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Introduction
In addition to its signature parenchymal cells, the contracting 
cardiomyocytes, the heart harbors a large cast of supporters, 
including fibroblasts, smooth muscle cells, endothelial cells 
and resident macrophages (Pinto et al., 2016). Crosstalk be-
tween these cellular factions ensures myocardial homeostasis 
but may also initiate and propagate adverse cardiac remodel-
ing (Kong et al., 2014; Hulsmans et al., 2016). Neurohormonal 
blockade attenuates this remodeling and improves outcomes 
in heart failure patients with reduced ejection fraction, in 
which pump failure compromises cardiac output (Francis, 
2011). However, ∼50% of heart failure admissions account 
for patients with preserved ejection fraction (HFpEF), a con-
dition for which we lack therapies (Mozaffarian et al., 2016; 
Yancy et al., 2016). HFpEF often associates with left ventric-
ular (LV) diastolic dysfunction, which in large part is caused 
by stiffer cardiomyocytes and interstitial fibrosis (Paulus and 
Tschöpe, 2013; Sharma and Kass, 2014). Prolonged cardiac 
myofibroblast activation and collagen deposition lead to dis-
tortion of tissue architecture, increased myocardial stiffness, 
and the heart’s inability to rapidly refill with blood in prepa-
ration of the next contraction (Hartupee and Mann, 2016). 
In HFpEF, the role of macrophages, which promote fibrosis 
in many disease settings, is incompletely understood. Specif-

ically, insights into whether changes in cardiac macrophage 
number or phenotype increase myocardial stiffness may help 
overcome therapeutic roadblocks.

Here we show that cardiac macrophages expand and 
have a causal role in diastolic dysfunction. Higher myocardial 
macrophage densities arise from monocyte recruitment and 
activation of hematopoiesis in bone marrow and spleen. In 
mice with macrophage-specific deletion of IL-10, an interleu-
kin that increases during diastolic dysfunction, rapid cardiac 
filling during diastole improves. IL-10 contributes to a mac-
rophage phenotype shift toward a profibrotic subset, which 
activates fibroblasts. Fibroblasts become more numerous and 
deposit collagen, leading to impaired myocardial relaxation. 
These data define macrophage-derived IL-10 as an autocrine 
profibrotic agent that promotes diastolic dysfunction.

Results
Cardiac macrophages expand in diastolic dysfunction
The mammalian heart contains a population of resident mac-
rophages that expands in response to myocardial infarction 
and acute hemodynamic stress (Epelman et al., 2014; Heidt et 
al., 2014). The behavior of macrophages in diastolic dysfunc-

Macrophages populate the healthy myocardium and, depending on their phenotype, may contribute to tissue homeostasis or 
disease. Their origin and role in diastolic dysfunction, a hallmark of cardiac aging and heart failure with preserved ejection 
fraction, remain unclear. Here we show that cardiac macrophages expand in humans and mice with diastolic dysfunction, 
which in mice was induced by either hypertension or advanced age. A higher murine myocardial macrophage density results 
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tion is not well understood, and it is unclear if and how these 
cells contribute to the relaxation properties of the heart. We 
examined cardiac macrophages in mice, using two validated 
approaches to study diastolic dysfunction of the left ventricle. 
The first combines salty drinking water, unilateral nephrec-
tomy, and chronic exposure to aldosterone (SAU​NA) to in-
duce hypertension (Valero-Muñoz et al., 2016); the second is 
a mouse model of physiological aging (18 and 30 mo; Fig. 1 A; 
Signore et al., 2015; Eisenberg et al., 2016). Old (18–24 mo) 
and senescent (>26 mo) mice are characterized by a modest 
increase in LV mass and interstitial fibrosis and a decline in 
diastolic function in the absence of increased blood pressure 
(Ma et al., 2015; Signore et al., 2015; Eisenberg et al., 2016). 
We found that the density of macrophages in the left ventri-
cle rose in both conditions, whereas inflammatory Ly6Chigh 
monocytes only increased significantly in mice exposed to 
SAU​NA (Fig. 1, B and C). We further observed an increase 
in neutrophils, which was more pronounced in the senescent 
myocardium (Fig. 1 B). In parallel to these murine data, LV 
myocardial biopsies collected from patients with hyperten-
sion and HFpEF also contained more macrophages compared 
with age-matched healthy controls, while hypertension alone 
did not change the myocardial macrophage density in patients 
(Fig. S1 A and Table S1).

Exposure to SAU​NA for 30 d increased systolic 
blood pressure (Fig. S2 A), a highly prevalent comorbidity 
in human HFpEF patients (McMurray et al., 2008). The 
heart rate was unchanged compared with healthy con-
trol mice (Fig. S2 B). We next measured reactive oxygen 
species (ROS) production in cardiac endothelial cells as a 
surrogate marker for endothelial cell dysfunction, a possi-
ble instigator of HFpEF development and cardiomyocyte 
hypertrophy (Paulus and Tschöpe, 2013). ROS levels rose 
in endothelial cells isolated from SAU​NA hearts (Fig. S2 
C) and associated with cardiomyocyte hypertrophy (Fig. 
S2, D and E). Cardiac fibroblasts in SAU​NA-exposed 
hearts also produced more ROS (Fig. S2 F), which favors 
their proliferation and activation to collagen-producing 
myofibroblasts (Ohtsu et al., 2005; Alili et al., 2014). The 
increased fibroblast density, together with lower protease 
and metalloproteinase (MMP) activities, aligns with inter-
stitial fibrosis in SAU​NA hearts (Fig. S2, G–I). Higher LV 
end-diastolic pressure, reduced diastolic relaxation (–dP/
dt), and prolonged time constant of pressure decay (τ) all 
document declining diastolic function in SAU​NA-exposed 
mice (Fig. S2 J). Systolic parameters, including ejection 
fraction and maximum rate of pressure change (+dP/dt), 
were preserved (Fig. S2 K). SAU​NA-exposed mice also 
showed increased cardiac expression of atrial and brain 
natriuretic peptide (Anp and Bnp, respectively) and pul-
monary congestion, all surrogate markers for congestive 
heart failure (Fig. S2, L and M). Each individual SAU​NA 
intervention component (i.e., only salty drinking water, 
unilateral nephrectomy, or aldosterone infusion) did not 
increase myeloid cells (Fig. S2 N).

Monocyte recruitment contributes to 
cardiac macrophage expansion
To evaluate systemic innate immunity in mice exposed to 
SAU​NA or aging, we began by quantifying systemic leuko-
cyte levels with flow cytometry. Total blood leukocyte counts, 
including inflammatory Ly6Chigh monocytes and neutrophils, 
rose in both conditions (Fig. 2 A). Interestingly, neutrophilia 
was more pronounced in old and senescent mice (Fig. 2 A). 
Individual SAU​NA interventions did not alter myeloid cell 
numbers (Fig. S2 O). Data obtained in a cohort of HFpEF 
patients showed a similar increase of blood leukocytes, neu-
trophils, and monocytes, whereas lymphocyte numbers were 
unchanged (Fig. S1 B).

To determine whether accumulation of myocardial 
macrophages relies on recruitment of monocytes from the 
blood, we measured expression of chemokines and adhesion 
molecules in myocardial tissue from SAU​NA and senes-
cent mice (Fig.  2  B). Interestingly, chemokine C-C motif 
ligand-2 (Ccl2) was only increased in SAU​NA-exposed 
mice, whereas chemokine C-X-C motif ligand-12 (Cxcl12) 
only rose in senescent myocardium (Fig. 2 B), a constella-
tion that aligns well with the differences in cardiac neu-
trophil densities observed in both conditions (Fig.  1  B). 
We next tested the role of the Ccl2/Ccr2 axis in recruit-
ing monocytes to the diseased myocardium by expos-
ing Ccr2−/− mice, which lack the receptor for Ccl2, to  
SAU​NA. Myocardial Ly6Chigh monocyte and macrophage 
numbers decreased in Ccr2−/− SAU​NA-exposed mice, 
whereas neutrophils were unaffected (Fig.  2, C and D). 
Deletion of Ccr2 in SAU​NA-exposed mice did not re-
duce cardiac Anp and Bnp levels or pulmonary congestion 
(Fig. 2, E and F). These data indicate that Ccr2-dependent 
monocyte migration contributes to cardiac macrophage 
expansion in mice with diastolic dysfunction induced by  
SAU​NA and that inhibiting monocyte recruitment alone is 
not sufficient to prevent congestive heart failure.

