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SUMMARY
Hypertensive heart disease (HTN-HD) meaningfully contributes to hypertension morbidity and mortality.
Initially established as an adaptive response, HTN-HD progresses toward worsening of left ventricule (LV)
function and heart failure (HF). Hypertensive stress elevates sympathetic nervous system (SNS) activity, a
negative clinical predictor, and expands macrophages. How they interact in the compensatory phase of
HTN-HD is unclear. We report that LV pressure overload recruited a brainstem neural circuit to enhance
splenic SNS and induce placental growth factor (PlGF) secretion. During hypertensive stress, PlGF drove
the proliferation of self-renewing cardiac resident macrophages (RMs) expressing its receptor neuropilin-1
(NRP1). Inhibition of the splenic neuroimmune axis or ablation of NRP1 in RM hindered the adaptive response
to hypertensive stress, leading to HF. In humans, circulating PlGF correlated with cardiac hypertrophy, and
failing hearts expressed NRP1 in RMs. Here, we discovered a multiorgan response driving a neural reflex to
expand cardiac NRP1+ RM and counteract HF.
INTRODUCTION

Hypertension is a common disorder, impacting public health by

increasing cardiovascular risk.1,2 Development of hypertensive

heart disease (HTN-HD) is an important contributor to hyperten-

sion-related morbidity and mortality.3–5 Established as a conse-

quence of chronic left ventricle (LV) overload, HTN-HD may

evolve into heart failure (HF). Typically accompanied by neuro-

hormonal hyperactivation, the initial adaptive LV remodeling nor-

malizes the mechanical stress, preserving cardiac function.6,7

However, HTN-HD slowly develops, leading to an impairment

of LV relaxation in response to diastolic filling, usually recognized

as increased LV stiffness and, in the long term, depressed LV

function or HF.8
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Mechanisms that lead to HF involve numerous pathways,

identified as neurohormonal imbalance, autonomic nervous sys-

tem (ANS) dysregulation, and exacerbated or inadequate im-

mune response.9–12 However, how the heart may succeed in

counteracting the progression toward HF is still the object of

investigation.

Experimental models can reproduce this diffuse clinical condi-

tion to help unravel adaptive and maladaptive mechanisms un-

derlying LV remodeling. In mice, the surgical transverse aortic

constriction (TAC)—a mechanical model of pressure over-

load—is characterized by an initial adaptive remodeling that de-

creases LV stiffness and preserves function over time.13–15 Our

group has shown that placental growth factor (PlGF) is involved

in the LV adaptive response to chronic pressure overload,
ublished by Elsevier Inc.
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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whereby the absence of PlGF hampers the establishment of

adaptive cardiac hypertrophy, leading to a rapid development

of HF upon pressure overload.14 In a different model of angio-

tensin II-induced HTN-HD, it has been shown that the LV

response is dictated by a fine balance between resident and re-

cruited macrophages.16,17 Recent studies have revealed that

cardiac resident macrophages (RMs) organize adaptive remod-

eling to pressure overload by sensing mechanical stimuli,18

modulating fibrosis, and promoting angiogenesis.19 Other re-

ports have shown that also monocyte-derived macrophages

infiltrate the heart early during pressure overload, and blocking

this response mitigates late pathological LV remodeling.20

Cardiac remodeling to hypertension is, in part, controlled by

distantorgans.Weandothershaveshown that thespleen iscrucial

for establishing immune responses in cardiovascular disease.21–23

Both deleterious and beneficial functions of splenic-mediated im-

mune responses have been identified, suggesting the need for

further investigations. Our previous data defined PlGF as a neuro-

immune mediator released in response to splenic noradrenergic

activation,24,25 suggesting the participation of the nervous system

in the multiorgan complexity. Here, we have revealed that the

adaptation toLVpressureoverloadrequiresacoordinatedmultior-

gan response involving the heart, the nervous, and the immune

systems. We identified the sympathetic nervous system (SNS)-

mediated splenic production of PlGF as a cardioprotective factor

that led to the expansion of a specific subset of cardiac macro-

phages expressing its receptor neuropilin-1 (NRP1). The interrup-

tionof thiscardioprotectiveneural reflexbydenervationor removal

of the spleen, or by genetic ablation of NRP1 in cardiac RM,

impaired the adaptive cardiac remodeling and led to HF. In hyper-

tensive humans, circulating PlGF amounts were significantly

increased and correlated with hypertrophic remodeling. Also,

NRP1 was expressed by a subset of cardiac RM, indicating that

the PlGF-NRP1 axis is conserved in the failing human heart.

RESULTS

Pressure overload induces LV adaptive remodeling and
macrophage expansion
C57BL/6Jwild-type (WT)mice subjected to pressure overload es-

tablished an early adaptive LVhypertrophy,whichwasmaintained

over time (Figure S1A).14,26 The process of concentric cardiac re-
Figure 1. A neural circuit connecting heart-brain-spleen hampers HF

(A) Schematics of the heart-brain-spleen axis.

(B–D) Ultrasound-guided injection of AAV2/retro-CAG-TdTomato virus in the L

recognized by staining BetaIII tubulin+ neurons (green) (C) and in nucleus of the s

nerve (DMV) (scale bars, 200, 100, 20 mm) (D).

(E and F) Visualization (E) and quantification (F) of FOS+ neurons in the AP, NTS, a

analyzed by two-way ANOVA and Sidak post hoc. *p < 0.05, ***p < 0.001.

(G and H) CVNA (G) and SSNA (H) raw signals in 1-day TAC and sham mice and

unpaired t test. **p < 0.01.

(I) Flow cytometry of LV macrophages (Mac) in TAC, CGX, CerGX, or control mic

(J and K) Quantification of LV total CD11b+CD64+ Mac, Timd4�Ly6Clo RMs, and

CerGX (K) or control procedures. n = 8 shamCG; n = 7 TACCG; n = 8 shamCGX; n

CerGX. Data as mean ± SEM and analyzed by two-way ANOVA and Tukey post

(L–O) Serial LV echocardiography in basal condition and at 1–2–4–8 weeks after TA

sham; n = 5 TAC; n = 3 sham CGX; n = 7 TAC CGX. n = 4 sham; n = 4 TAC; n = 4 s

ANOVA and Tukey post hoc. xxxp < 0.001 sham vs. TAC; ##p < 0.01, ###p < 0.001

0.001 TAC vs. TAC CGX or TAC CerGX. Schematics were created with BioRend

See also Figures S1–S5 and Table S1.
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modeling reached the peak of end-diastolic LV posterior wall

(LVPW;d) and intraventricular septum (IVS;d) hypertrophy and

end-diastolic LV internal diameter (LVID;d) reduction 1 week after

TAC, as reflected by the elevation in the relative wall thickness

(RWT) index (Figures S1B and S1C). LV function was preserved

until later stages—8 weeks after TAC (Figures S1B and S1C).

The flow cytometry gating strategy shown in Figure S2 was

used to parse the LV monocytes and macrophages 4 days after

TAC, an early time point preceding the establishment of LV adap-

tive hypertrophy. TAC induced an expansion of CD45+ leukocytes

(Figures S3A and S3B), characterized by a significant increase in

CD11b+CD64� cells (Figures S3A and S3C) and CD11b+CD64+

macrophages (Figures S3A and S3F), consistent with previous

literature.18,19,27 We further stratified CD11b+CD64� cells by the

expression of the lymphocyte antigen 6 complex locus C1

(Ly6C) (Figure S2). 4 days of pressure overload significantly

increased both Ly6Chi and Ly6Clo monocyte subsets character-

ized by proinflammatory and patrolling/reparative functions,

respectively (Figures S3D and S3E). Cardiac macrophages were

characterized based on the expression of the phosphatidylserine

receptor Timd4 as well as Ly6C, used as a surrogate marker for

recently recruited C–C chemokine receptor type 2 (CCR2+) mac-

rophages17 (Figure S2), to distinguish Timd4+Ly6Clo RM expand-

ing by local proliferation, Timd4�Ly6Clo RM expanding by local

proliferation and/or replenishment by recruited cells, and

Timd4�Ly6Chi macrophages exclusively replenished by recruited

cells.16,28 We found unchanged amounts of Timd4+Ly6Clo RM

(Figure S3G), a significant numerical expansion of Timd4�Ly6Clo

RM (Figure S3H), and a significantly increased number of

Timd4�Ly6Chi recruited macrophages (Figure S3I).

