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Abstract

Background: While the complex roles of macrophages in myocardial injury is widely
appreciated, the function of neutrophils in non-ischemic cardiac pathology has received relatively
little attention.
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Methods: To examine the regulation and function of neutrophils in pressure overload-induced
cardiac hypertrophy, mice underwent treatment with Ly6G antibody to deplete neutrophils and
then subjected to transverse aortic constriction (TAC).

Results: Neutrophil depletion diminished TAC-induced hypertrophy and inflammation, and
preserved cardiac function. Myeloid deficiency of Wnt5a, a non-canonical Wnt, suppressed
neutrophil infiltration to the hearts of TAC-treated mice and produced a phenotype that was similar
to the neutropenic conditions. Conversely, mice overexpressing Wnt5a in myeloid cells displayed
greater hypertrophic growth, inflammation and cardiac dysfunction. Neutrophil depletion reversed
the Wnt5a overexpression-induced cardiac pathology and eliminated differences in cardiac
parameters between wild-type and myeloid-specific Wnt5a transgenic mice.

Conclusions: These findings reveal that Wnt5a-regulated neutrophil infiltration has a critical

role in pressure overload-induced heart failure.
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Introduction

Heart failure is a growing public health burden, with over 37.7 million individuals estimated
to be living with this condition worldwide!. Heart failure is a complex clinical syndrome that
results from any functional impairment of ventricular filling or ejection. Thus, a variety of
cardiac conditions can result in heart failure and patients display mixed etiologies. Among
these, pressure overload-mediated cardiac hypertrophy is recognized as a risk factor for the
development of heart failure2:3. Transverse aortic constriction (TAC) is a model of pressure
overload hypertrophy that initially results in compensatory left ventricular growth, but at
later time points the excessive hypertrophic stimuli will cause heart failure due to capillary
rarefaction, cardiac myocyte death and fibrosis in rodents*-.

The profound inflammatory response to acute myocardial ischemia has been extensively
documented with much attention focused on monocytes and macrophages’-8. A population
of cardiac macrophages are present in the uninjured myocardium, and macrophage numbers
increase following injury due to the infiltration of blood-derived monocytes and their local
proliferation®14. Neutrophils are among the earliest cells recruited to the ischemic
myocardium1®. It is well established that neutrophil depletion will diminish infarct size and
protect the heart from dysfunction in experimental models of myocardial infarction6-1°, In
contrast, relatively little is known about the roles that myeloid cells play in cardiac
hypertrophy that is not associated with acute ischemic injury. Recent studies have shown that
mechanical stress or hypertension will lead to the recruitment of Ly6CM monocytes to the
heart where they differentiate into macrophage populations and contribute to cardiac
dysfunction20:21, While pressure overload hypertrophy also leads to the recruitment of
neutrophils prior to monocyte infiltration22:23, the role that neutrophils play in cardiac
hypertrophy and the mechanism that control their recruitment to the heart are not
understood.
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The data, analytical methods, and study materials are available from the corresponding
author upon request.

C57Bl/6J wild type mice (Stock# 000664) and C57BI/6J LysM-Cre mice (Stock# 004781)
were obtained from Jackson Laboratories. Wnt5-floxed mice and Wntba-transgenic mice
were provided by Terry P. Yamaguchi?4:25. Male mice were used for both in vivoand in
vitro experiments. Myeloid-specific Myelo-KO and TG mice are defined as Wnt5afl/fl
LysMCTe* (Myelo-KO) and Rosa-Myelo-TG, LysMC™®* (Myelo-TG) respectively. In all the
experiments, Wnt5af/fl LysM*/* mice were used as a control to Myelo-KO mice, and
LysMCT¢* mice were used as a control to Myelo-TG mice. Mice were maintained on a 12-h
light/dark schedule in a specific pathogen-free animal facility and given food and water ad
libitum. The number of mice included in each study is indicated in the figures or the
associated legends. The Institutional Animal Care and Use Committee (IACUC) of Boston
University and the University of Virginia approved all study protocols.

Neutrophil depletion

Neutrophil depletion was performed using monoclonal anti-mouse Ly6G antibody (Bio X
Cell, clone 1A8, Cat# BP0075-1) as described previouslyZ6. 500 ug/injection/mouse of anti-
Ly6G antibody was injected intraperitoneally to mice at multiple time points that are
indicated in the figures. Control mice were injected with isotype control anti-trinitrophenol
antibody (Bio X Cell, clone 2A3, Cat# BP0089).

Murine surgical models

Statistics

Transverse aortic constriction (TAC) was performed as previously?’. Briefly, isoflurane-
anesthetized mice were subjected to ligation of transverse thoracic aorta between the
innominate artery and left common carotid artery using a 27-gauge blunt needle -operated
mice without constriction served as controls. Surgery to each group of mice was performed
by individuals who were blinded to the identity of the mouse genotype. In some
experiments, cells were isolated from ischemic hearts for analysis of Wnt5a transcript
expression because ischemia led to greater inflammatory cell recruitment than TAC and
thereby increased signal-to-noise ratio. Myocardial infarction was induced by permanent
ligation of the left anterior descending coronary artery as previously described. In brief,
mice were anesthetized with isoflurane (2%/2 liters O5), intubated and ventilated with an
Inspira Advanced Safety Single Animal Pressure/\olume Controlled Ventilator (Harvard
Apparatus). Left thoracotomy was performed in the fourth intercostal space after shaving the
chest wall. The left ventricle was visualized and the LAD was ligated with monofilament 8-
0 suture (Ethicon, Somerville, NJ). The chest and skin were closed with a 7-0 nylon suture
followed by removal of air from the thorax via a pleural catheter.