Hematopoietic activation during diastolic dysfunction
Because our data indicate that mice and humans with di-
astolic dysfunction develop blood monocytosis and neutro-
philia, we next investigated hematopoiesis. Bone marrow 
harvested from SAU​NA-exposed mice contained higher 
numbers of hematopoietic stem cells (HSCs), downstream 
myeloid progenitors including granulocyte macrophage pro-
genitors (GMPs) and monocyte-macrophage dendritic cell 
progenitors (MDPs, Fig.  3 A). This increase in hematopoi-
etic stem and progenitor cells (HSPCs) indicates that the cells 
proliferate at higher rates. To experimentally assess cell prolif-
eration during the development of diastolic dysfunction, we 
performed a pulse-chase BrdU label retention experiment. 
2-wk BrdU exposure via drinking water led to >70% label-
ing of HSCs (Fig. 3 B). After completing the label wash-in 
phase, we exposed mice to SAU​NA for 30 d. This acceler-
ated HSC BrdU wash-out significantly (Fig. 3 B), thus in-
dicating that HSCs divide more frequently while diastolic 
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Figure 1. C ardiac macrophage expansion in diastolic dysfunction. (A) Experimental outline. Left: Mice were exposed to SAU​NA; right: 18- and 
30-mo-old C57BL/6 mice were used to study macrophages in aging. (B) Flow cytometric quantification of myeloid cell populations in hearts from control, 
SAU​NA-exposed, and aged mice. Top: Representative flow cytometry plots; bottom: number of cell populations per milligram of heart tissue. Data are 
pooled from two (aging) to seven (SAU​NA) independent experiments (n = 8–47 mice per group). Lin, lineage; mo, months; Mono/Macs, monocytes/macro-
phages. (C) Immunohistochemical analysis of macrophages in hearts from control, SAU​NA-exposed, and aged mice. Left: Representative images; right: bar 
graph shows percentage of positive staining per ROI. Data are pooled from two independent experiments (n = 7–12 mice per group). Bar, 25 µm. Results 
are shown as mean ± SD. For statistical analysis, one-way ANO​VA followed by Tukey’s test was performed for multiple comparisons. *, P < 0.05; **, P < 0.01; 
***, P < 0.001; ****, P < 0.0001.
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dysfunction develops. The increased hematopoietic activity 
augmented monocyte and neutrophil numbers in the bone 
marrow of SAU​NA-exposed mice (Fig. 3 C). When studying 
niche factors that regulate HSPC quiescence and retention, 
we observed decreased levels of Cxcl12, stem cell factor (Scf), 
vascular cell adhesion molecule-1 (Vcam1), and angiopoie-
tin-1 (Angpt1) in bone marrow of SAU​NA-exposed mice 
(Fig.  3  D). Lower retention factor expression enhanced 
HSPC release from the marrow into the blood (Fig. 3 E). At 
advanced age, HSPC levels were increased in bone marrow 
samples in a similar fashion (Fig. 4).

Because blood HSPCs increased in SAU​NA-exposed 
mice (Fig. 3 E), we next investigated if these cells seed the 
spleen to induce extramedullary hematopoiesis. The number 
of splenic HSCs, monocytes, neutrophils, and B cells increased 

in SAU​NA-exposed mice, which led to splenomegaly (Fig. 5, 
A–C). Individual SAU​NA components did not increase my-
eloid cell numbers in the spleen (Fig. S2 P). In senescent mice, 
splenic Lineage− Sca-1+ c-Kit+ progenitor (LSK), HSC, and 
neutrophil numbers expanded even more drastically (Fig. 6, 
A and B). However, the numbers of lymphocytes had a ten-
dency to be lower in senescent mice (Fig. 6 B), which may 
explain their unchanged spleen weights (Fig. 6 C).

To assess whether activation of hematopoiesis associ-
ates with altered diastolic function in humans, we correlated 
18F-fluoro-2-deoxyglucose (18F-FDG) uptake in hematopoi-
etic organs with echocardiographic parameters of diastolic 
function in a retrospective analysis (Fig. S1 C). Increased 
18F-FDG positron emission tomography (PET) signal reflects 
higher metabolic rates, which in marrow and spleen indi-

Figure 2. C cr2-dependent monocyte recruitment contributes to cardiac macrophage expansion associated with diastolic dysfunction. (A) Flow 
cytometric quantification of monocytes and neutrophils in blood from control, SAU​NA-exposed, and aged mice. Left: Representative flow cytometry plots; 
right: number of leukocytes and myeloid cells per milliliter of blood. Data are pooled from 2 (aging) to 11 (SAU​NA) independent experiments (n = 8–89 mice 
per group). (B) Relative expression levels of different chemokines and adhesion molecules by qPCR in hearts from control, SAU​NA-exposed, and aged mice. 
Data are pooled from two (aging) to four (SAU​NA) independent experiments (n = 10–33 mice per group). (C) Flow cytometric quantification of myeloid cell 
populations in hearts from control and C57BL/6 and Ccr2−/− SAU​NA-exposed mice. Left: Representative flow cytometry plots; right: number of cell popu-
lations per milligram of heart tissue. Data are pooled from three independent experiments (n = 14–15 mice per group). (D) Immunohistochemical analysis 
of macrophages in hearts from control and C57BL/6 and Ccr2−/− SAU​NA-exposed mice. Left: Representative images; right: bar graph shows percentage of 
positive staining per ROI. Data are pooled from two independent experiments (n = 5–12 mice per group). Bar, 25 µm. (E) Relative Anp and Bnp expression 
levels by qPCR in hearts from control and C57BL/6 and Ccr2−/− SAU​NA-exposed mice. Data are pooled from two independent experiments (n = 8–12 mice 
per group). (F) Lung wet-to-dry weight ratio in control and C57BL/6 and Ccr2−/− SAU​NA-exposed mice. Data are pooled from two independent experiments 
(n = 4 mice per group). Results are shown as mean ± SD. For statistical analysis, one-way ANO​VA followed by Tukey’s test was performed for multiple 
comparisons. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.
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Figure 3. S AU​NA increases bone marrow hematopoiesis. (A) Flow cytometric quantification of HSPCs in bone marrow from control and SAU​NA- 
exposed mice. Left: Representative flow cytometry plots; right: number of HSPCs per femur. Data are pooled from at least two independent experiments 
(n = 10–36 mice per group). (B) BrdU pulse-chase experiment. Mice were exposed to BrdU in drinking water for 2 wk, which led to >70% BrdU labeling of 
HSCs (day 1). Additional cohorts of mice were exposed to SAU​NA for 30 d or remained unexposed after BrdU labeling. The lower panel shows representative 
dot plots, and the bar graph shows quantification of BrdU retention in HSCs (day 30). Data are pooled from two independent experiments (n = 10 mice per 
group). (C) Number of leukocytes and myeloid cells per femur from control and SAU​NA-exposed mice. Data are pooled from five independent experiments 
(n = 27–42 mice per group). (D) Retention factor expression by qPCR in bone marrow from control and SAU​NA-exposed mice. Data are pooled from two 
independent experiments (n = 9–14 mice per group). (E) Blood CFU assay in control and SAU​NA-exposed mice. Data are pooled from two independent 
experiments (n = 10–16 mice per group). Results are shown as mean ± SD. For statistical analysis, a two-tailed unpaired t test was performed to compare 
two groups. *, P < 0.05; ****, P < 0.0001.
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cates accelerated hematopoietic activity (Liu, 2009). Among 
patients with normal diastolic function (see Materials and 
methods for patient selection criteria), we found a significant 
correlation of splenic PET signal with echocardiographic 
measures of filling pressures (i.e., E/e′ and the estimated right 
ventricular systolic pressure) and observed similar trends for 
the marrow PET signal (Fig. S1 C). These retrospective clini-
cal data are preliminary because of (a) a small sample size, (b) 
the unspecific mechanisms behind 18F-FDG uptake, and (c) 
the load dependence of echocardiographic measures, which 
were acquired at different time points. Nevertheless, the par-
allels between the histology, flow cytometry, and imaging 
observations in patients and those in mice are intriguing, in-
dicating that diastolic dysfunction associates with increased 
myelopoiesis and systemic myeloid cell oversupply.