The LV establishes a neural circuit with the dorsal vagal
complex in the brain
Increasingdata imply that peripheral immune responses are influ-

enced by the brain,29,30 yet it remains still unknown how the brain

perceives HTN-HD.We analyzed the neural circuits that the heart

establishes to inform the brain of pathological cardiac challenges

(Figure 1A). To achieve this aim, we took advantage of retrograde

viruses to track neuronal connections between the LV and the

brain. AAV2/retro-CAG-TdTomato (AAV2, Adeno-associated vi-

rus 2) was delivered in the LV walls of WT mice at the steady

state via non-invasive ultrasound-guided injections (Figure 1B).
V (B) and visualization in the nodose ganglion (scale bars, 50 mm, 100 mm)

olitary tract (NTS), area postrema (AP), and dorsal motor nucleus of the vagus

nd DMV (scale bar, 500 mm). n = 3 sham; n = 4 TAC. Data as mean ± SEM and

quantification. n = 8 sham; n = 9 TAC. Data as mean ± SEM and analyzed by

e.

Timd4�Ly6Chi recruited Mac in sham and TAC mice subjected to CGX (J) or

= 4 TACCGX. n = 6 shamCerG; n = 6 TAC CerG; n = 7 shamCerGX; n = 6 TAC

hoc. *p < 0.05, **p < 0.01, ***p < 0.001.

C inmicewith CGX (L andM) or CerGX (N andO). EF and RWT are shown. n = 5

ham CerGX; n = 6 TAC CerGX. Data as mean ± SEM and analyzed by two-way

TAC CGX or TAC CerGX vs. their respective sham; *p < 0.05, **p < 0.01, ***p <

er.com.



(legend on next page)

ll
OPEN ACCESSArticle

Immunity 58, 648–665, March 11, 2025 651



ll
OPEN ACCESS Article
Retrogradely traced cell bodies were visualized in the nodose

ganglion (Figure 1C). Centrally, TdTomato-expressing fibers

were present through the caudal portion of the nucleus of the sol-

itary tract (NTS) and the areapostrema (AP) (Figure 1D), an indica-

tion that pseudounipolar nodose ganglion neurons directly con-

nect the LV to the dorsal vagal complex—a main integrative

relay station that processes interoceptive information to com-

mandadaptive efferent responses.31 To verify the selectivity of vi-

rus injections in the heart, we controlled for potential viral spread

to other tissues analyzing the reporter expression in the liver, a

non-relevant organ. No TdTomato signal was present, indicating

specificity of intracardiac injections (Figure S4A).

To investigate the functional relevance of neurons integrating

the vagal afferents, we analyzed FOS expression—a robust

marker of neuronal activation—in the dorsal vagal complex of

mice subjected to TAC for 1 day accompanied by sham controls.

We found significantly increased FOS expression in the NTS and

dorsal motor nucleus of the vagus nerve (DMV) of TACmice, sug-

gesting an early recruitment of these structures in response to LV

pressure overload (Figures 1E and 1F).

Pressure overload recruits a vagus nerve-mediated
brain-to-spleen circuit
The vagus nerve modulates splenic immunity through a celiac

efferent arm that directly connects to the sympathetic splenic

nerve in the celiac ganglion and induces neurotransmitter

release in the spleen.24,25,32–34 To examine the neuronal activity

of components constituting the heart-brain-spleen axis, we re-

corded nerve firing and found elevation of celiac vagus nerve ac-

tivity (CVNA) (Figure 1G) and splenic sympathetic nerve activity

(SSNA) 1 day after TAC (Figure 1H). Celiac vagus denervation

significantly reduced the SSNA increased by TAC (Figures S4B

and S4C), indicating a dependence of the TAC-induced splenic

nerve activation on the vagal reflex. Together, this evidence sug-

gests that cardiac vagal afferents signal to neurons in the dorsal

vagal complex to increase the efferent vagus nerve activity and

sympathetic outflow to the spleen.

To investigate the relevance of this neural circuit in HTN-HD,

we performed a celiac ganglionectomy (CGX), hence dener-

vating the spleen, in mice concomitantly subjected to TAC or

sham procedure (Figure S4D). CGX was effective in reducing

tyrosine hydroxylase (TH)—the rate-limiting enzyme of norepi-

nephrine synthesis—in the splenic marginal zone delimited by
Figure 2. Spleen is necessary for LV adaptation to pressure overload,

(A) LV M-mode echocardiography 8 weeks after TAC in splenectomized mice (�
(B and C) Serial LV echocardiography in basal condition and 1–2–4–8 weeks a

sham +spleen; n = 4 TAC +spleen; n = 8 sham �spleen; n = 8 TAC �spleen. Data

0.001 sham +spleen vs. TAC +spleen; ###p < 0.001 sham �spleen vs. TAC �sp

(D–G) Flow cytometry (D) and quantification of total CD11b+CD64+Mac (E), Timd4

or TAC +spleen mice. n = 4 sham +spleen; n = 5 TAC +spleen; n = 5 sham �splee

and Tukey post hoc. *p < 0.05, **p < 0.01, ***p < 0.001.

(H–K) Flow cytometry (H) and quantification of total CD11b+CD64+ Mac (I), Timd4�

WTmice after TAC or sham. n = 3WT sham; n = 6WT TAC; n = 3Nr4a1�/� sham; n

Tukey post hoc. *p < 0.05, **p < 0.01.

(L) Flow cytometry quantification of circulating Ly6Clo monocytes in Nr4a1�/� an

sham; n = 6 Nr4a1�/� TAC. Data as mean ± SEM and analyzed by two-way ANO

(M–P) Serial LV echocardiography in basal condition and 1–2–4–8 weeks after TAC

and RWT are shown. n = 8WT TAC; n = 5Nr4a1�/� TAC. n = 5WT TAC; n = 5Ccr2�

hoc. Schematics were created with BioRender.com.

See also Tables S2 and S3.
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CD169+ metallophilic macrophages (Figure S4E). No effect of

CGX was observed on cardiac morphology and function, as

well as on the immune profile, in basal conditions. However,

CGX hampered TAC-induced cardiac macrophages’ expansion

(Figures 1I and 1J) and adaptive hypertrophic remodeling, as

shown by the reduced ejection fraction (EF) and RWT of dener-

vated mice (Figures 1L and 1M; Table S1). To examine whether

the neural reflex was required at the establishment of the LV

response to pressure overload or overtime, we denervated

mice by CGX in the second week after TAC (Figure S4F), when

the adaptive remodeling was already established. In this case,

CGX, while similarly showing effective denervation of the spleen

(Figure S4G), did not affect the adaptive cardiac remodeling to

pressure overload (Figures S4H and S4I), indicating that the neu-

ral reflex converging on the spleen is indispensable at the onset

of cardiac remodeling but not during its progression.

The SNS has also been implicated in LV hypertrophy to pres-

sure overload through increased cardiac sympathetic activity,21

and SNS efferent fibers originating from the cervical ganglion

(CerG) modulate cardiac innate immunity during myocardial

infarction.35 Here, we examined the role of local SNS in cardiac re-

modeling and immune cells activation during TAC. The surgical

removal of the CerG (CerGX) abrogated LV sympathetic innerva-

tion (Figures S5A–S5C) but had no effect on the cardiac macro-

phages either in basal conditions or 4 days after TAC-induced

pressure overload (Figures 1I and 1K). Similarly, CerGX did not

alter basal cardiac function and structure and the process of LV

hypertrophic remodeling to pressure overload (Figures 1N and

1O; Table S1). Since both CGX and CerGX abrogate sympathetic

innervation, we wanted to exclude that they could influence the

degree of pressure overload imposed on the LV through the aortic

coartation. Neither CGX nor CerGX had any effect on hemody-

namic parameters evaluated by measuring the trans stenotic

gradient through Doppler analysis and systolic blood pressure in

the carotid arteries upstream to the ligation (Figures S5D and

S5E). Collectively, these results reveal that the sympathetic nerve

input to distant organ (the spleen) is essential for LV adaptation to

TAC, while local sympathetic nerve input (to the heart) is

dispensable.