Data were expressed as mean + SEM, except for the box plot where the whisker extends
from minimum to maximum. Shapiro-Wilk normality test was used to evaluate data
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distribution, and F-test was used to evaluate homogeneity of variance. For normally
distributed data with one experimental variable, statistical analyses were performed by
parametric analysis: unpaired (two-tailed) Student’s ftest (with Welch’s correction when
variance was unequal) for two groups and one-way ANOVA with Tukey’s multiple
comparison test for three groups. For non-normally distributed data with one experimental
variable, statistical analyses were performed by non-parametric analysis: Mann-Whitney U
test (two-tailed) for two groups and Kruskal-Wallis tests with post-hoc Dunn’s multiple
comparison tests for three groups. Data with more than one experimental variable were
evaluated by two-way ANOVA, with post-hoc Tukey’s or Sidak’s multiple comparison tests.
Results of echocardiography were evaluated by two-way repeated measures ANOVA with
post-hoc Sidak’s or Tukey’s multiple comparison tests. Results were considered
significantly different at 0.05. All the statistical analyses were performed by GraphPad
Prism 7 software (GraphPad Software).

Additional methods are provided in the Online Supplement.

Antibodies used for flow cytometry analyses are provided in Supplemental Table 1. Real-
time PCR primers used in this study are provided in Supplemental Table 2.

Study approval

Results

Study protocols were approved by the Institutional Animal Care and Use Committee at
Boston University and the University of Virginia.

Immune cell activation by transverse aortic constriction

To test whether pressure overload injury to the heart activates the immune system in mice,
hematopoietic cells in bone marrow and the heart were analyzed by flow cytometry analysis
(Figure 1a). TAC lead to a significant expansion of the granulocyte-macrophage progenitor
(GMP) cells, consistent with myeloid cell activation in bone marrow, and an increase in the
number of linage-negative, Scal*, c-Kit* (LSK) cells at 3 days after TAC (Figure 1b). At
this time point, significant Ly6G* neutrophil and Ly6CM monocytes infiltration into heart
was observed, and cardiac F4/80* macrophages showed a strong trend toward expansion
(p=0.052) (Figure 1c). Notably, the infiltration of neutrophils and monocytes occurred prior
to detectable changes in heart weight in response to TAC (Figure 1d).

Neutrophil depletion inhibits pathological cardiac hypertrophy

To test whether neutrophils functionally contribute to the pathogenesis of pressure overload
hypertrophy, mice were treated with anti-Ly6G antibody to deplete neutrophils
(Supplemental Figure 1), and then subjected to transverse aortic constriction (TAC) for 2
weeks (Figure 2a). Neutrophil depletion by this method markedly diminished the
hypertrophic response to pressure overload (Figure 2b,c). Echocardiographic measurements
showed that anti-Ly6G antibody treatment diminished the TAC-induced increase in posterior
wall thickness and alleviated the reduction in fractional shortening (Figure 2d). Consistent
with these data, neutrophil depletion markedly reduced the TAC-induced increase in markers
of heart failure, including the transcript that encodes for atrial natriuretic peptide A and the
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ratio of transcripts that encode for myosin heavy chain p/a. (Figure 2e). Correspondingly,
neutrophil depletion led to a reduction in the TAC-induced increase in cardiac myocyte
cross-sectional area (Figure 2f), further documenting that neutrophils exert pro-hypertrophic
cardiac myocyte growth and cardiac dysfunction.

Treatment of mice with anti-Ly6G antibody led to a marked reduction in myocardial markers
of inflammation at 2 days post-TAC (Figure 3a). Flow cytometric analysis revealed
reductions in levels of infiltrating Ly6C" monocytes and reduction in the tissue content of
CD11b*, Ly6C'°, F4/80* macrophages (Figure 3b, see gating strategy in Supplemental
Figure 2). According, there was reduced expression of transcripts that encode for pro-
inflammatory proteins including IL-1p, IL6, Cxcl1, Cxcl2, Cxcl5 and Ccl2 (Figure 3c).