Macrophage-derived IL-10 contributes to SAU​NA- 
induced diastolic dysfunction
To evaluate phenotypic changes of cardiac macrophages, we 
compared these cells obtained from SAU​NA and control myo-
cardium using a fibrosis quantitative PCR (qPCR) array. We 
identified Il10 as one of the most up-regulated fibrosis-related 
genes in cardiac macrophages that were FACS-purified from 
SAU​NA mice’s myocardium (Fig. 7, A–C). IL-10 is a pleio-
tropic cytokine produced and sensed by many leukocytes, in-
cluding macrophages (Moore et al., 2001). We confirmed that 
tissue-resident macrophages are indeed a dominant source of 
Il10 by comparing their expression to whole myocardium, 
cardiac fibroblasts, and endothelial cells (Fig. 7 D). Old and 
senescent myocardium also showed higher expression levels 

of Il10 (Fig. 7 E), further supporting a contributing role of 
this cytokine in the development of diastolic dysfunction. 
The remaining kidney in SAU​NA-treated mice, which also 
contains resident macrophages (Schulz et al., 2012), exhibited 
lower Il10 expression than the myocardium (Fig. 7 F).

To probe whether macrophage-derived IL-10 caus-
ally contributes to diastolic dysfunction, we bred tamoxi-
fen-inducible Cx3cr1CreER with Il10fl/fl mice, hereafter denoted 
as Cx3cr1 Il10−/−, to obtain mice in which tamoxifen treat-

Figure 4.  Aging expands bone marrow HSCs. Flow cytometric quan-
tification of HSPCs in bone marrow from control and aged mice. Left: 
Representative flow cytometry plots; right: number of HSPCs per femur. 
Data are pooled from two independent experiments (n = 8–10 mice per 
group). Results are shown as mean ± SD. For statistical analysis, one-way  
ANO​VA followed by Tukey’s test was performed for multiple comparisons. 
*, P < 0.05; ***, P < 0.001.

Figure 5. S AU​NA induces splenic myelopoiesis. (A) Flow cytometric 
quantification of HSPCs in spleens from control and SAU​NA-exposed mice. 
Left: Representative flow cytometry plots; right: number of HSPCs per 
spleen. Data are pooled from five independent experiments (n = 25–39 
mice per group). (B) Number of splenic myeloid cells and lymphocytes in 
control and SAU​NA-exposed mice. Data are pooled from five independent 
experiments (n = 27–42 mice per group). (C) Spleen weight in control and 
SAU​NA-exposed mice. Data are pooled from 15 independent experiments 
(n = 102–103 mice per group). Results are shown as mean ± SD. For statis-
tical analysis, a two-tailed unpaired t test was performed to compare two 
groups. *, P < 0.05; **, P < 0.01; ****, P < 0.0001.
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ment deletes Il10 in Cx3cr1-expressing monocytes and mac-
rophages. We previously validated the specificity of the Cx3cr1 
promoter to study cardiac macrophages in steady-state and 
pathological conditions (Heidt et al., 2014; Hulsmans et al., 
2017). Genomic PCR-based examination of the wild-type 
(Il10wt), floxed intact (Il10fl), and recombined (Il10Δ) alleles of 
the Il10 gene in FACS-purified Cx3cr1+ cardiac macrophages 
showed effective Il10 deletion in cardiac macrophages after 
tamoxifen treatment (Fig.  7  G). Cx3cr1 Il10−/− mice were 
then exposed to SAU​NA for 30 d while receiving an addi-
tional tamoxifen dose once a week to deplete Il10 in newly 
made monocytes and monocyte-derived macrophages. All 
Cx3cr1 Il10−/− SAU​NA-exposed mice underwent analysis 7 
d after a final tamoxifen injection (Fig. 8 A). LV myocardium 

collected from Cx3cr1 Il10−/− SAU​NA-exposed mice con-
tained fewer macrophages compared with littermate SAU​NA- 
treated mice, whereas myocardial neutrophil numbers did not 
change (Fig. 8, B and C). The phenotype of cardiac macro-
phages in Cx3cr1 Il10−/− SAU​NA-treated mice shifted to-
ward the MHC​IIlow macrophage subset (Epelman et al., 2014; 
Fig. 8 B). Importantly, monocyte/macrophage-restricted de-
letion of Il10 improved diastolic function assessed by invasive 
hemodynamic measurements. Cx3cr1 Il10−/− mice that un-
derwent the SAU​NA protocol had a reduced LV end-diastolic 
pressure and better diastolic relaxation indicated by a larger 
−dP/dt and shortening of the isovolumic relaxation constant 
τ (Fig.  8  D). These data document that deleting IL-10 in 
macrophages attenuates development of diastolic dysfunction, 
which was independent of renal function or systolic blood 
pressure changes (Fig. 8, E and F). The myocardium of Cx3cr1 
Il10−/− SAU​NA-exposed mice expressed less Anp and Bnp, 
and pulmonary congestion diminished (Fig. 8, G and H).

Macrophage-derived IL-10 indirectly 
promotes fibroblast activation
Next, we investigated how increased IL-10 production by 
cardiac macrophages deteriorates diastolic function. We 
observed no difference in LV mass between littermate and 
Cx3cr1 Il10−/− SAU​NA-treated mice by cardiac magnetic 
resonance imaging, indicating no effect of IL-10 on SAU​NA- 
induced hypertrophy (Fig. S3 A). Therefore, we focused on 
the crosstalk between macrophages and fibroblasts and their 
contribution to fibrosis-mediated myocardial stiffness. The 
deletion of Il10 in macrophages of SAU​NA-treated mice 
lowered ROS production in cardiac fibroblasts (Fig. 9 A) and 
decreased fibroblast numbers (Fig. 9 B). To determine if IL-10 
can directly activate fibroblasts, we measured the expression 
of its receptor, which is composed of an IL-10–binding 
chain (IL-10Rα) and an accessory molecule shared with 
other receptors of IL-10 superfamily members (IL-10Rβ; 
Moore et al., 2001), in fibroblasts. qPCR on FACS-purified 
noncardiomyocytes revealed that only cardiac macrophages 
express both receptor subunits that are necessary for IL-10 
binding (Moore et al., 2001; Fig. S3 B), suggesting that IL-10 
indirectly modulates fibroblasts by autocrine activation of 
macrophages toward a fibrogenic phenotype. FACS-purified 
cardiac macrophages exposed to recombinant murine IL-10 
(rIL-10) expressed more osteopontin (Opn; Fig.  9  C), a 
matricellular protein and multifunctional cytokine associated 
with cardiac fibrosis causing myofibroblast differentiation 
and activation (Lenga et al., 2008; Shiraishi et al., 2016). 
Interestingly, macrophages are also the main source of 
Opn in LV myocardial tissue (Fig. S3 B). We then exposed 
FACS-purified cardiac fibroblasts to rIL-10 directly or to 
cell culture medium collected from cardiac macrophages 
incubated with rIL-10. Cardiac fibroblasts increased 
expression of type I collagen (Col1a2), fibronectin (Fn1), 
actin filaments, and α-smooth muscle actin (α-SMA) after 
incubation with rIL-10–exposed macrophage medium (Fig. 9, 