The spleen protects from HTN-HD development
Since the spleen constitutes a reservoir of immune cells that can

be promptly deployed upon emergency conditions, we explored
independently from monocyte-derived macrophages

spleen) or control with intact spleen (+spleen).

fter TAC in mice �spleen or +spleen. EF (B) and RWT (C) are shown. n = 3

as mean ± SEM and analyzed by two-way ANOVA and Tukey post hoc. xxxp <

leen; *p < 0.05, ***p < 0.001 TAC +spleen vs. TAC �spleen.
�Ly6Clo RMs (F), and Timd4�Ly6Chi recruitedMac (G) in the LV of TAC�spleen

n; n = 5 TAC �spleen. Data as mean ± SEM and analyzed by two-way ANOVA

Ly6Clo RMs (J), and Timd4�Ly6Chi recruited Mac (K) in the LV of Nr4a1�/� and

= 6Nr4a1�/� TAC. Data asmean ± SEM and analyzed by two-way ANOVA and

d WT mice after TAC or sham. n = 3 WT sham; n = 4 WT TAC; n = 3 Nr4a1�/�

VA and Tukey post hoc. *p < 0.05, **p < 0.01.

inNr4a1�/� andWTmice (M and N) and inCcr2�/� andWTmice (O and P). EF
/� TAC. Data asmean ± SEMand analyzed by two-way ANOVA and Sidak post

http://BioRender.com


Figure 3. TAC stimulates splenic PlGF secretion to induce cardiac RM proliferation and counteract HF

(A and B) Serial LV echocardiography in basal condition and 1–2–4–8 weeks after TAC in Cx3cr1�/� and WT mice. EF (A) and RWT (B) are shown. n = 4 WT TAC;

n = 5 Cx3cr1�/� TAC. Data as mean ± SEM and analyzed by two-way ANOVA and Sidak post hoc. ***p < 0.001.

(legend continued on next page)

ll
OPEN ACCESSArticle

Immunity 58, 648–665, March 11, 2025 653



ll
OPEN ACCESS Article
the potential dependence of TAC-induced cardiac macrophage

expansion on recruited monocytes.17

We performed sham or TAC in mice previously subjected to

splenectomy or to the respective control procedure and

analyzed cardiac remodeling. While splenectomy per se had

no effect on cardiac structure and immune profile, splenectom-

ized mice developed HF after TAC, presenting LV dilation and

absence of LV adaptive hypertrophy (Figures 2A–2C; Table

S2). Flow cytometry revealed a failure in expanding both resident

and recently recruited cardiac macrophages early after TAC

(Figures 2D–2G), indicating that the spleen has a necessary

and non-redundant role in promoting LVmacrophage expansion

and adaptive remodeling to pressure overload.

The recruitment of Ly6Chi monocytes leads to the develop-

ment of CD11b+CD64�Ly6Clo cells through the orphan nuclear

hormone receptor—nuclear receptor subfamily 4 group a

member 1 (NR4a1)—and subsequent maturation into tissue

macrophages.36 We addressed the potential involvement of

this pathway by using Nr4a1�/� mice. Flow cytometry indicated

a significant expansion of cardiac macrophages in the LV of

Nr4a1�/� mice subjected to pressure overload, to an extent

comparable to WT (Figures 2H–2K), while, as expected, the inhi-

bition of this pathway selectively impaired the Ly6Clo fraction of

circulatingmonocytes (Figure 2L). The absence of NR4a1 did not

influence the evolution of cardiac remodeling to pressure over-

load that was comparable to that of WT mice (Figures 2M and

2N; Table S3). More in detail, Nr4a1�/� mice subjected to TAC

established an adaptive hypertrophic remodeling, characterized

by long-term preservation of EF (Figure 2M). A similar LVPW;d

thickening was reached in the two groups of mice and was

accompanied by a comparable LVID;d reduction (Table S3).

This effect was reflected by overlapping RWT values displayed

over time by Nr4a1�/� and WT mice (Figure 2N). Hence, Ly6Chi

monocytes recruited into the LV in response to TAC and

transitioning into Ly6Clo macrophages through NR4a1 did not

contribute to the macrophage expansion required to withstand

pressure-induced cardiac stress. To further support this

conclusion and exclude the involvement of Ly6Chi monocyte-

derived macrophages through other mechanisms, we took

advantage of Ccr2�/� mice, which lack the receptor necessary

to recruit Ly6Chi monocytes into inflamed tissues. We found

that Ccr2�/� mice established LV adaptive hypertrophy with

EF preserved over time (Figures 2O and 2P; Table S3). Collec-

tively, the above results led us to hypothesize that the spleen
(C–E) Flow cytometry (C) and quantification of total CD11b+CD64+ Mac (D) and T

n = 6WT sham; n = 9WTTAC; n = 7Cx3cr1�/� sham; n = 6Cx3cr1�/� TAC. Data as

***p < 0.001.

(F–H) Flow cytometry analysis (F) and quantification of cardiac Ly6CloTimd4� RM

n = 6 sham; n = 7 TAC. Data as mean ± SEM and analyzed by unpaired t test, **

(I) Splenic PlGF in 1-day TAC, 1-week TAC, or shammice. n = 11 sham; n = 8 TAC 1

and Tukey post hoc. *p < 0.05, **p < 0.01.

(J) Circulating PlGF in 1-day TAC, 4-day TAC, and 1-week TAC or shammice. n = 1

SEM and analyzed by one-way ANOVA and Tukey post hoc. *p < 0.05, **p < 0.0

(K–M) Flow cytometry (K) and quantification of LV CD11b+CD64+Mac (L) and Timd

WT sham; n = 5 WT TAC; n = 4 Pgf�/� sham; n = 5 Pgf�/� TAC. Data as mean ±

(N–P) Flow cytometry (N) and quantification of cardiac Ly6CloTimd4�Lyve-1+ RMs

or sham. n = 3 WT TAC; n = 3 Pgf�/� TAC. Data as mean ± SEM and analyzed

Render.com.

See also Figure S6 and Table S4.
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contributes to LV macrophage expansion through other mecha-

nisms, possibly depending on soluble mediators with paracrine

functions.

RMs proliferate in response to cardiac stress and are
necessary to hamper HF
RMs express CX(3)-C-motif chemokine receptor-1 (Cx3cr1)—

the high-affinity functional chemokine receptor for fractalkine

(CX3CL1).16 Hence, it is possible to assess their role in cardiac

remodeling by subjecting mice lacking this receptor to pressure

overload.Cx3cr1�/�mice did not establish adaptive hypertrophy

upon TAC, progressing toward LV dilation and early decline of EF

(Figures 3A and 3B; Table S4). Analysis of the immune response

showed no differences in cardiac macrophage populations be-

tweenCx3cr1�/� andWTmice at baseline (Figures 3C–3E). After

TAC,Cx3cr1�/�mice had an impaired expansion of total cardiac

macrophages, particularly of the Timd4�Ly6Clo subpopulation

(Figures 3C–3E), indicating that cardiac RMs are essential for

LV adaptation to pressure overload.