The requirement of myeloid Wnt5a for pathological cardiac hypertrophy

Our previous studies have documented that Wnt5a in myeloid cells regulates inflammatory
processes in a diet-induced obesity model?5, and it has been reported that Wnt5a stimulates
chemotactic migration of neutrophils?8. Thus, the role of Wnt5a as a potential regulator of
cardiac neutrophils was investigated. Myeloid cells and fibroblasts were isolated from
ischemic hearts and assayed for Wntba transcript expression. Wnt5a transcript was readily
detected in cardiac fibroblasts and Ly6G+ neutrophils that had infiltrated the heart post-
myocardial infarction (Supplemental Fig 3a) and post-TAC (Supplemental Fig 3b). Much
lower levels of Wnt5a were detected in the CD11b*, Ly6C!°, F4/80* macrophage fraction,
and Wnt5a was undetectable in Ly6CN monocytes. In contrast, Wnt5a expression was not
detected in neutrophils isolated from blood, indicating that the potential source of Wnt5a is
activated neutrophils. In separate assays, myeloid cell fractions were assessed for the
expression of the Frizzled proteins that serve as Wnt receptors. Only high levels of Fzd5, a
Whnt5a receptor29-30, were observed in the neutrophil fraction (Supplemental Figure 3c).
Adjusting for 3664 expression as an internal control, the expression of Fzd5 was much
higher than what was observed in Ly6CM or Ly6C-° monocyte fractions. To examine the
action of Wntb5a on neutrophil function in vitro, a chemotaxis assay was performed on bone
marrow-derived murine neutrophils using a modified Boyden chamber assay. Consistent
with a previous report28, the addition of recombinant Wnt5a protein stimulated neutrophil
migration (Supplemental Figure 3d). We also stimulated bone marrow neutrophils with
recombinant Wnt5a at different time points to test whether signaling pathway that control
neutrophil migration are activated by Wnt5a. The time-dependent activating phosphorylation
of PI3K, JNK% and ErkYz were detected by western blot (Supplemental Figure 3e),
consistent with the previously described pro-migratory and pro-inflammatory actions of
Whnt5a in neutrophils28.

To examine the role of myeloid Wnt5a in pressure overload cardiac hypertrophy in vivo,
targeted Wnt5a-deficient (Wnt5a knockout [KO]) mice were generated by crossing Wnt5a
floxed mice with LysM-Cre mice25. Removal of exon 2 of Wnt5a was confirmed by PCR
analysis of bone marrow derived neutrophils (Supplemental Figure 4). At baseline, there
were no detectable differences between total white blood cells or percentages of myeloid
and lymphoid cells between genotypes (Supplemental Figure 5). In response to TAC surgery,
hearts from these mice displayed markedly attenuated Lys6G* neutrophil infiltration and
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diminished CD11b*, Ly6G~, F4/80* macrophage accumulation (Figure 4a). The absolute
numbers of infiltrating neutrophils and Ly6C" monocytes normalized to 100 pg of cardiac
tissue weight were reduced in the Wnt5a-KO mice in response to TAC at 3 and 7 days post-
TAC (Figure 4b). The isolation of residual cardiac neutrophils from the TAC-treated Wnt5a-
KO mice revealed that they represented cells that had evaded Cre-mediated recombination
(Supplemental Figure 6). Corresponding to the decrease in monocyte infiltration, there was a
reduction in tissue macrophage number at 7 days post-TAC. Myeloid Wnt5a-deficiency also
led to reductions in tissue macrophage proliferation (Supplemental Figure 7). Similar to
what was observed by neutrophil deletion (Figure 3c), Wnt5a ablation in LysM-Cre-positive
cells resulted in large decreases in transcripts that encode inflammatory mediators, including
IL-1B, IL6, Cxcl1, Cxcl2, Cxcl5 and Ccl2, in hearts at 3 days post-TAC (Figure 4c).

Measurements were performed to analyze cardiac function in the Myelo-KO mice at
baseline and at different time points post-TAC. Hearts from Myelo-KO mice displayed less
pressure-overload induced hypertrophy that could be observed by the examination of
histological sections (Figure 5a) and by diminished heart weight/tibia length ratios at 2 and 8
weeks (Figure 5b). Myelo-KO mice also displayed reduced lung weight at 8 weeks post-
TAC, indicative of diminished cardiac dysfunction. Echocardiographic measurements
revealed diminished TAC-induced increases in left ventricle posterior wall thickness, and
diastolic and systolic dimensions in the TAC-treated Myelo-KO mice compared to wild-type
mice (Figure 5c). Correspondingly the Myelo-KO mice displayed improved fractional
shortening. TAC-treated Myelo-KO mice also displayed a reduction in myocyte cross-
sectional area (Figure 5d) and interstitial fibrosis relative to wild-type mice in response to
TAC (Figure 5e).