Figure 6.  Aging expands splenic HSCs. (A) Flow cytometric quantifica-
tion of HSPCs in spleens from control and aged mice. Left: Representative 
flow cytometry plots; right: number of HSPCs per spleen. Data are pooled 
from two independent experiments (n = 8–10 mice per group). (B) Number 
of splenic myeloid cells and lymphocytes in control and aged mice. Data 
are pooled from two independent experiments (n = 8–10 mice per group). 
(C) Spleen weight in control and aged mice. Data are pooled from two 
independent experiments (n = 8–10 mice per group). Results are shown 
as mean ± SD. For statistical analysis, one-way ANO​VA followed by Tukey’s 
test was performed for multiple comparisons. *, P < 0.05; **, P < 0.01.
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D and E), all documenting enhanced fibroblast activation. 
Direct exposure of cardiac fibroblasts to rIL-10 did not 
change Col1a2 and Fn1 expression (Fig. 9 D). Furthermore, 
antibody-mediated neutralization of OPN suppressed 
activation of fibroblasts (Fig. 9 D). Similar suppressive effects 
occurred after neutralizing TGFβ (Fig.  9  D). These data 
suggest that OPN is produced by macrophages and acts as 
a paracrine fibroblast activator. Cardiac macrophages are 
also a source of Tgfb1 (Fig. S3 B). In deposited microarray 
data (Epelman et al., 2014), a gene set associated with the 

regulation of TGFβ production (GO​:0032914) enriched in 
MHC​IIhigh macrophages when compared with the MHC​IIlow 
subset (Fig. S3 C). MHC​IIlow macrophages, which were more 
prevalent in Cx3cr1 Il10−/− SAU​NA-treated mice (Fig. 8 B), 
showed higher protease and MMP activity compared with  
MHC​IIhigh macrophages (Fig. S3 D), indicating that the  
MHC​IIlow macrophage subset favors matrix breakdown. Taken 
together, these data suggest that MHC​IIlow macrophages, 
which are more numerous after IL-10 deletion, counteract 
fibrosis whereas MHC​IIhigh macrophages promote it. LV 

Figure 7.  Identification and validation of Il10 produced by cardiac macrophages as gene of interest. (A) Workflow and FACS gating strategy to 
purify macrophages from heart tissue. (B) Heat map of expression values (2-ΔCt) of fibrosis-related genes by qPCR in FACS-purified cardiac macrophages 
from control and SAU​NA-exposed mice (n = 4 mice per group). (C) Relative Il10 expression levels by qPCR in macrophages FACS-sorted from a second, 
independent cohort of control and SAU​NA-exposed mice (n = 8–9 mice per group). (D) Left: Il10 expression by qPCR in left ventricle and FACS-purified 
cardiac macrophages, fibroblasts, and endothelial cells from C57BL/6 mice (n = 6–9 mice per group); right: FACS gating strategy to purify macrophages, 
fibroblasts, and endothelial cells from heart tissue. (E) Relative Il10 expression levels by qPCR in hearts from control and aged mice. Data are pooled from 
two independent experiments (n = 7–9 mice per group). (F) Relative Il10 expression levels by qPCR in hearts and kidneys from control and SAU​NA-exposed 
mice. Data are pooled from two independent experiments (n = 7–15 mice per group). (G) PCR analysis of FACS-purified Cx3cr1wt/wt and Cx3cr1wt/CreER cardiac 
macrophages 7 d after tamoxifen treatment for the presence of wild-type (Il10wt) and conditional undeleted (Il10fl) or deleted (Il10Δ) Il10 alleles. Results are 
shown as mean ± SD. For statistical analysis, a two-tailed unpaired t test was performed to compare two groups, and one-way ANO​VA followed by Tukey’s 
test was performed for multiple comparisons. *, P < 0.05; **, P < 0.01.
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Figure 8.  Macrophage-restricted IL-10 deletion in SAU​NA-exposed mice improves diastolic function. (A) Experimental outline of the SAU​NA 
protocol applied on mice lacking IL-10. (B) Flow cytometric quantification of neutrophils and macrophages in hearts from littermate and Cx3cr1 Il10−/−  
SAU​NA-exposed mice. Left: Representative flow cytometry plots; right: number of neutrophils and macrophages per milligram of heart tissue. The pie charts 
indicate the percentage of MHC​IIlow (orange) and MHC​IIhigh (purple) cardiac macrophages. Data are pooled from two independent experiments (n = 14–16 
mice per group). (C) Immunohistochemical analysis of macrophages in hearts from littermate and Cx3cr1 Il10−/− SAU​NA-exposed mice. Left: Representative 
images; right: bar graph shows percentage of positive staining per ROI. Data are pooled from two independent experiments (n = 6–7 mice per group). Bar, 
25 µm. (D) Hemodynamic parameters by pressure–volume catherization of hearts from littermate and Cx3cr1 Il10−/− SAU​NA-exposed mice. Data are pooled 
from two independent experiments (n = 7–11 mice per group). (E) Serum creatinine levels in littermate and Cx3cr1 Il10−/− SAU​NA-exposed mice. Data are 
pooled from two independent experiments (n = 6 mice per group). (F) Systolic blood pressure in littermate and Cx3cr1 Il10−/− SAU​NA-exposed mice. Data 
are pooled from six independent experiments (n = 38–46 mice per group). (G) Relative Anp and Bnp expression levels by qPCR in hearts from littermate 
and Cx3cr1 Il10−/− SAU​NA-exposed mice. Data are pooled from four independent experiments (n = 27 mice per group). (H) Lung wet-to-dry weight ratio in 
littermate and Cx3cr1 Il10−/− SAU​NA-exposed mice. Data are pooled from five independent experiments (n = 32–39 mice per group). Results are shown as 
mean ± SD. For statistical analysis, a two-tailed unpaired t test was performed to compare two groups. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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myocardium from Cx3cr1 Il10−/− SAU​NA-treated mice 
indeed decreased Opn and Tgfb1 expression and interstitial 
fibrosis compared with littermate SAU​NA-treated mice 
(Fig.  9, F and G). Thus, macrophage-derived IL-10 is 
a profibrotic cytokine that indirectly activates cardiac  
(myo)fibroblasts, promoting collagen deposition and 
myocardial stiffness in diastolic dysfunction.

Discussion
The genesis of HFpEF is multifactorial, which likely contrib-
utes to the current lack of treatment options and the lively 
debate on how to best study HFpEF pathophysiology in an-
imals. Nevertheless, the problem is urgent as mortality and 
morbidity increase (Vasan et al., 1999; Owan et al., 2006). Ad-
vanced age, hypertension, diabetes, and obesity are accepted 
risk factors (Ather et al., 2012), while myocardial fibrosis and 
hypertrophy are common pathologies. In many conditions, 
macrophages regulate extracellular matrix turnover (Wick et 
al., 2013; Kong et al., 2014). Because they are well equipped 
to sense their surroundings (Murray and Wynn, 2011), mac-
rophage phenotypes may rapidly adjust to systemic risk. We 
therefore studied myeloid cells in two different conditions 
that lead to diastolic dysfunction in mice and compared some 
key findings to HFpEF patients. While our clinical observa-
tions are preliminary and should be interpreted with caution, 
the data document interesting parallels and some differences 
between murine cohorts and humans. Cardiac macrophages 
expand in aged mice, in mice exposed to SAU​NA, and in 
myocardial biopsies from HFpEF patients. Both murine con-
ditions and HFpEF in patients increase circulating monocytes, 
which are progenitors of macrophages recruited to the dis-
eased heart. In all three scenarios, we observed increased ac-
tivity in hematopoietic organs (Fig. 10). Taken together, these 
data align well with the systemic inflammation previously re-
ported in HFpEF patients (Kalogeropoulos et al., 2010) and 
provide a compelling rationale to consider macrophages’ role 
in HFpEF pathophysiology.

We also detected some interesting differences: while 
blood neutrophil levels were increased in all cohorts, this was 
more pronounced in aged mice, which exhibited the typi-
cal myeloid hematopoiesis bias associated with aging (Beer-
man et al., 2010). Senescent mice had more neutrophils and 
inflammatory monocytes in circulation and recruited more 
neutrophils into the myocardium when compared with  
SAU​NA-exposed mice. Splenic hematopoiesis was likewise 
more pronounced in senescent mice. Aging is associated with 
functionally compromised HSCs, which expand phenotypi-
cally (Dykstra et al., 2011; Beerman et al., 2013) and develop 
a myeloid bias (Beerman et al., 2010). The recently reported 
association of patients’ cardiovascular mortality with clonal 
hematopoiesis (Jaiswal et al., 2014), which occurs in senes-
cence, an HFpEF risk factor, supports a potential relationship 
of heart failure with hematopoiesis, cardiac macrophage or-
igins, phenotypes, and abundance. Of note, distinct mecha-
nisms observed in the two murine disease models may occur 

simultaneously in elderly patients, contributing jointly to an 
overall expansion of myeloid cells in the heart.