Besides replenishment by recently recruited cells, cardiac

macrophages expand through in situ proliferation.16,17 To

analyze the proliferation of cardiac RMs, we further character-

ized the Timd4�Ly6Clo macrophages by the expression of

another marker of tissue residency, the lymphatic vessel endo-

thelial hyaluronan receptor 1 (Lyve-1) (Figure S6A). To determine

macrophages’ replicative potential, mice were administered

bromodeoxyuridine (BrdU) before heart harvest and flow cytom-

etry (Figure S6B). TAC induced a numerical expansion of LV

Ly6CloTimd4�Lyve-1+ macrophages (Figures 3F and 3G), which

showed a significant proliferative burst as compared with sham

(Figures 3F, 3H, S6A, and S6C for the gating strategy). These

data indicate that pressure overload induces local proliferation

in cardiac RMs, contributing to LV adaptation to hemodynamic

overload.

SNS-mediated PlGF release connects the spleen to the
pressure-overloaded heart
We previously found that Pgf�/� mice develop unfavorable re-

modeling to pressure overload.14 Also, we have shown that

other hypertensive stimuli, like angiotensin II, promote splenic

secretion of PlGF in response to the cholinergic-sympathetic

pathway.24 Here, we analyzed PlGF secretion in response to

pressure overload. TAC induced a significant and rapid increase

in PlGF expression in the spleen that returned to the steady state
imd4�Ly6Clo RMs (E) in the LV of Cx3cr1�/� and WT mice after TAC or sham.

mean ± SEMand analyzed by two-way ANOVA and Tukey post hoc. **p< 0.01,

expressing Lyve-1 (G), and relative BrdU incorporation (H) after TAC or sham.

p < 0.01, ***p < 0.001.

day; n = 7 TAC 1week. Data asmean ± SEMand analyzed by one-way ANOVA

4 sham; n = 10 TAC 1 day; n = 4 TAC 4 days; n = 8 TAC 1week. Data asmean ±

1, ***p < 0.001.

4�Ly6Clo RMs (M) in LV of Pgf�/� andWTmice 4 days after TAC or sham. n = 5

SEM and analyzed by two-way ANOVA and Tukey post hoc. ***p < 0.001.

(O) and relative BrdU incorporation (P) in Pgf�/� andWTmice 4 days after TAC

by unpaired t test. *p < 0.05, **p < 0.01. Schematics were created with Bio-



Figure 4. Splenic-derived PlGF promotes the expansion of RMs and hinders HF

(A and B) Immunofluorescence (A) and quantification (B) of PlGF in the splenic marginal zone delimited by ERTR7+ fibroblast reticular cells in sham or TAC mice

subjected to CGX or control (scale bar, 50 mm). n = 6 sham; n = 5 TAC; n = 5 TACCGX. Data asmean ± SEMand analyzed by one-way ANOVA and Tukey post hoc.

*p < 0.05.

(legend continued on next page)
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at 1 week after TAC (Figure 3I). Circulating amounts of PlGF

increased 1 day after TAC, continued to rise, reaching a plateau

at 4 days after TAC, and returned to the baseline 1 week after

TAC, when the adaptive cardiac remodeling was well estab-

lished (Figure 3J). Hence, we analyzed the cardiac immune

response to TAC in Pgf�/� mice, which failed to expand cardiac

macrophages (Figures 3K and 3L) and, particularly, the fraction

of Timd4�Ly6Clo RMs, which remained comparable to that of

sham-operated mice (Figures 3K and 3M). In addition, the prolif-

eration of Ly6CloTimd4�Lyve-1+ RMs, which was responsible for

their numerical expansion during TAC, was significantly impaired

in the absence of PlGF (Figures 3N–3P).

Pressure overload induced PlGF secretion in the marginal

zone of the spleen, delimited by ERTR7+ fibroblast reticular

cells (Figures 4A and 4B), where TH-positive fibers sprout

from the splenic nerve.24,32 To test the dependence of splenic

PlGF increase on TAC-induced cholinergic-sympathetic

outflow, we denervated mice through CGX. As shown in Fig-

ures 4A and 4B, TAC failed to increase PlGF secretion in the

spleen of denervated mice. Also, CGX mice subjected to TAC

did not elevate PlGF amounts in the circulation, remaining

similar to that of control mice (Figure S6D). Then, we analyzed

the proliferation of cardiac macrophages induced by TAC in

splenectomized mice or in mice subjected to CGX. When we

removed the spleen or its sympathetic innervation, cardiac

Ly6CloTimd4�Lyve-1+ RMs did not proliferate in response to

TAC (Figures 4C–4E). These data suggest that the celiac vagus

reflex mediated splenic PlGF secretion and influenced cardiac

macrophages’ proliferation, which in turn contributed to adap-

tive cardiac remodeling.

To prove the mechanistic role of splenic PlGF, we generated

chimeric mice by spleen transplantation between Pgf�/� and

WT mice and subjected them to TAC (Figure 4F). Splenic-defi-

cient PlGF mice (Pgf�/� spleen in WT mice) were unable to

counteract TAC-induced pressure overload, displaying an

absence of LV adaptive remodeling and a decline of EF and

LV dilation (Figures 4G–4I; Table S5), thus phenocopying the

response of PlGF-deficient mice.14 Conversely, it was sufficient

to reconstitute splenic PlGF by transplanting WT spleens in

PlGF-deficient mice (WT spleen in Pgf�/� mice) to hamper HF

(Figures 4G–4I; Table S5). A similar result was obtained by

administering recombinant PlGF (rPlGF) to splenectomized

mice, which normally develop HF when subjected to TAC.

The treatment with rPlGF rescued splenectomized mice from

HF development (Figures 4J and 4K; Table S5), indicating the

capability of PlGF to exert a cytokine-like effect at a distant

site (the heart).
(C–E) Flow cytometry (C) and quantification of cardiac Ly6CloTimd4�Lyve-1+ RMs

to splenectomy or CGX, and in relative controls. n = 5 TAC; n = 3 TAC�spleen; n =

post hoc. *p < 0.05, **p < 0.01, ***p < 0.001.

(F) Schematics of spleen transplantation between Pgf�/� and WT mice.

(G) LV M-mode echocardiography 5 weeks after TAC in mice subjected to splee

(H and I) LV echocardiography in basal condition and at the endpoint after TAC

RWT (I) are shown. n = 4 WT mice with Pgf�/� spleen; n = 3 Pgf�/� mice with WT s

hoc. **p < 0.01, ***p < 0.001.

(J and K) LV echocardiography in basal condition and at the endpoint after TAC in

(K) are shown. n = 5 TAC�spleen veh; n = 4 TAC�spleen rPlGF. Data asmean ± S

Schematics were created with BioRender.com.

See also Figure S6 and Table S5.
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NRP1 identifies cardiac macrophages essential for
adaptive hypertrophy during hypertensive stress
A recent single-cell RNA sequencing (scRNA-seq) study has

characterized the multitude of macrophage clusters present in

the heart of mice subjected to TAC during the compensatory hy-

pertrophic phase or sham as control.19 Cardiac macrophages

showed an upregulation of Nrp1 gene, which encodes the trans-

membrane glycoprotein acting as a PlGF receptor.37,38 To inves-

tigate Nrp1 expression, we re-analyzed publicly available data

by Revelo and colleagues19 of sorted immune cells from sham

and TAC mice. We annotated each cell type based on canonical

makers (Figures 5A and 5B) and analyzed expression of Nrp1 in

various cell types. Macrophages had the highest expression of

Nrp1 compared with other immune cells (Figures 5C and 5D).

However, we observed no significant transcriptional changes

with TAC. We extracted and re-clustered macrophages into

the heterogeneous subsets based on expression of Timd4,

Lyve-1, and Ccr2 markers,16,39 finding that self-renewing RM

expressing Timd4 and Lyve-1 had the highest expression of

Nrp1 mRNA while CCR2+ recruited macrophages had the least

expression (Figures 5E–5G). These results indicated that the

resident population, but not the recruited one, might be respon-

sive to PlGF. Also, there was no statistically significant difference

in Nrp1 mRNA expression between sham and TAC, suggesting

a post-transcriptional regulation of NRP1. To validate this hy-

pothesis, we used the flow cytometry gating strategy in Fig-

ure S7A to identify NRP1+ cardiac macrophages. TAC signifi-

cantly increased NRP1 expression on cardiac Ly6CloTimd4�

Lyve-1+ RMs (Figures 6A and 6B), but not in other macrophage

subpopulations (Figures S7B and S7C), suggesting that the ef-

fect of PlGF was selective on those macrophages.