Myeloid Wnt5a overexpression exacerbates cardiac remodeling

The above work shows that neutrophil depletion protects against TAC-induced remodeling
and heart failure and that Wnt5a-deficiency in LysM-Cre* myeloid cells inhibits neutrophil
infiltration to the TAC-injured heart and phenocopies aspects of the neutrophil depletion
conditions. Thus, to test the effect of Wnt5a gain of function, a myeloid-restricted Wnt5a
overexpression system was generated by crossing LysM-Cre mice with knock-in mice
carrying a Cre-inducible Wnt5a transgene. This mouse line expresses high levels of Wnt5a
transcript (Figure 6a) and protein (Figure 6b) in bone marrow-derived neutrophils and
macrophages (not shown). At baseline, the transgenic overexpression of Wnt5a in myeloid
cells had no detectable impact on leukocyte number or on the percentages of myeloid and
lymphoid cells in blood (Supplemental Figure 8). Immunohistochemical staining of cardiac
sections revealed an increase of Mac2+ macrophages in the Myelo-TG hearts following TAC
surgery (Figure 6¢). Flow cytometric analysis revealed greater infiltration of Ly6G
neutrophils and increased CD11b*, Ly6G~, F4/80" macrophage content in the heart post-
TAC (Figure 6d). The absolute numbers of infiltrating neutrophils, Ly6C" monocytes and
macrophages (normalized to cardiac tissue weight) were greater in the Myelo-TG mice
compared to control at 7 days post-surgery (Figure 6e). Greater macrophage proliferation
was also observed in the post-TAC hearts of the Myelo-TG mice (Supplemental Figure 9).
The overexpression of Wnt5a in LysM-Cre-positive cells led to statistically significant
increases in the expression of transcripts that encode for IL-1p, IL6, Cxcl2, and Ccl2, in
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TAC-treated hearts at 3 days post-TAC and a trend towards increased expression of Cxcll
and Cxcl5 transcripts (Figure 6f).

The increase in cardiac inflammation in the Myelo-TG mice was associated with greater
cardiac hypertrophy and dysfunction in response to TAC. While no difference in phenotype
was observed between the Myelo-TG and control at baseline, Wnt5a overexpression in
myeloid cells led to a marked increase in the time-dependent hypertrophic response that
could be observed in histological cross-sections of the heart and by increases in heart
weight/tibia length ratios (Figure 7a,b). Consistent with greater cardiac failure, Myelo-TG
mice also displayed an increase in lung weight to tibia length ratio at 8 weeks post-TAC.
Echocardiographic measurements revealed that Myelo-TG mice displayed exacerbated TAC-
induced increases in left ventricle posterior wall thickness and diastolic and systolic
dimensions, and further reductions fractional shortening compared to wild-type mice that
had undergone TAC (Figure 7c¢). Correspondingly, TAC-treated Myelo-TG mice displayed
an increase in myocyte cross-sectional area (Figure 7d). Staining sections with Picrosirius
red revealed that Myelo-TG mice also displayed an increase in TAC-induced interstitial
fibrosis relative to wild-type mice (Figure 7e).

Neutrophil depletion reverses myeloid Wnt5a-mediated cardiac dysfunction

The LysM-Cre promoter, used to overexpress Wntb5a in neutrophils, will also ectopically
express the transgene in monocytes and macrophages that express little or no endogenous
Wntba, thereby creating a situation that could confound the interpretation of the underlying
biology. Therefore, additional experiments were conducted to assess whether neutrophil
depletion could reverse the exacerbated Myelo-TG phenotype in response to TAC (Figure
8a). In mice that underwent TAC surgery, treatment with Ly6G antibody in control mice and
reversed the increase in the hypertrophic response caused by the transgenic overexpression
of Wnt5a (Figure 8b, d). Correspondingly, echocardiographic analyses showed that
neutrophil depletion normalized the exacerbated changes in the Myelo-TG mice and
eliminated any detectable differences between control and Myelo-TG lines in these
measurements (Figure 8c). Transcript markers of heart failure were analyzed to extend these
analyses (Figure 8e). Neutrophil depletion reduced atrial natriuretic peptide A transcript
expression and diminished the ratio of transcripts that encode for myosin heavy chain p/a in
the Myelo-TG mice, and eliminated differences in these parameters between the control and
transgenic strains. Neutrophil depletion also led to a reduction in the increased myocyte
cross-sectional area caused by Wntb5a overexpression in myeloid cells and eliminated
differences in this parameter between the wild-type and Myelo-TG strain (Figure 8f).
Overall, the percentage impact of the neutrophil depletion was quantitatively greater in the
Myelo-TG condition than in the wild-type mice regardless of the cardiac parameter that was
analyzed.

Discussion

Neutrophils are abundant, highly migratory and short-lived cells of the innate immune
system31:32, They are recruited to sites of injury within minutes of damage, where they
become activated and propagate the inflammatory response. This response involves the
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recruitment of monocytes/macrophages through the abilities of neutrophils to release
chemoattractant molecules and upregulate adhesion proteins on vascular endothelial cells. It
is well established that neutrophils have critical roles in the acute ischemic injury to the
heart and that neutrophil-depletion results in reduced myocardial infarct size in response to
ischemia/reperfusion injury7-1°. However, the potential role of neutrophils in models of
cardiac injury that do not involve acute ischemia or myocardial necrosis has received little
attention.