We noted an excess production of IL-10 in the set-
ting of diastolic dysfunction caused by SAU​NA and old age. 
Macrophage-specific IL-10 deletion reduced fibrosis and 
improved diastolic function. While the Cx3cr1CreER mouse 
expresses the tamoxifen-inducible Cre recombinase fusion 
protein (CreER) in monocytes and macrophages (Yona et 
al., 2013; Hulsmans et al., 2017), this is not restricted to 
the heart but could also affect other organs, such as the 
brain and kidney. Despite this caveat, we ruled out that re-
stored diastolic function in Cx3cr1 Il10−/− SAU​NA-treated 
mice was the result of improved renal function or lower 
blood pressure. Macrophage IL-10 production indirectly 
induces (myo)fibroblast activation and collagen deposition 
resulting in increased myocardial stiffness (Fig.  10). HFpEF 
myocardium contains more collagen type I, increasingly 
cross-linked collagen, and less MMP activity, all contributing 
to fibrosis-mediated diastolic dysfunction (Kasner et al., 2011; 
Westermann et al., 2011). Cardiac macrophages in HFpEF 
patients also secrete profibrotic TGFβ further inducing ex-
cess collagen deposition (Westermann et al., 2011). During 
the reparative phase after acute myocardial infarction, IL-10–
producing macrophages direct myofibroblast proliferation 
and mature scar formation (Troidl et al., 2009). Interestingly, 
atherosclerotic lesions in Il10−/− mice show a very low per-
centage of collagen deposition (Mallat et al., 1999), whereas 
long-term overexpression of IL-10 promotes lung fibrosis 
(Sun et al., 2011). These data parallel our findings that IL-10 
may exert profibrotic deleterious actions in a chronic disease 
setting, even though it may be beneficial in inflammation res-
olution and wound healing. Systemic IL-10 treatment atten-
uates hypertrophic remodeling and improves heart function 
in mice with pressure overload-induced heart failure (Verma 
et al., 2012), further indicating the complex pleiotropic, dis-
ease- and potentially source-dependent effects of IL-10.

Replacing the M1/2 in vitro macrophage classifica-
tion, Epelman et al. (2014) defined cardiac macrophage sub-
sets based on expression of MHC​II and CCR2, an approach 
recently backed by unsupervised hierarchical clustering of 
single-cell RNA-sequencing data (Hulsmans et al., 2017). 
Our data obtained in mice with diastolic dysfunction after 
exposure to SAU​NA provide arguments in support for this 
classification because MHC​IIhigh and MHC​IIlow macrophage 
subsets diverge functionally in this disease setting. MHC​IIlow 
macrophages activate in vivo protease sensors more avidly 
whereas MHC​IIhigh macrophages enrich for a gene set that 
regulates profibrotic TGFβ. Viewed together with the shift to-
ward MHC​IIlow macrophages and reduced fibrosis in IL-10–
deficient mice, strategies to therapeutically limit the numbers 
or function of the MHC​IIhigh subset appear promising. Car-
diac senescence is also associated with phenotypic changes 
in resident macrophages including up-regulation of profi-
brotic genes, which possibly contribute to aging-associated 
cardiac fibrosis (Pinto et al., 2014). Macrophages are poten-
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Figure 9.  IL-10 produced by cardiac macrophages indirectly activates fibroblasts. (A) Mean fluorescence intensities (MFI) indicating ROS production 
in cardiac fibroblasts from littermate and Cx3cr1 Il10−/− SAU​NA-exposed mice. Data are pooled from two independent experiments (n = 11 mice per group). 
(B) Flow cytometric quantification of fibroblasts in hearts from littermate and Cx3cr1 Il10−/− SAU​NA-exposed mice. Left: Representative flow cytometry 
plots; right: number of fibroblasts per milligram of heart tissue. Data are pooled from two independent experiments (n = 11–15 mice per group). RMCs, 
resident mesenchymal cells. (C) Relative Opn expression levels by qPCR in control and rIL-10–exposed FACS-purified cardiac macrophages. Data are pooled 
from two independent experiments (n = 10 per group). (D) Relative Col1a2 and Fn1 expression levels by qPCR in FACS-purified cardiac fibroblasts incu-
bated with rIL-10, control macrophage (mac) medium or rIL-10–exposed mac medium with and without OPN or TGFβ neutralizing antibody (Ab). Data are 
pooled from two independent experiments (n = 4–7 per group). (E) Left: Representative immunofluorescence images of FACS-purified cardiac fibroblasts 
incubated with control or rIL-10–exposed mac medium, and stained with α-SMA (green), Phalloidin to identify actin filaments (red), and DAPI (blue); right: 
bar graphs show percentage of positive α-SMA or actin staining per ROI. Data are pooled from two independent experiments (n = 7 per group). Bar, 50 
µm. (F) Relative Opn and Tgfb1 expression levels by qPCR in hearts from littermate and Cx3cr1 Il10−/− SAU​NA-exposed mice. Data are pooled from at least 
two independent experiments (n = 8–15 mice per group). (G) Histological analysis of collagen deposition (PicroSirius Red) in hearts from littermate and 
Cx3cr1 Il10−/− SAU​NA-exposed mice. Left: Representative images; right: bar graph shows percentage of positive staining per ROI. Data are pooled from 
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tial therapeutic targets because of their phenotypic plasticity, 
their dynamic crosstalk with neighboring cells including fi-
broblasts (Hulsmans et al., 2016), and their avidity to ingest 
nanoparticle-delivered drug payloads (Mulder et al., 2014). 
Clearance of excess collagen from fibrotic myocardium likely 
requires protease activation, in which antifibrotic MHC​IIlow 
macrophages could play a role, whereas dampening activity 
of profibrotic MHC​IIhigh macrophages could be beneficial. 
Although these tactical considerations are still hypothetical, 
the observed causal contribution of macrophages to fibrotic 
myocardial remodeling and diastolic dysfunction provides 
new drug discovery strategies for HFpEF.

Materials and methods
Humans
Human tissue collection, blood sampling, and 18F-FDG-
PET/computed tomography (CT) study were conducted 
according to the Declaration of Helsinki and were approved 
by the Medical University of South Carolina Institutional 
Review Board, the Veterans Administration Medical Cen-
ter Research and Development Committee (PRO42347), 
the Boston University Medical Center Institutional Review 
Board (H-32244), and the Partners Healthcare Institutional 
Review Board (2010P001955). All patients gave written, in-
formed consent as required.

Human LV myocardial biopsies were obtained at the 
Medical University of South Carolina and at the Ralph H. 
Johnson Department of Veterans Administration Medical 
Center. Patient recruitment and general inclusion and ex-
clusion criteria were described previously (Zile et al., 2015). 
HFpEF was defined according to the general inclusion cri-
teria specified by the European Society of Cardiology and 
Heart Failure Society of America (Paulus et al., 2007; Heart 
Failure Society of America et al., 2010). In detail, control sub-
jects (n = 5, 80% male), patients with hypertension without 
HFpEF (n = 4, 75% male), and patients with hypertension 
and HFpEF (n = 6, 83% male) were recruited as stable out-
patients scheduled for elective coronary artery bypass graft 
surgery. Controls and both patient groups were matched by 
age and sex. All subjects had coronary artery disease, none 
had atrial fibrillation or type 2 diabetes mellitus, and none 
were decompensated or admitted to the hospital for heart 
failure at the time of biopsy. Samples were collected from 
the LV epicardial anterior wall during coronary artery bypass 
graft surgery as described previously (Zile et al., 2015). Clin-
ical, demographic, echocardiographic, and LV pressure data 
for both patient groups are summarized in Table S1. Both 
groups had hypertension with a similar degree of hyperten-
sion-induced LV hypertrophic remodeling. However, only 
patients with hypertension and HFpEF had evidence of heart 

failure. Specifically, only patients with HFpEF had evidence 
of diastolic dysfunction and increased LV diastolic filling 
pressures (increased pulmonary capillary wedge pressure, left 
atrial volume, and LV end-diastolic pressure). The increased 
LV diastolic pressure with normal LV end-diastolic volume 
demonstrates that HFpEF patients had an increased LV dia-
stolic chamber stiffness.