To examine the role of NRP1 in HTN-HD, we generated an

NRP1 myeloid-specific-deficient model by crossing Nrp1-floxed

(Nrp1fl/fl) with Lyz2-cre mice, obtaining the Nrp1fl/fl;Lyz2-cre

progeny. Nrp1fl/fl;Lyz2cre/+ mice showed lower amounts of

NRP1 in cardiac macrophages (Figures S7A and S7B). The

lack of NRP1 did not affect LV macrophage populations at the

steady state (Figures 6C–6E). However, it significantly hampered

the TAC-induced expansion of Timd4�Ly6Clo RMs (Figures 6C–

6E) and the proliferation rate of the Lyve-1+ subset (Figures 6F–

6H). More importantly, Nrp1fl/fl;Lyz2cre/+ mice subjected to TAC

developedHF characterized by an impairment of the LV adaptive

hypertrophy (Figures 6I and 6J; Table S6). While we found that

both resident and partially replenished macrophages expanded

during TAC, our data suggest a selective effect of PlGF on

the subset independent from recruited monocytes. Hence, we

generated another model to selectively target the resident
(D) and relative BrdU incorporation (E) in mice subjected to TAC for 4 days and

3 TACCGX. Data asmean ± SEMand analyzed by one-way ANOVA and Tukey

n transplantation.

in WT mice with Pgf�/� spleen or Pgf�/� mice with WT spleen. EF (H) and

pleen. Data as mean ± SEM and analyzed by two-way ANOVA and Sidak post

splenectomized mice (�spleen) treated with rPlGF or vehicle. EF (J) and RWT

EMand analyzed by two-way ANOVA and Sidak post hoc. *p < 0.05, **p < 0.01.



Figure 5. scRNA-seq of cardiac immune cells shows a cluster of NRP1+ RMs

(A) Uniform manifold approximation and projection (UMAP) of single cells clustered in 11 unique clusters. Sham and TAC-derived cells are plotted separately to

visualize abundance differences.

(legend continued on next page)
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pool of macrophages. We crossbred the Rosa26LSL-RFP/+;

Cx3cr1Cre-ERT2/+ (RMRFP) cre recombinase mouse model

with Nrp1fl/fl mice and obtained Nrp1fl/fl;Rosa26LSL-RFP/+;

Cx3cr1Cre-ERT2/+ (RMRFP-DNrp1), which lacks NRP1 in RMs but

not in recruited cells (Figure S7D). RMRFP-DNrp1 mice subjected

to TAC showed maladaptive cardiac remodeling with early

reduction of EF and decreased RWT (Figures 6K and 6L;

Table S6). Subsequently, we evaluated the BrdU+macrophages

in the LV of RMRFP-DNrp1 and RMRFP mice 4 days after TAC,

finding that, in the absence of NRP1, resident RFP+ macro-

phages did not expand by local proliferation (Figures 6M, 6N,

and S7D).

Neural-mediated PlGF-NRP1 signaling in profibrotic
cardiac RMs promotes adaptive hypertrophy
To investigate how PlGF-NRP1 signaling affects RM functions

with beneficial effects on cardiac remodeling to TAC, we

analyzed insulin-like growth factor-1 (IGF-1), previously shown

as a key adaptive growth factor produced by RMs in the stressed

LV.18,27 4 days of TAC increased amounts of IGF-1 in cardiac ho-

mogenates of WT mice (Figure 7A). On the contrary, mice with

an impairment of PlGF-NRP1 pathway, obtained by Nrp1fl/fl;

Lyz2cre/+ or Pgf�/�, did not increase IGF-1, which remained

similar to sham controls (Figure 7A). This finding suggested

that PlGF-NRP1 signaling induced an adaptive hypertrophic

response through IGF-1.

Adaptive hypertrophy is also often associated with the appo-

sition of fibrosis by interstitial collagen accumulation,40 which

might be regulated by specific profibrotic RMs. Here, we found

that TAC induced a significant surge of the total abundance of

CD206+ profibrotic macrophages (Figures 7B and 7C), which

was abolished in mice lacking PlGF or its receptor NRP1 in

myeloid cells (Figures 7B and 7C). We further tested whether

NRP1 expression on the RM expanding during TAC character-

izes the profibrotic subset. By analyzing the fraction of

Ly6CloTimd4�Lyve-1+Nrp1+ RM expressing CD206, we found

that its abundance was significantly reduced in mice lacking

PlGF and, as expected, completely absent in Nrp1fl/fl;Lyz2cre/+

mice (Figure 7D). In addition, we analyzed the same pools of

macrophages in mice that do not have spleen or its innervation

to test the dependence on the celiac vagus reflex. We found

that CD206+ RMs did not expand in both conditions

(Figures 7E–7G), suggesting that the loss of phagocytic and pro-

fibrotic macrophages could impair the process of adaptive

collagen deposition when the heart-brain-spleen axis is blocked.

To explore this issue, we analyzed the content of interstitial

fibrosis in splenectomized or CGX mice subjected to TAC by

quantifying the thick collagen bands in the LV at the end point

of the remodeling process. All the collagen deposition observed

in TAC LV appeared as thick bands of interstitial fibrosis, usually

associated with cardiomyocyte growth to sustain the myocar-

dium to withstand pressure-induced stress. Notably, mice lack-
(B) Feature plots depicting the single-cell expression of key cluster-defining gen

(C) Feature plot depicting Nrp1 expression in TAC vs. sham cells.

(D) Violin plot of Nrp1 expression in each cluster.

(E) UMAP of macrophages and monocytes re-clustered separately to reveal incr

(F) Feature plots of key resident vs. recruited macrophage genes.

(G) Violin plot of Nrp1 expression for each macrophage cluster in sham vs. TAC
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ing the spleen (�spleen) or the celiac ganglion innervation did not

show interstitial fibrosis (Figures 7H and 7I), while manifesting

maladaptive cardiac remodeling and HF. These data suggest

that the neuroimmune-mediated release of PlGF regulates the

profibrotic fraction of cardiac RM expressing NRP1, whichmight

mediate the apposition of interstitial collagen in the overloaded

heart necessary to sustain cardiac function.

PlGF correlates with hypertension, and NRP1+ RMs are
conserved in human HF
To explore the involvement of PlGF-NRP1 pathway in human

HTN-HD, we assessed the amounts of circulating PlGF in a

cohort of patients with a history of hypertension. Hypertensive

patients and normotensive controls were stratified according

to parameters of cardiac remodeling obtained by echocardio-

graphic analysis. We considered both LV mass increase and

LV wall/LV diameter ratio and performed a tertiles split achieved

on a compound score obtained by the sum of min-max normal-

ized RWT and LV mass index (LVMi). Patients in the lower tertile

were hypertensive, showing no hypertrophic remodeling, and

were grouped with normotensive. Patients in the second and

third tertiles showed either increased RWT or LVMi or both.

This latter group was characterized by increased amounts of

circulating PlGF that accompanied the hypertrophic cardiac re-

modeling (Figure 7J). Furthermore, we evaluated the gene

expression of NRP1 in the myocardial tissue collected from car-

diac biopsies from HF patients, observing a positive correlation

between NRP1 amounts and the expression of the macrophage

marker CD68 (Figure 7K; Table S7). To further validate these

data, we analyzed NRP1 expression in tissue macrophages.

By CCR2 expression, we discriminated between the fraction

of macrophages replenished by recruited monocytes (CD68+

CCR2+) and the fraction of RMs (CD68+CCR2�), finding that

NRP1 was predominantly expressed by cardiac CD68+CCR2�

RMs (Figures 7L and 7M). Our results demonstrate that the

PlGF-NRP1 pathway is conserved in human HTN-HD.