Here, it is shown that TAC leads to activation of hematopoietic cells in bone marrow as
indicated by increases in hematopoietic LSK and GMP cells. TAC also leads to the early
myocardial infiltration of neutrophils and monocytes, and these changes in the heart and
bone marrow precede detectable cardiac hypertrophy. To understand the functional role of
neutrophils in cardiac hypertrophy and dysfunction, experiments were performed where
mice were depleted of neutrophils immediately prior to TAC surgery. This intervention led
marked reductions in TAC-mediated cardiac hypertrophy and dysfunction. Accordingly,
neutrophil depletion also led to a reduction in cardiac infiltration by monocytes, diminished
macrophage content, and reduced expression of pro-inflammatory mediators in the
myocardium. These findings are consistent with the hypothesis that neutrophil infiltration is
an early and necessary step in the progression to cardiac hypertrophy and dysfunction that
results from pressure overload hypertrophy. It has been reported that bone marrow-derived
monocytes are required for TAC-induced cardiac remodeling?®, and it is reasonable to
hypothesize that the protective effects of neutrophil depletion on the heart are mediated in
part by a lack of subsequent monocyte recruitment under these conditions. In support of this
mechanism, we found that neutropenic mice display diminished Ly6CNi monocyte
infiltration and diminished macrophage content following transverse aortic constriction. This
effect is accompanied by large reductions in Cxcl1 chemokine expression that has been
shown to mediate monocyte infiltration and cardiac remodeling during hypertrophy33,

Similar to neutropenic mice, mice lacking Wnt5a in myeloid cells display a diminished
remodeling response to TAC. The Wnt5a-deficient mice display large reductions in TAC-
induced neutrophil and monocyte infiltration to the heart, and a suppression of pro-
inflammatory cytokines and chemokines. These mice also display reductions in TAC-
induced cardiac hypertrophy and pathological cardiac remodeling. Conversely, mice that
overexpress Wnt5a in myeloid cells display increased neutrophil and monocyte infiltration
and greater cardiac dysfunction after TAC surgery. Importantly, neutrophil ablation is shown
to protect against the progression of the cardiac hypertrophy and failure in both wild-type
and myeloid-specific Wntb5a transgenic mice, and this treatment eliminated differences in
cardiac parameters between these genotypes. Collectively, these data suggest that Wnt5a acts
through its ability to modulate neutrophil recruitment to the heart. Consistent with this
notion is the finding that Wnt5a promotes neutrophil migration in vitro and that it is
selectively expressed by neutrophils isolated from the heart, suggesting that Wnt5a can
function as an autocrine regulator of neutrophil function. However, we do not rule out the
possibility that other cellular sources of Wnt5a in the heart contribute to neutrophil cell
recruitment in a paracrine manner, or that neutrophils can be regulated in an endocrine
manner by circulating Wnt5a or modulators of Wnt5a, such as Sfrp534. In this regard,
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cardiac myocyte non-canonical Wnt signaling has been shown to activate monocytes in
experimental myocardial infarction3°.

Whntb5a is involved in a variety of pathological processes in a context-dependent manner.
Whnt5a is recognized as a relatively unique member of the Wnt family of secreted signaling
molecules because it has direct pro-inflammatory activities through the activation of several
non-canonical Wnt signaling pathways. WNT5A has been associated with clinical heart
failure36:37 and inflammation caused by metabolic disease2®:38 in patient cohorts.
Previously, we have shown in ex vivo human tissues or mouse models that Wnt5a functions
to impair vascular function and negatively regulate regenerative angiogenesis3%-43, and
promotes rheumatoid arthritis severity*4 and the inflammation associated with metabolic
disease2°3845, |In some studies, the effects mediated by Wnt5a have been associated with
myeloid cells in general, but little information exists regarding the myeloid cell identity that
mediates these effects in vivo. The current work represents the first in vivo study to show
that Wnt5a is a regulator of pathological cardiac hypertrophy and that its effects can largely
be attributed to neutrophil infiltration.

In addition to monocyte recruitment#®, neutrophils also function to promote cardiovascular
tissue injury by generating reactive oxygen species?’ and the release of DNA, that comprises
neutrophil extracellular traps (NETSs), through a process that is known as NETosis*8. A
previous study found that deficiency in peptidylarginine deiminase 4 (PAD4) or treatment
with DNase 1, that prevents the formation of NETs or promotes their degradation,
respectively, diminishes myocardial collagen accumulation in a model of aortic ascending
constriction4®. However, it was reported that PAD4-deficiency or DNasel treatment did not
affect other aspects of pressure overload hypertrophy including posterior wall thickness and
left ventricular dimensions. Collectively, these data suggest that NETosis promotes cardiac
fibrosis but not the other components of the failing heart phenotype that are impacted by
Whnt5a-mediated neutrophil infiltration.

In summary, we have shown that neutrophils play a critical role in the hypertrophic response
to pressure overload hypertrophy and subsequent cardiac dysfunction. Under these
conditions, early neutrophil infiltration is shown to be required for monocyte recruitment to
the myocardium and the increase in cardiac macrophage content. These data are consistent
with the observation that the subsequent recruitment of bone marrow-derived macrophages
that participate for cardiac hypertrophy and dysfunction, at least in part through their ability
to activate T cell expansion. It is also shown that non-canonical Wnt5 is essential for
neutrophil infiltration of the myocardium and subsequent hypertrophic growth and cardiac
dysfunction. These data further document the importance of inflammation in pathological
cardiac hypertrophy and heart failure, and reinforce the concept of treating this condition
with anti-inflammatory strategies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Clinical Perspective
What is new?

. While numerous studies have elucidated the roles of macrophages in cardiac
diseases, this study shows that neutrophils also play a critical role in the
hypertrophy of the left ventricle that results from pressure overload in a
murine model of heart failure.