Human blood samples were collected from acutely de-
compensated patients with HFpEF enrolled at Boston Medi-
cal Center. Patients were 60 ± 14 yr old (mean ± SD; n = 20, 
50% male) and the New York Heart Association functional 
class was 3.8 ± 1.2 (mean ± SD) at the time of enrollment. 
Comorbidities included hypertension (90%), obesity (82%), 
type 2 diabetes mellitus (56%), and atrial fibrillation/flutter 
(30%). Mean LV ejection fraction and LV mass were 61 ± 
7% (mean ± SD) and 194 ± 65 g (mean ± SD; normal 67–
162 g), respectively. Controls were selected from ambulatory 
subjects and matched by age and sex. Control subjects were 
57 ± 13 yr old (mean ± SD; n = 10, 50% male) healthy 
individuals without cardiac disease and were not taking car-
diovascular medications.

For the 18F-FDG-PET/CT study, subjects without ac-
tive malignancy who underwent clinically indicated imag-
ing and who were part of a retrospective study designed to 
investigate the relationship between stress-associated neu-
ral activity and cardiovascular and cardiometabolic disease  
(n = 293) were screened for clinically indicated transthoracic 
echocardiograms within 1 yr before and 5 yr after imaging. 
Patients with reduced LV ejection fraction (<50%), moder-
ate or severe valvular disease, and known cardiovascular pa-
thology were excluded from the study. Additional exclusion 
criteria were chronic inflammatory conditions, age <30 yr, 
insufficient clinical data at baseline or follow-up to ascertain 
clinical status, and lack or poor quality of PET/CT images. 
A total of 14 patients with clinically indicated transthoracic 
echocardiograms met these selection criteria and were eval-
uated by a blinded trained cardiologist using validated meth-
ods to assess parameters of diastolic impairment and elevated 
filling pressures according to the 2016 American Society of 
Echocardiography/European Association of Cardiovascular 
Imaging Guidelines (Nagueh et al., 2016; e.g., E/e′ and es-
timated right ventricular systolic pressure) from the available 
images. We were able to assess E/e′ and right ventricular sys-
tolic pressure from 11 and 10 patients, respectively.

Mice
All animal studies conformed to the National Institutes 
of Health (NIH) Guide for the Care and Use of Labora-
tory Animals and were performed with the approval of the 
Subcommittee on Animal Research Care at Massachu-

two independent experiments (n = 6 mice per group). Bar, 50 µm. Results are shown as mean ± SD. For statistical analysis, a two-tailed unpaired t test was 
performed to compare two groups, and one-way ANO​VA followed by Tukey’s test was performed for multiple comparisons. *, P < 0.05; **, P < 0.01; ***, P < 
0.001; ****, P < 0.0001.
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setts General Hospital (2014N000078). C57BL/6 (stock 
000664), B6.129S4-Ccr2tm1Ifc/J (Ccr2−/−; stock 004999), and 
B6.129P2(Cg)-Cx3cr1tm2.1(cre/ERT)Litt/WganJ (Cx3cr1CreER; 
stock 021160) were purchased from Jackson Laboratory. Ge-
notyping of Cx3cr1CreER mice was performed as described 
on the Jackson Laboratory website. Il10fl/fl mice have been 
described elsewhere (Roers et al., 2004). All experiments 
(except the aging study) were performed with 8–30-wk-
old animals and were performed by using age- and sex-
matched groups. Aged mice (18- and 30-mo-old) were 
compared with 8-wk-old, sex-matched mice. All animals 
were on a C57BL/6 background and were maintained in 
a pathogen-free environment of the Massachusetts General 
Hospital animal facility.

In vivo interventions
To induce chronic HFpEF by using the SAU​NA protocol, 
mice underwent unilateral nephrectomy and were exposed 
to a continuous infusion of d-aldosterone (0.30 µg/h; Sigma- 
Aldrich) via osmotic minipumps (Alzet) and salty (1% NaCl) 
drinking water for 30 d (Valero-Muñoz et al., 2016). Tamox-
ifen was given as a solution in corn oil (Sigma-Aldrich) by 
intraperitoneal injection. Animals received 5 doses of 2 mg 
tamoxifen with a separation of 24  h between doses, fol-

lowed by 1 dose of 2 mg of tamoxifen per week for 3 wk. To 
quantify protease and MMP activity in hearts, 2 nmol of the 
pan-cathepsin protease sensor ProSense-680 (PerkinElmer) or 
2 nmol of the MMP sensor MMPSense-680 (PerkinElmer) 
was injected intravenously 24 h before analysis. For BrdU 
label-retaining pulse-chase experiments, BrdU was added 
to the drinking water (1 mg/ml) for 14 d before inducing 
chronic HFpEF with the SAU​NA protocol.

Blood pressure, surface ECG, and 
hemodynamic measurements
Blood pressure in conscious mice was measured with a nonin-
vasive tail-cuff system (Kent Scientific Corporation). Surface 
ECG was recorded in anaesthetized mice (1.5% isoflurane in 
95% O2) by using subcutaneous electrodes connected to the 
Animal Bio amplifier and PowerLab station (AD Instruments). 
LV hemodynamics were obtained in anaesthetized mice in 
the closed-chest approach with a Millar MPVS-300 system 
equipped with a Millar SPR-839 catheter. The mouse was in-
tubated, ventilated, and warmed with a heating pad. The cath-
eter was then inserted into the LV through the right carotid 
artery. During data collection, ventilation was interrupted to 
acquire data without lung motion artifacts. Calibration of the 
SPR-839 catheter and assessment of LV blood volume were 

Figure 10. S ummary cartoon. Systemic inflammation and impaired LV diastolic function are seen in both hypertension and physiological aging. Circulat-
ing monocytes and myocardial macrophage density are increased in diastolic dysfunction, and the macrophage expansion is partially driven by monocyte 
recruitment. Blood monocytosis derives from increased production in the bone marrow and spleen. Mechanistically, cardiac macrophages produce more 
IL-10 leading to their autocrine activation toward a fibrogenic phenotype. A profibrotic macrophage subset secretes more OPN and fewer proteases and 
MMPs, contributing to fibroblast activation, collagen deposition, and subsequently increased myocardial stiffness and diastolic dysfunction.  on January 19, 2018
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performed according to the manufacturer’s instructions. Data 
were analyzed with LabChart Pro software (AD Instruments).

Magnetic resonance imaging
Magnetic resonance imaging was performed with a 7-Tesla 
horizontal bore Pharmascan system (Bruker) equipped with 
a custom-built mouse cardiac coil (Rapid Biomedical) to ob-
tain cine images of the LV short axis (Sager et al., 2016). An-
atomical and functional parameters were quantified from 7–8 
myocardial slices by using OsiriX software.

18F-FDG PET/CT imaging
18F-FDG PET/CT imaging in humans was performed by 
using validated methods (Tawakol et al., 2013). 18F-FDG was 
administered intravenously (∼10 mCi for a 70-kg patient) 
after an overnight fast with imaging performed 60–90 min 
after the injection with the use of a standard hybrid PET/
CT scanner (e.g., Siemens Biograph 64). A CT scan for atten-
uation correction was performed before PET imaging from 
the skull to thigh with 15-min acquisitions per bed position. 
Attenuation-corrected images were reconstructed by using 
ordered subset expectation maximization algorithm. All indi-
viduals had a blood glucose level <200 mg/dl at the time of 
18F-FDG injection. Image interpretation was performed by a 
blinded radiologist. Bone marrow and splenic activity were 
assessed by using validated methods (Emami et al., 2015) by 
measuring standardized uptake values in the target tissue (i.e., 
bone marrow and spleen) and correcting them for background 
venous activity to derive a target to background ratio (TBR).

Tissue processing
Human myocardial biopsies were obtained from the LV epicar-
dial anterior wall during coronary artery bypass graft surgery as 
described previously (Zile et al., 2015). Human blood samples 
were collected by using BD Vacutainer CPT tubes, and periph-
eral blood mononuclear cells were isolated according to the 
manufacturer’s instructions. Peripheral mouse blood was col-
lected by retroorbital bleeding by using heparinized capillary 
tubes (BD Diagnostics), and red blood cells were lysed with 1× 
red blood cell lysis buffer (BioLegend). To obtain the lung wet-
to-dry weight ratio, lungs were excised and weighed before and 
after drying at 65°C for 48 h. Hearts were perfused through the 
left ventricle with 10 ml ice-cold PBS, excised, minced into 
small pieces, and subjected to enzymatic digestion with 450 U/
ml collagenase I, 125 U/ml collagenase XI, 60 U/ml DNase I, 
and 60 U/ml hyaluronidase (all Sigma-Aldrich) for 1 h at 37°C 
under agitation. Spleens were excised, and bone marrow was 
flushed out from the bones with FACS buffer (PBS supple-
mented with 0.5% BSA). All mouse tissues were then triturated, 
and cells were filtered through a 40-µm nylon mesh (Falcon), 
washed, and centrifuged to obtain single-cell suspensions.