DISCUSSION

In this work, we demonstrated that cardiac architectural adapta-

tions capable of withstanding the LV pressure overload imposed

by hypertension necessitate a heart-brain-spleen axis. This

brain-body communication activates cardiac RMs that, in turn,

allow themyocardium to execute themorphological adjustments

required to sustain LV function. In particular, we showed that

cardiac pressure overload activated a neural circuit converging

on the spleen through the cholinergic-sympathetic pathway.

The release of PlGF evoked by vagus-splenic neural activity pro-

moted adaptive remodeling by modulating cardiac RM express-

ing its cognate receptor NRP1. In patients with hypertension, we

showed that circulating amounts of PlGF were increased and

correlated with cardiac hypertrophic remodeling. In addition,
es.

eased heterogeneity.

conditions.



Figure 6. PlGF-NRP1 mediates adaptive functions of macrophages during pressure overload

(A and B) Flow cytometry (A) and quantification (B) of NRP1 expression in cardiac Ly6CloTimd4�Lyve-1+ RMs after TAC. n = 6 sham; n = 7 TAC. Data as mean ±

SEM and analyzed by unpaired t test. ***p < 0.001.

(legend continued on next page)
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NRP1 was expressed by cardiac RMs, analyzed in a subset of

available cardiac biopsies.

We observed that early adaptive cardiac remodeling is associ-

ated with a significant numerical increase of macrophages.

These results imply the existence of a crosstalk between the im-

mune system and heart and indicate that TAC recruits a multior-

gan response to establish an adaptive cardiac remodeling that

hampers HF progression. The ANS represents one of the master

regulators of our body’s integrative systems.We discovered that

a specific ANS efferent pathway, mediated by the celiac vagus

and the splenic sympathetic nerves, is involved in hyperten-

sion24,25,33,41 and atherosclerosis.39 Here, we have shown that

the heart established a direct connection with the brain dorsal

vagal complex, whereby the ultrasound-guided injection of

AAV2/retro-CAG-TdTomato virus in LV walls identified a circuit

connecting the heart to the pseudounipolar neurons of the

nodose ganglion back to the brainstem, whose neurons were

activated by TAC. A subsequent surge in the CVNA and SSNA

firing with consequent TH-mediated neurotransmitter release in

the spleen established the efferent reflex. Mice subjected to a

selective denervation of this pathway developed maladaptive

cardiac remodeling to hypertensive stress, accompanied by

impaired expansion of macrophages. Since pressure overload

induces a generalized increase in sympathetic activity, we ques-

tioned whether enhanced SNS activity in other districts, particu-

larly the local one acting on the LV, could be relevant for cardiac

remodeling. On this note, it has been shown that impairment of

direct cardiac innervation obtained by CerGX removal35 or dur-

ing aging42 induces cardiac dysfunction. On the other hand,

it was found that the superior cervical ganglia respond to pres-

sure overload with macrophages’ accumulation, fibrosis, and

deterioration of neurons innervating the pineal gland,43 with con-

sequences on the sleep-wake pattern but not on cardiac disease

itself. Here, when we selectively denervated the heart by CerGX

removal, no perturbation of cardiac macrophages’ expansion

and LV adaptation was observed in response to pressure over-

load. Hence, these results highlight the necessary and non-

redundant role of sympathetic nerve input to a distant organ—

the spleen—for LV adaptation to TAC.

The observation that macrophages expanded upon TAC and

that innervation of a distant organ like the spleen is indispensable

led us to hypothesize a potential contribution of monocyte-

derived macrophages of splenic origin in adaptive cardiac re-

modeling. Notably, macrophages did not expand in splenectom-

ized mice subjected to pressure overload, which displayed early

HF. However, by subsequently utilizing Ccr2�/� and Nr4a1�/�
(C–E) Flow cytometry (C) and quantification of total CD11b+CD64+Mac (D) and Tim

TAC or sham. n = 3Nrp1fl/fl;Lyz2+/+ sham; n = 5Nrp1fl/fl;Lyz2+/+ TAC; n = 3Nrp1fl/fl;

by two-way ANOVA and Tukey post hoc. *p < 0.05.

(F–H) Flow cytometry (F) and quantification of cardiac Ly6CloTimd4�Lyve-1+ RMs

mice 4 days after TAC. n = 3 Nrp1fl/fl;Lyz2+/+ TAC; n = 4 Nrp1fl/fl;Lyz2cre/+ TAC. D

(I and J) Serial LV echocardiography in basal condition and 1–2–4–8 weeks after T

n = 6 Nrp1fl/fl;Lyz2+/+ TAC; n = 7 Nrp1fl/fl;Lyz2cre/+ TAC. Analysis was performed

(K and L) Serial LV echocardiography in basal condition and 2–4 weeks after TAC i

Cx3cr1Cre-ERT2/+ (RMRFP) mice. EF (K) and RWT (L) are shown. n = 6 RMRFP TAC; n

and Sidak post hoc. *p < 0.05.

(M–N) Quantification of cardiac RFP+ RMs (Ly6CloTimd4�Lyve-1+) (M) and relative

RMRFP TAC; n = 3 RMRFP-DNrp1 TAC. Data asmean ± SEMand analyzed by unpaire

See also Figure S7 and Table S6.
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mice, we excluded a role for CD11b+CD64�Ly6Chi monocytes,

which are recruited through CCR2 and locally differentiate into

macrophages through NR4a1. These findings led to evaluating

the proliferation potential of resident cells, which in fact signifi-

cantly incorporated BrdU administered before heart harvest.

Taken together, these results suggest that proliferation and not

replenishment is responsible for the expansion of macrophages

that contribute to LV adaptive remodeling during TAC.

We have previously demonstrated that the spleen is a reservoir

of PlGF in hypertension.24,33 In this study, we showed that TAC

induced a noradrenergic-dependent rapid secretion of PlGF in

the splenicmarginal zone,with subsequent release in the circula-

tion to exert paracrine effects in the heart. This concept was sup-

ported by three findings. First, mice lacking PlGF and subjected

to TAC did not expand cardiac RMs and develop HF.14 Second,

transplantation of a WT spleen into PlGF-deficient mice rescued

the phenotype. Third, similarly, the administration of rPlGF to

splenectomized mice, which similarly develop HF, rescued the

maladaptive cardiac phenotype. Notably, another study identi-

fiedaheart-brain-kidney inter-organcrosstalk involved in cardiac

remodeling to pressure overload.28 While this work did not

analyze the brain areas involved in the process, the authors pro-

posed that pressure overload enhances renal sympathetic activ-

ity, leading to the secretion of colony-stimulating factor 2 (CSF2)

cytokine to activate cardioprotective functions of RMs.28

In our study, we further investigated how a cardioprotective

factor produced by a distant organ handles cardiac macro-

phages during pressure overload. Mining the data obtained by

a recent work that screened the differential gene expression of

cardiac macrophage clusters in the heart subjected to TAC,19

we observed that the PlGF receptor, NRP1, characterizes a spe-

cific cluster of cardiac RMs. We observed a significant increase

of NRP1 expression in cardiac RMs that proliferated during pres-

sure overload, and its selective genetic ablation in macrophages

hampered themyocardium’s ability to preserve cardiac function.

It has been previously shown that cardiac RMs orchestrate

adaptive hypertrophic remodeling during hypertensive stress

by producing IGF-1.27 Here, we found that IGF-1-mediated car-

dioprotective mechanism depends on PlGF-NRP1 signaling in

cardiac macrophages, as pressure overload increases IGF-1 in

the heart of WT mice but not of Nrp1fl/fl;Lyz2cre/+ and Pgf�/�

mice. Our work demonstrates how local cardiac mediators—

like IGF-1—can be affected by distant organs like the spleen

through a neural-mediated reflex.