. Mechanistic studies identify that a non-canonical Wnt protein is essential for
the recruitment of neutrophils to the injured myocardium.

What are the clinical implications?

. This study expands our knowledge of how inflammatory cells, in particular
neutrophils, contribute to the hypertrophy of the left ventricle under
conditions that do not involve ischemia or myocardial necrosis.

. Since cardiac hypertrophy is a risk factor for the development of heart failure,
this study implicates Wnt5a-mediated neutrophil infiltration as an early step
in the progression of this disease.
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Figure 1. Immune cell activation by myocardial pressure overload.
a. Flow cytometry gating strategy of bone marrow and heart at 3 days after TAC or sham

surgery. Cells were defined as: (i) LSK cells (Lin~, c-Kit*, Sca-1%), (ii) GMP cells (Lin~, c-
Kit*, Sca-1~, CD34Ni CD16/32"), (iii) Neutrophils (CD45*, CD11b*, Ly6G*)), (iv)
macrophages (CD45*, CD115*, Ly6G™, F4/80%), (v) Ly6CNi monocytes (CD45*, CD115*,
Ly6G™, Ly6CM). See also Supplemental Figure 1. b. Flow cytometry analysis of bone
marrow from sham-treated mice or mice at 3 days after TAC. The absolute number of LSK
cells and GMP cells in the bones of a single leg (femur and tibia) are shown. Statistical
analysis was performed using unpaired (two-tailed) Student’s #test. c. Flow cytometry
analysis of left ventricles from mice at sham state and 3 days after TAC. The absolute
numbers of cardiac neutrophils, monocytes and macrophages are shown. Statistical analysis
was performed using unpaired (two-tailed) Student’s ¢test with Welch’s correction
(neutrophils and monocytes) and Mann-Whitney U test (macrophages). d. Left ventricle
mass at sham state and at 3 days after TAC. Statistical analysis was performed using two-
tailed unpaired Student’s ztest (with Welch’s correction). For b-d, 5 TAC-treated and 6 mice
sham mice were analyzed. **p<0.01, ***p<0.001. TAC=transverse aortic constriction,
LSK= Lin~Sca-1*c-Kit", GMP=granulocyte-macrophage progenitor, Neut= neutrophil,
Mono= monocyte, Mac= macrophage, LV=left ventricle, NS = not significant.
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Figure 2. Neutropenic mice display attenuated cardiac dysfunction in response to pressure
overload.

a. Schematic of the study. Mice were intraperitoneally administered 500 pg/injection/mouse
of anti-ly6G (clone 1A8) (n=7) or isotype control (n=8) before and after TAC surgery at
indicated time points. Heart from each group were analyzed at 14 days after TAC. Sham
group (n=7) was injected isotype control antibody. b. Representative images of hematoxylin-
eosin staining of the heart tissue from each experimental group at the end of study. Scale bar
indicates 1 mm. c. Heart weight normalized by tibia length from each group at the end of
study (n=7-8). Statistical analysis was performed using one-way ANOVA with Tukey’s
multiple comparison tests. d. Echocardiographic parameters of sham group (n=7) and groups
injected with anti-Ly6G (n=7) or isotype control antibody (n=8) before and after TAC
surgery. Statistical analysis was performed using two-way repeated measures ANOVA with
Tukey’s multiples comparison tests. e. Analysis of transcript expression in the myocardium
obtained from TAC- or sham-treated mice subjected to anti-Ly6G or isotype control
antibody. 3664 was used as a reference for normalization (n=7-8 in each group). Statistical
analysis was performed using one-way ANOVA with Tukey’s multiple comparison tests. f.
Representative images and analysis of wheat germ agglutinin staining of the heart sections
from each experimental group at the end of study (n=7-8 in each group). Scale bar indicates
100 pm. Statistical analysis was performed using one-way ANOVA with Tukey’s multiple
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comparison tests. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. TAC= transverse aortic
constriction; HW= heart weight; TL= tibia length; PWTd= posterior wall thickness at
diastole; LVDd= left ventricular diameter at end-diastole; LVDs=left ventricular diameter at
end-systole; FS= fractional shortening; MHC=myosin heavy chain; CSA= cross sectional
area of myocyte.
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Figure 3. Neutropenic mice display diminished LyGChi monocyte infiltration and decreased
macrophage content after pressure overload.

a. Scheme of the study. Mice were administered mouse anti-ly6G (500 pg/injection/mouse)
or isotype control antibody before and after TAC surgery as indicated. Analysis was
performed 2 days after TAC surgery. b. Flow cytometry analysis of cardiac tissue from TAC-
treated mice subjected to anti-Ly6G or isotype control antibody (n=7 in each group).
Numbers of cells are normalized by tissue weight. Statistical analysis was performed using
Mann-Whitney U tests. c. Analysis of transcript expression in the myocardium obtained
from sham or TAC-treated mice subjected to anti-Ly6G or isotype control antibody. 3664
was used as a reference for normalization (n=6 in each group). Statistical analysis was
performed using Kruskal-Wallis test with Dunn’s multiple comparison tests (//16, 116, Cxcl1,
Cxcl5and Ccl2) and one-way ANOVA with Tukey’s multiple comparison tests (Cxc/2).
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. TAC= transverse aortic constriction.

