rat
RV tissue stained for lectin (green), proliferating cell nuclear antigen (PCNA, red), and dapi (blue). Percent of proliferating endothelial cells
were triple positive for lectin + PCNA+ dapi and divided by lectin + dapi double positive cells. ns, nonsignificant.
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following experimental PH challenge. Using parabiosis
experiments, we found low levels of contribution to the
cardiac macrophage population from circulating monocytes
at steady state. Following two PH stimuli, acute hypoxia or
schistosomiasis, there was no significant increase in
circulating cell contribution to overall RV macrophages,
while at least the IM3 (CD11chiMHCIIhi) subset had
significantly increased circulation‐derived cells in Schisto-
somiasis‐PH. This is consistent with findings in the lung, in
which transcriptional analysis of IM1 and IM3 subpopula-
tions found high levels of inflammatory mediators and
receptors as well as monocyte‐related genes such as CD14,
CD163, and Csfr1, suggesting that these subpopulations
may arise from circulating monocytes.21 Our findings are
also consistent with recently published longer term
parabiosis experiments showing that at steady state,
MHCIIhi macrophages compared to other macrophage
populations in the heart achieved higher degrees of
chimerism from partner derived cells, although our gating
strategy differs from these studies in that they additionally
used markers LYVE1, TIMD4, FOLR2, and CCR2 to
elucidate further macrophage subsets within the heart
and other organs.37 Other mechanisms of macrophage
subtype expansion in experimental PH through changes in
programming in response to signaling in the local tissue
environment or by means of local proliferation have yet to
be explored.

With regard to the limitations of these aforemen-
tioned parabiosis experiments, which use CD45.1
(B6.SJL‐PtprcaPepcb/Boy) mice due to presumption that
this mouse strain is genetically identical to CD45.2
C57BL/6 J mice other than at the CD45 locus, one study
identified an additional point mutation in the natural
cytotoxicity receptor 1 present on natural killer cells in
CD45.1 mice that may increase susceptibility to certain
viral infections.38 While this finding is unlikely to have
significance for the development of Schistosoma‐PH,
which we have previously characterized as a Th2 CD4+ T
cell mediated type II inflammatory response,22 we
acknowledge the possibility that CD45.1 and CD45.2
congenic mice may have differing immune responses.

While clodronate treatment is a well described
method of depleting circulating monocytes/macro-
phages,39 lung interstitial macrophages,40 and resident
cardiac macrophages,8,25–27 we observed a less clear
effect on overall RV tissue macrophages at the time of
assessment. Previous studies using clodronate depletion
methods using a single IV injection of clodronate showed
depletion of all resident cardiac macrophage populations
by 4 days after clodronate treatment, but found that these
populations begin to be repopulated at differing rates by
Ly6C+ monocytes as well as through local proliferation
of macrophages by Day 7,8 hence our choice to repeat

dosing of clodronate every 7 days. Our finding of a trend
toward decreased tissue macrophages on Day 21, which
was 7 days after the third and final clodronate treatment,
may reflect a timepoint at which macrophages were
repopulating the heart, affecting our ability to detect
decreased RV macrophages. In spite of this, we postulate
that modifications to the ECM as a result of macrophage
depletion would remain, resulting in the persistent
differences in the ECM and non‐ECM proteins that we
detected, as well as functional differences in RV
contractility and RV/PA coupling.

While our study is one of the effects of macrophage
depletion in a chronic, severe pressure overload state in
which macrophages may be orchestrating a maladaptive
response, other studies have demonstrated that macro-
phages may play an important role in early, acute cardiac
injury. In a PA banding study, pretreatment with
clodronate resulted in the death of a majority of the
mice due to cardiac arrhythmias within days after PA
banding, while mortality was not seen in antigranulocyte
antibody treated mice or in CD4 or CD8 cell deficient
transgenic mice.40 Similarly, studies of experimental
myocardial infarction (MI) have shown that early
clodronate macrophage depletion resulted in increased
infarct and scar size, LV dysfunction, and worse
mortality, while late clodronate treatment after MI did
not have these negative effects.25–27 These data support a
paradigm in which macrophage subtypes that expand
early after acute injury are necessary for survival, but
either phenotypic changes or recruitment of other
macrophage subtypes later in the course of injury may
result in the presence of less beneficial or maladaptive
responses. Future experiments utilizing more targeted
macrophage depletion approaches and with a more
specific timing of removal of macrophage populations
early or late in the development of PH will be necessary
to dissect this hypothesis more completely.

In conclusion, this is the first study of our knowledge
to analyze macrophage heterogeneity in the RV at steady
state and in response to experimental PH. We observed
that RV macrophages likely contribute to RV remodeling
through changes in the ECM, and that macrophage
depletion with clodronate improved parameters of RV
adaptation to experimental PH. We found diversity in the
response of macrophage subtypes to experimental PH,
with some populations recruited from the circulation
while others may be derived from expansion of pre‐
existing interstitial cells. Future experiments will be
needed to dissect mechanisms by which RV macrophages
contribute to RV maladaptation, and further elucidate
RV macrophage heterogeneity by understanding their
origins and differences in programming at steady state
and in PH.
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