In the complexity of mechanisms contributing to cardiac re-

modeling in response to pressure overload, fibrosis might be a
d4�Ly6Clo RMs (E) in the LV ofNrp1fl/fl;Lyz2cre/+ andNrp1fl/fl;Lyz2+/+mice after

Lyz2cre/+ sham; n = 5Nrp1fl/fl;Lyz2cre/+ TAC. Data as mean ± SEM and analyzed

(G) and relative BrdU incorporation (H) in Nrp1fl/fl;Lyz2cre/+ and Nrp1fl/fl;Lyz2+/+

ata as mean ± SEM and analyzed by unpaired t test. *p < 0.05, **p < 0.01.

AC in Nrp1fl/fl;Lyz2cre/+ and Nrp1fl/fl;Lyz2+/+mice. EF (I) and RWT (J) are shown.

by two-way ANOVA and Sidak post hoc. ***p < 0.001.

nNrp1fl/fl;Rosa26LSL-RFP/+;Cx3cr1Cre-ERT2/+ (RMRFP-DNrp1) and Rosa26LSL-RFP/+;

= 8 RMRFP-DNrp1 TAC. Data as mean ± SEM and analyzed by two-way ANOVA

BrdU incorporation (N) in RMRFP-DNrp1 and RMRFP mice 4 days after TAC. n = 3

d t test. **p < 0.01, ***p < 0.001. Schematics were createdwith BioRender.com.
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double-edged sword. In fact, while excessive fibrosis is harmful

for the heart, its complete absence might be deleterious as well,

making the LV unable to establish the adaptive response. In

addition, fibrotic tissues in the heart differently impact cardiac

function depending on the type and location of fibrosis itself.40

Typically, systolic dysfunction is associated with replacement

fibrosis, mainly occurring after myocardial infarction.40 By

contrast, interstitial and perivascular fibrosis perturb diastolic

function by altering myocardial architecture with late effects on

systolic function. However, while perivascular fibrosis causes

microvascular dysfunction that worsens diastolic function,40,44

the interstitial fibrosis is associated with cardiomyocyte growth

to help the myocardium to withstand stress.40 Our data showed

that all the collagen deposition induced by TAC appears as thick

bands of interstitial fibrosis that are reduced in mice that do not

have the spleen or the celiac ganglion innervation and is similar

to what we previously observed in Pgf�/� mice.14 This observa-

tion pairs with the cardiac remodeling phenotype analyzed by

echocardiography and shows an adaptive hypertrophic remod-

eling in TAC mice that is lost when the spleen or its innervation

is removed. Further supporting a connection with the effect

of neural-driven PlGF-NRP1 signaling in macrophages, the

reduced fibrosis observed in splenectomized or denervated

mice subjected to TAC was accompanied by loss of expansion

in phagocytic and profibrotic CD206+ macrophages. Among

the different subsets of macrophages that can contribute to

cardiac fibrosis and, as a consequence, affect cardiac func-

tion,45 a recent work demonstrated that CCR2+ monocyte-

derived macrophages express interleukin (IL)-1b to drive fibro-

blast activation and deleterious cardiac fibrosis in the human

heart during HF.46

While macrophages are highly specialized across different

tissues and organs, it is possible to identify common patterns

of markers that are suggestive of tissue-protective func-

tions.45 Recently, Takaoka and colleagues demonstrated

that NRP1 is preferentially expressed in resident-like Lyve-1+

arterial macrophages that have atheroprotective functions,

mediating the activation of biological pathways related

to actin filament organization.47 Collectively, these and our

data support the hypothesis that NRP1+ RMs have an essen-

tial cardioprotective role.
Figure 7. Neural-driven PlGF-NRP1 pathway promotes profibrotic RM

in overloaded LV

(A) Cardiac IGF-1 amounts in Pgf�/�, Nrp1fl/fl;Lyz2cre/+ and WT mice 4 days after T

Nrp1fl/fl;Lyz2cre/+ TAC. Data as mean ± SEM and analyzed by one-way ANOVA a

(B–D) Flow cytometry (B) and quantification of CD206 expression in cardiac RMs (

WT mice 4 days after TAC. n = 6 WT TAC; n = 3 Pgf�/� TAC; n = 3 Nrp1fl/fl;Lyz2cre/

hoc. *p < 0.05, **p < 0.01, ***p < 0.001.

(E–G) Flow cytometry (E) and quantification of CD206 expression in cardiac RMs

or CGX, and in control TAC mice. n = 5 TAC; n = 3 TAC �spleen; n = 3 TAC CGX

*p < 0.05.

(H and I) Fibrosis evaluation by picrosirius red analysis of heart sections from mice

control groups (Ctrl) (scale bar, 100 mm). n = 4 sham ctrl; n = 4 sham�spleen; n = 4

SEM and analyzed by one-way ANOVA and Tukey post hoc. *p < 0.05.

(J) Circulating amounts of PlGF in hypertensive patients (2–3rd tertiles) compare

mean ± SEM and analyzed by Mann-Whitney test **p < 0.01.

(K) Pearson’s correlation between CD68 and NRP1 in human myocardial tissues

(L and M) Immunofluorescence (L) and quantification (M) of NRP1 in cardiac CD6

biopsies from HF patients. Data as mean ± SEM and analyzed by unpaired t tes

See also Table S7.
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Despite substantial improvement in hypertension treatment

and control achieved in the past years, the prevalence of HTN-

HD and its associated HF risk continues to rise.5 Hence, preven-

tion of HF in patients with HTN-HD represents an unmet medical

need, suggesting that diagnosis and treatment should not be

limited to assessment of morphological and functional LV pa-

rameters and blood pressure control. Our results obtained in hy-

pertensive subjects indicate that circulating amounts of PlGF,

correlating with hypertension and cardiac hypertrophic remodel-

ing, might be a potentially valuable biomarker of HTN-HD. In

addition, we found that the expression of NRP1 in cardiac RMs

is conserved in humans.

Together, data identify a multiorgan response to cardiac pres-

sure overload established by the heart, central and peripheral

nervous systems, and the spleen through the cardioprotective

PlGF-NRP1 pathway.
Limitations of the study
Our study has shown that pressure overload sends a signal from

the LV to the nervous system.Whether this signal is conveyed via

neuropeptides or via direct afferent innervation remains to be

determined. Additionally, our results identified an LV pressure

overload-mediated release of PlGF in the spleen, depending on

direct sympathetic innervation of the immune organ. However,

further investigations are necessary to identify which are the

splenic cells responding to the noradrenergic stimulation and

producing PlGF. Cell-type-selective PlGF-deficient mice will be

instrumental to address this unsolved issue. Finally, our results

do not clarify the intracellular mechanisms activated by PlGF in

cardiacNRP1+ RMs.Whilewe cannot infer biological significance

from the data available, we can hypothesize that the PlGF-NRP1

pathway influences mechanisms related to efferocytosis and the

production of collagen and cardioprotective factors (like IGF-1),

overall mediating adaptive cardiac growth during hypertension.
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FlowJo Software v10.8.1 FlowJo, LLC https://www.flowjo.com/
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GraphPad Prism v7.00 GraphPad https://www.graphpad.com/

GraphPad Prism v9.1.0 GraphPad https://www.graphpad.com/
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SPSS Statistics v23.0 IBM https://www.ibm.com/support/pages/
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Fixation/Permeabilization Solution Kit (Cytofix/Cytoperm) BD Cytofix/Cytoperm Plus Cat# 555028

BD Lysing buffer BD PharmLyse Cat# 555899

Brilliant Stain Buffer BD Horizon Cat# 566349

Anti-Rat and Anti-Hamster Ig k /Negative Control

Compensation Particles Set

BD CompBeads Cat# 552845

Anti-Mouse Ig, k/Negative Control Compensation

Particles Set

BD CompBeads Cat# 552843

Direct-zol RNA Miniprep kit Zymo Research Cat# R2052

High-Capacity cDNA Reverse Transcription Kit Applied Biosystems, USA Cat# 4368814
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METHODS DETAILS

Animal studies
Mice

All animal handling and experimental procedures were performed according to the European Community guidelines (EC Council