Circulation. Author manuscript; available in PMC 2020 August 06.



1duosnue Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wang et al.
a
Day 0 Day 3 Day 7 Day 28 Day 0
| ™ 7] ma [
Control OD
P | e H e i
- ] =] £d| ;
Myelo-KO © & O
) e | D
I [ R N R R A ]
CD11b Ly6C
b Neutrophil Ly6Chi Monocyte
5/\2.5- ek 37 Lo 15 1
a9 = xxkx O
£ E 21 0 o_
28 15 we § 2 & 10
0 -
% S 1 @ 1 -g . 5
2 % 0.5 ° &
a8 X o
< e o » 8‘ rloe @ ® 54
0 3 7 28 0 3 7 28
C
S 47 37 257 3 3
7 ® | o
g 31 o 5 2.0 o0 3 | o
X 21
e |2 AFE " "
© ° o 051,90 & °
o) o
& 0 .O_._ 0 .L.— 0 ., 0 __-_ 0
II-1b -6 Cxcl1 Cxcl2

Page 19

(CD11b*, Ly6G- gated)
Day 3 Day 7

Macrophage

3
'gf §’3 ;

o ooH @

$

Day 28

Figure 4. Myeloid-specific Wnt5a deficiency reduces cardiac inflammation after pressure

overload.

a. Flow cytometry analysis of cardiac tissue from Myelo-KO (Wnt5af/fl LysmCre/+) and
littermate control (Wnt5af/fl, LysM*/*) mice before and after TAC at indicated time points.
Cells were defined as in Supplemental Figure 1. b. The absolute number of cardiac myeloid
cells for each experimental group before and after TAC at the indicated time points (n=4-5
in control and n=3-5 in Myelo-KO group). Numbers are normalized by tissue weight
analyzed. Statistical analysis was performed using two-way ANOVA with Sidak’s multiple
comparison tests. ¢. Analysis of transcript expression in the myocardium obtained from
Myelo-KO and littermate control mice at 3 days after TAC surgery. 3664 was used as a
reference for normalization (n=7 in control and n=8 in Myelo-KO group). Statistical analysis

was performed using Mann-Whitney U test (//-15) and unpaired (two-tailed) Student’s #test

with Welch’s correction (//6, Cxcl1, Cxcl2, Cxcl5and Ccl2). **p<0.01, ***p<0.001,
**x*n<0.0001. Myelo-KO= myeloid-specific wnt5a knockout mice.
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Figure 5. Myeloid-specific Wntb5a deficiency attenuates cardiac hypertrophy and dysfunction
after pressure overload.

a. Representative images of heart sections from Myelo-KO (Wnt5af/fl, LysmCre/+) and
littermate control (Wnt5af/fl, LysM*/*) mice before and after TAC. Samples were collected
as indicated time periods. b. Heart weight or lung weight relative tibia length for the
experimental groups (n=5-12 in each group). Scale bar indicates 1 mm. Statistical analysis
was performed using two-way ANOVA with Sidak’s multiple comparison tests. c.
Sequential echocardiographic analysis of Myelo-KO and littermate control mice after TAC
at the indicated time points (n=12 in each group). Statistical analysis was performed using
two-way repeated measures ANOVA with Sidak’s multiple comparison tests. d.
Representative image and tabulation of myocyte cross-sectional analysis based upon wheat
germ agglutinin staining of the heart sections from each group at the end of study (n=4 in
sham and n=6 in TAC groups). Statistical analysis was performed using two-way ANOVA
with Tukey’s multiple comparison tests. e. Representative data and analysis of Picrosirius
red staining of fibrosis in the heart sections from each experimental group of mice (n=4 in
sham and n=6 in TAC groups). Scale bar indicates 100 um. Statistical analysis was
performed using two-way ANOVA with Tukey’s multiple comparison tests. *p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001. Myelo-KO= myeloid-specific wnt5a knockout mice,

Circulation. Author manuscript; available in PMC 2020 August 06.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Wang et al.

Page 21

HW= heart weight, LW= lung weight, TL= tibia length, LVPWTd= left ventricle posterior
wall thickness at diastole, LVDd= left ventricle diameter at end-diastole, LVDs= left
ventricle diameter at end-systole, FS= fractional shortening, TAC= transverse aortic
constriction, CSA= cross sectional area of myocyte.
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Figure 6. Myeloid-specific Wnt5a overexpression enhances cardiac inflammation after pressure
overload.