Flow cytometry
For a leukocyte staining on human peripheral blood mono-
nuclear cells, cells were stained at 4°C in FACS buffer with 

CCR2 (clone K036C2, 1:600), CD3 (clone HIT3a, 1:300), 
CD4 (clone RPA-T4, 1:300), CD8a (clone RPA-T8, 1:300), 
CD14 (clone HCD14, 1:300), CD16 (clone 3G8, 1:300), 
CD19 (clone HIB19, 1:300), CD56 (clone HCD56, 1:300), 
CX3CR1 (clone 2A9-1, 1:300), and HLA-DR (clone 
L243, 1:300). Human classical monocytes were identified as  
(CD3/CD4/CD8a/CD19/CD56)low (CCR2/HLA-DR)high  
CX3CR1low CD14++ CD16−, intermediated monocytes as 
(CD3/CD4/CD8a/CD19/CD56)low (CX3CR1/HLA-DR)high  
CCR2low CD14++ CD16+, and nonclassical monocytes as 
(CD3/CD4/CD8a/CD19/CD56)low (CX3CR1/HLA-DR)high  
CCR2low CD14+ CD16++.

For a leukocyte staining on processed murine blood, 
spleen, and bone marrow samples, cell suspensions were 
stained at 4°C in FACS buffer with CD11b (clone M1/70, 
1:600), CD19 (clone 1D3, 1:600), CD90.2 (clone 53–2.1, 
1:1200), CD115 (clone AFS98, 1:600), Ly6C (clone AL-21 
or HK1.4, 1:600), and Ly6G (clone 1A8, 1:600). For a my-
eloid cell staining on processed heart samples, isolated cells 
were first labeled with mouse hematopoietic lineage mark-
ers including PE-conjugated anti-mouse antibodies directed 
against B220 (clone RA3-6B2, 1:600), CD49b (clone DX5, 
1:1200), CD90.2 (clone 53–2.1, 1:3000), Ly6G (clone 1A8, 
1:600), NK1.1 (clone PK136, 1:600), and Ter-119 (clone 
TER-119, 1:600). This was followed by a second staining for 
CD11b (clone M1/70, 1:600), CD45.2 (clone 104, 1:600), 
F4/80 (clone BM8, 1:600), Ly6C (clone AL-21 or HK1.4, 
1:600), and MHC​II (clone M5/114.15.2, 1:600). For a fi-
broblast and endothelial cell staining on processed heart sam-
ples, isolated cells were stained with CD31 (clone 390, 1:400), 
CD45 (clone 30-F11, 1:600), and MEF​SK4 (clone mEF-SK4, 
1:20). To quantify ROS, cells were additionally incubated 
with CellROX deep-red reagent (1:500; Thermo Fisher Sci-
entific) for 30 min at 37°C. B and T cells were identified 
as CD19high CD90.2low and CD19low CD90.2high, respectively. 
Monocytes were defined as (CD19/CD90.2)low CD11bhigh 
CD115high Ly6Clow/high or (B220/CD49b/CD90.2/Ly6G/
NK1.1/Ter-119)low (CD11b/CD45)high F4/80low Ly6Chigh 
and neutrophils as (CD19/CD90.2)low CD11bhigh CD115low/int  
Ly6Ghigh or (B220/CD49b/CD90.2/NK1.1/Ter-119)low 
(CD11b/CD45)high Ly6Ghigh. Cardiac macrophages were 
identified as (B220/CD49b/CD90.2/Ly6G/NK1.1/Ter-
119)low (CD11b/CD45)high F4/80high Ly6Clow/int, cardiac 
fibroblasts as CD31low CD45low MEF​SK4high, and cardiac en-
dothelial cells as CD31high CD45low.

For a HSPC staining, cell suspensions were labeled with 
biotin-conjugated anti–mouse antibodies directed against 
B220 (clone RA3-6B2, 1:100), CD4 (clone GK1.5, 1:100), 
CD8a (clone 53–6.7, 1:100), CD11b (clone M1/70, 1:100), 
CD11c (clone N418, 1:100), Gr-1 (clone RB6-8C5, 1:100), 
IL7Rα (clone A7R34, 1:100), NK1.1 (clone PK136, 1:100), 
and Ter-119 (clone TER-119, 1:100). This was followed by a 
second staining for CD16/32 (clone 93, 1:100), CD34 (clone 
RAM34, 1:33), CD48 (clone HM48-1, 1:50), CD115 (clone 
AFS98, 1:100), CD150 (clone TC15-12F12.2, 1:50), c-Kit 
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(clone 2B8, 1:100), Sca-1 (clone D7, 1:50), and Pacific Or-
ange-conjugated streptavidin (1:100). LSKs were identified as 
(B220/CD4/CD8a/CD11b/CD11c/Gr-1/IL7Rα/NK1.1/
Ter-119)low c-Kithigh Sca-1high and HSCs as (B220/CD4/
CD8a/CD11b/CD11c/Gr-1/IL7Rα/NK1.1/Ter-119)low  
c-Kithigh Sca-1high CD48low CD150high. GMPs were defined 
as (B220/CD4/CD8a/CD11b/CD11c/Gr-1/IL7Rα/
NK1.1/Ter-119)low c-Kithigh Sca-1low (CD16/32/CD34)high 
CD115low/int and MDPs as (B220/CD4/CD8a/CD11b/
CD11c/Gr-1/IL7Rα/NK1.1/Ter-119)low c-Kithigh Sca-1low 
(CD16/32/CD34)high CD115high. The APC BrdU flow kit 
(BD Biosciences) was used to quantify BrdU+ HSCs accord-
ing to the manufacturer’s instructions.

Antibodies were purchased from BioLegend, BD Bio-
sciences, eBioscience, Miltenyi Biotec, or Thermo Fisher Sci-
entific. DAPI and LIVE/DEAD Fixable Blue Dead Cell Stain 
(Thermo Fisher Scientific) were used as cell viability markers. 
Data were acquired on an LSR​II (BD Biosciences) and ana-
lyzed with FlowJo software.

Cell sorting
To purify cardiac macrophages from control and SAU​NA- 
exposed mice for qPCR analysis, digested tissue samples were 
first enriched for CD11b+ cells by using Miltenyi CD11b mi-
crobeads and MACS columns according to the manufactur-
er’s instructions. Next, cells were stained with hematopoietic 
lineage markers, CD45.2, F4/80, and Ly6C and FACS-sorted 
by using a FAC​SAria II cell sorter (BD Biosciences; Fig. 7 A). 
To isolate cardiac macrophages, fibroblasts and endothelial 
cells from C57BL/6 mice for qPCR and in vitro experi-
ments, digested tissue samples were stained with hematopoi-
etic lineage markers, CD11b, CD31, CD45, F4/80, Ly6C, 
and MEF​SK4 and FACS-sorted by using a FAC​SAria II cell 
sorter (Fig. 7 D). DAPI was used as a cell viability marker.

Cell culture
FACS-purified cardiac macrophages were serum starved over-
night and incubated with 50 ng/ml murine rIL-10 (Pepro-
Tech) for 24 h under normal growth conditions. After 24 h, 
the cell culture medium was collected, and cells were har-
vested for qPCR analysis. FACS-purified cardiac fibroblasts 
were cultured until reaching >80% confluency. After serum 
starvation, 50 ng/ml rIL-10 or culture medium collected 
from rIL-10–exposed cardiac macrophages with and without 
neutralizing anti–OPN antibody (10 µg/ml; catalog number 
AF808; R&D Systems) or anti–TGFβ antibody (50 µg/ml; 
catalog number AB-100-NA; R&D Systems) was added and 
incubated for 24 to 72 h under normal growth conditions.

Histology
To eliminate blood contamination, murine hearts were per-
fused with 10  ml of ice-cold PBS. The hearts were then 
excised and embedded in OCT compound. To detect myo-
cardial fibrosis, frozen 6-µm sections were stained with Picro-
Sirius Red (Sigma-Aldrich) according to the manufacturer’s 

instructions. To identify mouse cardiac macrophages, serial 
frozen 6-µm sections were prepared, blocked with 4% nor-
mal rabbit serum, and incubated with a rat anti–mouse Mac3 
antibody (clone M3/84; BD Biosciences) overnight at 4°C, 
followed by a biotinylated rabbit anti–rat IgG antibody (Vec-
tor Laboratories) for 30 min at room temperature. To iden-
tify human cardiac macrophages, paraffin-embedded tissue 
was first deparaffinized, and antigen retrieval was performed 
by using sodium citrate, pH 6.0 (BD Biosciences). To block 
endogenous peroxidase activity, the tissue sections were in-
cubated in 1% H2O2 diluted in dH2O for 10 min and rinsed 
in dH2O and PBS. The sections were then blocked with 4% 
horse serum in PBS for 30 min at room temperature and 
incubated with a monoclonal mouse anti–human CD68 an-
tibody (clone KP1; Dako) overnight at 4°C. A biotinylated 
horse anti–mouse IgG antibody was applied for 30 min at 
room temperature. For color development, the VectaStain 
ABC kit (Vector Laboratories) and AEC substrate (Dako) 
were used. All the slides were counterstained with Harris he-
matoxylin. To visualize nuclei and delineate cells in mouse 
hearts, serial frozen 6-µm sections were incubated with DAPI 
and the membrane stain Alexa Fluor 594 WGA (Thermo 
Fisher Scientific) for 10 min at room temperature. Slides were 
scanned with NanoZoomer 2.0-RS (Hamamatsu), and sec-
tions were analyzed at 20× magnification by using ImageJ 
(NIH) or iVision (BioVision Technologies) software. In detail, 
the average percentage of positive staining of at least eight 
randomly selected LV myocardial areas (i.e., region of interest 
[ROI]) was determined per mouse.

Coverslips seeded with cardiac fibroblasts were fixed 
with 4% paraformaldehyde for 10 min at room tempera-
ture. After washing, cells were permeabilized with 0.1% Tri-
ton X-100 in PBS for 10 min at room temperature, washed, 
and blocked in blocking solution (PBS containing 10% goat 
serum, 0.1% Tween-20, and 0.3 M glycine) for 1 h at room 
temperature. Cells were then stained with a rabbit anti–mouse 
α-SMA (clone E184; Abcam) antibody in blocking solution 
for 1  h at room temperature, followed by incubation with 
an Alexa Fluor 647 goat anti–rabbit IgG secondary antibody 
(Thermo Fisher Scientific) for 1 h at room temperature. After 
washing, cells were stained with Alexa Fluor 555 Phalloidin 
(Thermo Fisher Scientific) for 20 min at room temperature, 
and DAPI was applied for nuclear counterstaining. All images 
were captured using an Olympus FV1000 microscope and 
analyzed with ImageJ software.

Fluorescence reflectance imaging
Heart slices were imaged by using a planar fluorescence 
reflectance imaging system (Olympus OV-110) with a 
680-nm excitation wavelength. Acquired images were ana-
lyzed with ImageJ software.

CFU assay
CFU assays were performed by using a semisolid cell culture 
medium (Methocult M3434; Stem Cell Technology) follow-

 on January 19, 2018
jem

.rupress.org
D

ow
nloaded from

 

http://jem.rupress.org/


Cardiac macrophages promote diastolic dysfunction | Hulsmans et al.16

ing the manufacturer’s protocol. In detail, 50  µl peripheral 
blood was collected, and red blood cells were lysed with 1× 
red blood cell lysis buffer. Cells were resuspended in Iscove’s 
Modified Dulbecco’s Medium (Stem Cell Technology) sup-
plemented with 2% FBS and 1% penicillin/streptomycin, 
plated on 35-mm dishes in duplicate and incubated at 37°C 
for 12 d. Colonies were counted by using a low-magnifica-
tion inverted microscope.

PCR confirmation of the deletion of the Il10 allele
Genomic DNA from FACS-purified cardiac macrophages 
was isolated with the DNeasy Blood & Tissue kit (Qiagen) 
and used in PCR with two pairs of Il10-specific primers: 
5′-ACT​GGC​TCA​GCA​CTG​CTA​TGC-3′ and 5′-GCC​
TTC​TTT​GGA​CCT​CCA​TAC​CAG-3′ for detecting Il10fl 
or Il10wt alleles and 5′-CAG​GAT​TTG​ACA​GTG​CTA​
GAGC-3′ and 5′-AAA​CCC​AGC​TCA​AAT​CTC​CTGC-3′ 
for detecting the Il10 allele lacking the floxed fragment. To 
normalize the amount of input DNA, specific primers to the 
Cx3cr1wt gene were used: 5′-AAG​ACT​CAC​GTG​GAC​CTG​
CT-3′ and 5′-AGG​ATG​TTG​ACT​TCC​GAG​TTG-3′.

qPCR
Total RNA from the heart and bone marrow was extracted 
by using the RNeasy Mini kit (Qiagen) or from FACS-pu-
rified cells by using the RNeasy Micro kit (Qiagen) accord-
ing to the manufacturer’s protocol. A mouse Fibrosis RT2 
Profiler array (Qiagen) was used to examine the expression 
profile of fibrosis-related genes in FACS-purified cardiac 
macrophages. Reverse transcription, qPCR, and data analy-
sis were performed according to the manufacturer’s instruc-
tions. For single-gene qPCR analysis, first-strand cDNA was 
synthesized by using the High-Capacity RNA-to-cDNA 
kit (Thermo Fisher Scientific) according to the manufactur-
er’s instructions. The following TaqMan gene expression as-
says (Thermo Fisher Scientific) were used to quantify target 
genes: Angpt1 (Mm00456503_m1), Anp (Mm01255747_
g1), Bnp (Mm01255770_g1), Ccl2 (Mm00441242_m1), 
Col1a2 (Mm00483888_m1), Cxcl12 (Mm00445553_m1), 
Fn1 (Mm01256744_m1), Gapdh (Mm99999915_g1), Icam2 
(Mm00494862_m1), Il10 (Mm00439614_m1), Il10ra 
(Mm00434151_m1), Il10rb (Mm00434157_m1), Opn 
(Mm00436767_m1), Scf (Mm00442972_m1), Sele 
(Mm00441278_m1), Selp (Mm00441295_m1), Tgfb1 
(Mm01178820_m1), and Vcam1 (Mm01320970_m1). The 
relative changes were normalized to Gapdh mRNA by 
using the 2-ΔΔCt method.

Microarray data analysis
Processed microarray data (signal values calculated by Agilent 
Feature Extraction V11.5.1.1, quantile-normalized and log2-
transformed) were downloaded from the Gene Expression 
Omnibus database (accession no. GSE53787). Gene set 
enrichment analysis (Subramanian et al., 2005) was performed 
by using standard parameters (gene set permutation, signal-to-

noise ratio as a ranking metric). Genes involved in regulation 
of TGFβ production (Gene ontology term GO​:0032914) 
were downloaded from the QuickGO Browser (http​://
www​.ebi​.ac​.uk​/QuickGO​/).

Statistics
All statistical analyses were conducted with GraphPad Prism 
software. Data are presented as mean ± SD. No statistical 
method was used to predetermine the sample size. We ex-
cluded outliers that were identified by the ROUT method  
(Q = 1%). For two-group comparisons, two-tailed unpaired 
Student’s t tests, two-tailed unpaired t tests with Welch’s correc-
tion, or two-tailed nonparametric Mann–Whitney tests were 
used. For comparing more than two groups, ANO​VA tests 
followed by Tukey’s multiple comparisons test were applied. 
Correlations were calculated by using the Pearson correlation 
coefficient. P values ≤ 0.05 were considered significant.

Online supplemental material
Fig. S1 shows human data. Fig. S2 shows the cardiac phe-
notype in mice exposed to SAU​NA. Fig. S3 shows that 
macrophage-restricted IL-10 deletion does not alter SAU​NA- 
induced hypertrophy. Table S1 contains the clinical character-
istics of patients recruited for LV myocardial biopsies.
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