a. Overexpression of Wnt5a in the neutrophils isolated from bone marrow was documented
by gRT-PCR (n= 2). Error bar indicates the range of values. b. Representative immunoblot
of Wnt5a protein increase within the myeloid lineage of Myelo-TG mice. c. Representative
images and analysis of Mac2 staining of the sections of hearts from Myelo-TG (Rosa-
Whnt5a, LysMC™®*) and littermate control (LysMC™®*) mice at 2 weeks after TAC or sham
surgery (n=3 per sham groups and n=5 per TAC groups). Statistical analysis was performed
using two-way ANOVA with Tukey’s multiple comparison tests. d. Flow cytometry analysis
of cardiac tissue from Myelo-TG and littermate control mice 7 days after TAC. Cells were
defined as in Supplemental Figure 1. e. Absolute number of cardiac myeloid cells in each
group 7days after TAC (n=6 in control and n=4 in Myelo-TG group). Numbers are
normalized to tissue weight. Statistical analysis was performed using two-tailed unpaired
Student’s ¢test or by Mann-Whitney U test for data which failed to pass the Shapiro-Wilk
normality test. f. Analysis of transcript expression in the myocardium obtained from Myelo-
TG and littermate control mice at 3 days post-TAC surgery. 3664 was used as a reference for
normalization (n=7 in each group). Statistical analysis was performed using unpaired (two-
tailed) Student’s ttest (//-16, 116, Cxcl1, Cxcl2) and Mann-Whitney U test (Cxc/5and Ccl2).
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*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Myelo-TG= myeloid-specific wnt5a
overexpression mice, TAC= transverse aortic constriction, Neut= neutrophil, Mono=
monocyte, Mac= macrophage.
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Figure 7. Myeloid-specific Wnt5a overexpression promotes cardiac hypertrophy and dysfunction
in response to pressure overload.

a. Representative images of hematoxylin-eosin staining of heart sections from Myelo-TG
(Rosa-Wnt5a, LysMC®/*) and littermate control (LysMC"®/*) mice after TAC. Samples were
collected as indicated time points. Scale bar indicates 1 mm. b. Heart or lung weights were
adjusted by tibia length. (n=5-10 in each group). Statistical analysis was performed using
two-way ANOVA with Sidak’s multiple comparison tests. c. Sequential echocardiographic
analysis of Myelo-TG and littermate control mice after TAC at indicated time points (n=10
in each group). Statistical analysis was performed using two-way repeated measures
ANOVA with Sidak’s multiple comparison tests. d. Myocyte cross-sectional area was
evaluated from the analysis of wheat germ agglutinin staining of the heart sections from
each group at the end of study (n=4 in sham and n=6 in TAC groups). Statistical analysis
was performed using two-way ANOVA with Tukey’s multiple comparison tests. e.
Representative data images and analysis of Picrosirius red staining of heart sections from
each group of mice to assess fibrosis (n=4 in each group). Scale bar indicates 100 pm.
Statistical analysis was performed using two-way ANOVA with Tukey’s multiple
comparison tests. *p<0.05, **p<0.05, ***p<0.001, ****<0.0001. Myelo-TG= myeloid-
specific wnt5a overexpression mice, HW= heart weight, LW= lung weight, TL= tibia length,
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LVPWTd= left ventricle posterior wall thickness at diastole, LVDd= left ventricle diameter
at diastole, LVDs= left ventricle diameter at systole, FS= fractional shortening, CSA= cross
sectional area of myocyte.
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Figure 8. Neutrophil depletion reverses the effects of Wnt5a overexpression on the pressure
overloaded heart.

a. Schematics of the study. Myelo-TG (Rosa-Wnt5a, LysMC"®/*) and littermate control
(LysMCe’*) mice were administered anti-ly6G or isotype control antibody (500 pg/injection/
mouse) before and after TAC surgery as indicated. Hearts from each group were analyzed at
14 days after TAC. b. Masson’s trichrome staining of the heart sections prepared from each
experimental group at the end of study. Scale bar indicates 1 mm. c. Echocardiographic data
of Myelo-TG and littermate control mice injected, with anti-Ly6G or isotype control
antibody, at 14 days after TAC (n=6 in the control groups and n=5-6 in the Myelo-TG
groups). Statistical analysis was performed using two-way ANOVA with Tukey’s multiple
comparison tests. d. Heart weight normalized by tibia length from each experimental group
at the end of study. n=6 in per control groups and n=5-6 in per Myelo-TG groups. Statistical
analysis was performed using two-way ANOVA with Tukey’s multiple comparison tests. e.
Analysis of transcript expression in the myocardium obtained from Myelo-TG and control
mice at 2 weeks after TAC surgery. 3664 was used as a reference for normalization (n=6 in
control and n=4-6 in myelo-TG group). Statistical analysis was performed using two-way
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ANOVA with Tukey’s multiple comparison tests. f. Myocyte cross-sectional analysis was
determined from wheat germ agglutinin staining of the heart sections from each
experimental group at the end of study (n=5-6 in control and n=6 in Myelo-TG groups).
Statistical analysis was performed using two-way ANOVA with Tukey’s multiple
comparison tests. *p<0.01, **p<0.01, ***p<0.001, ****p<0.0001. NS= not significant,
TAC= transverse aortic constriction, Myelo-TG= myeloid-specific wnt5a overexpression
mice, LVPWTd= left ventricle posterior wall thickness at diastole, LVDd= left ventricle
diameter at diastole, LVDs= left ventricle diameter at systole, FS= fractional shortening,
HW= heart weight, TL= tibia length, MHC=myosin heavy chain, CSA= cross sectional area
of myocyte.
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