Directive 2010/63) and the Italian legislation on animal experimentation (Decreto Legislativo D.Lgs 26/2014) and approved by

our Institutional Ethic Committee and by the Italian Ministry of Health, Section for veterinary ethics and animal care/use. All ef-

forts were made to minimize suffering, and the principles of Replacement, Reduction and Refinement (i.e., the ‘‘three Rs’’) were

applied to all experiments. Mice on a C57BL/6J background, aged 8-12 weeks, were used. Housing conditions were as follows:

room temperature of 22 �C ± 2 �C; 55% ± 10% humidity; a 12 h light/dark cycle (light time, 6 am - 6 pm); sawdust as bedding;

pellet food and tap water ad libitum. Since it has been demonstrated that male and female mice differently respond to cardiac

pressure overload, only male mice were used in all the experiments in order to reduce the animal required to obtain homoge-

neous groups.52

Mouse strains used included: C57Bl/6J mice (The Jackson Laboratory stock number 000664), PlGF deficient (Pgf-/-) mice with

a homozygous deletion of the gene encoding for Placental Growth Factor14,24,33,48; NR4a1 deficient (Nr4a1-/-) mice with a homo-

zygous deletion of the orphan nuclear hormone receptor – nuclear receptor subfamily 4 group a member 1 (Nr4a1tm1Jmi/J, The

Jackson Laboratory stock number 006187)53; Ccr2 deficient (Ccr2-/-) mice with a homozygous deletion of the receptor of Mono-

cyte Chemotactic Protein (MCP)-1 (Ccr2tm1Ifc/J, The Jackson Laboratory stock number 004999)54; Cx3cr1 deficient (Cx3cr1-/-)

mice lacking the CX(3)-C motif chemokine receptor 1, the high-affinity functional chemokine receptor for fractalkine (CX3CL1)

(Cx3cr1tm1Litt/J, The Jackson Laboratory stock number 005582)55; Nrp1fl/fl;Lyz2-cre mice, a conditional transgenic mouse

model with a selective deletion of Nrp1 in myeloid lineage obtained by crossing mouse with Nrp1 gene flanked by LoxP se-

quences (Nrp1tm2Ddg/J, Nrp1fl/fl, The Jackson Laboratory stock number 005247)56 with mouse with a cre recombinase under

the lysozyme M (Lyz2) promoter (Lyz2tm1(cre)Ifo/J, Lyz2-cre, The Jackson Laboratory stock number 004781)57; Nrp1fl/fl;

Rosa26LSL-RFP/+;Cx3cr1Cre-ERT2/+ (RMRFP-DNrp1) mice, a conditional transgenic mouse model with a selective deletion of Nrp1

in tissue RM obtained by crossing mouse with Nrp1 gene flanked by LoxP sequences (Nrp1tm2Ddg/J, Nrp1fl/fl, The Jackson

Laboratory stock number 005247)56 with mouse with a cre recombinase under the Cx3cr1 promoter (Rosa26LSL-RFP/+;

Cx3cr1Cre-ERT2/+, RMRFP mice).49 To induce cre recombinase, RMRFP-DNrp1 mice were treated with 5 mg of tamoxifen (Sigma Al-

drich) in 150 ml sunflower oil (Sigma Aldrich) by oral gavage on 5 consecutive days, followed by 2 weeks of no treatment

(washout) before further manipulation. All mice were backcrossed on C57Bl/6J background and purity of the strain was routinely

controlled by using the 128 SNPs MAX BAX Complete Background Analysis Panel (The Jackson Laboratory). For all the trans-

genic lines, WT mice generated within the same colony were used as aged and sex matched controls.

Cardiac pressure overload

Cardiac pressure overload was induced in mice anesthetized with a mixture of ketamine/xylazine (100/5 mg/kg), by performing TAC

between the left carotid and the truncus anonymous, as previously described.14,58,59 In the study designwe used trans-stenotic pres-

sure gradient ranging from 85 to 105mmHg as inclusion criteria of our cohorts of mice. Furthermore, the pressure gradient wasmoni-

tored during each session of echocardiographic follow up analysis, in order to exclude that the challenge imposed on the LV could

diminish over time, because of technical issues. Control mice (Sham) underwent the same surgical procedure but without realizing

the stenosis.

Splenectomy

Splenectomy was performed 2 weeks before TAC or sham surgery in mice anesthetized with isoflurane (5% for induction and 1.5%

for maintenance, supplemented with 1 L/min oxygen) as previously described.24 To isolate and remove the spleen, the abdominal

cavity was opened, and splenic vessels were cauterized. In control mice, the abdominal cavity was opened as well, but without

removing the spleen.
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Spleen Transplantation

Spleen transplantation was performed by concomitantly preparing donor and recipient mice, as previously described.24 In brief,

donor mice were anesthetized with a mixture of ketamine/xylazine (100/5 mg/kg) and heparin was intravenously injected. The

spleen was exposed through a longitudinal incision in the abdomen and the splenic artery connected to vascular anastomosis

was clamped before organ explant. At the same time, the recipient mouse was anesthetized with isoflurane (5% for induction

and 1.5% for maintenance, supplemented with 1 L/min oxygen). Mice were subjected to an incision in the abdomen to expose

the spleen and vasculature. The splenic artery and the vein of the recipient mouse were clamped, and the spleen was isolated

and removed. Using a 10.0 suture thread (Premilene, Braun) an anastomosis was created between donor and recipient splenic

veins and arteries. The clamp was removed to restore blood flow. Recovery of mice was monitored for the following 4 weeks,24

before subjecting them to TAC-induced pressure overload and to allow the re-growth of the splenic innervation, which is func-

tional, yet less structurally organized.

Surgical removal of the celiac ganglion (CGX)

The surgical removal of the left celiac ganglion was performed concomitantly or 2 weeks after TAC procedure, as indicated in sche-

matics of the experiments (Figure S4). Mice were anaesthetized with isoflurane (5% for induction and 1.5% for maintenance, sup-

plemented with 1 L/min oxygen). A midline laparotomy was applied, and aorta and celiac arteries were isolated. Once identified,

the celiac ganglion was removed, taking care to avoid damage of the surrounding vessels and tissues. At the end of the surgical pro-

cedure, tissues were carefully repositioned into the abdominal cavity. The incision was sutured with absorbable thread. In control

mice, the celiac ganglion area was exposed, and both the aorta and the celiac arteries were isolated, without removing the ganglion.

Surgical removal of the cervical ganglion (CerGX)

The surgical removal of the cervical ganglion was performed 1 week before TAC procedure in order to obtain a local myocardial SNS

denervation. Mice were anaesthetized with isoflurane (5% for induction and 1.5% for maintenance, supplemented with 1 L/min ox-

ygen). A vertical incision on the neck wasmade and the sternocleidomastoid muscle was lifted andmoved aside with placeholders to

allow a clear visibility of the carotid artery. The cervical ganglion, placed behind the carotid bifurcation, was exposed moving the

external carotid artery with a 90� angled forceps and then was completely extracted cutting preganglionic and postganglionic

branches. Moreover, the superior cervical ganglion was removed on the contralateral side for a complete denervation of cardiac

tissue from sympathetic fibers. In control mice, the cervical area was exposed without removing ganglia.

Celiac vagotomy

Surgical unilateral celiac vagotomywas performed via a cervical midline incision that exposed the left vagus trunk, whichwas cut with

forceps at the distal end of the coeliac branch of the vagus nerve. Vagus nerve was exposed while preparing the mouse for the elec-

trophysiological recording. After the acquisition of two SSNA time bins, the celiac vagus nerve was transected, while SSNA recording

continued for at least two additional time bins.32

Ultrasound Imaging

Ultrasonographic analysis was performed with Vevo2100 (Visualsonics, Fujifilm) equipped with 40 and 15 MHz transducers, as pre-

viously described.14 Mice were anesthetized with isoflurane (3.5% for induction and 0.5%–1% for maintenance, supplemented with

1 L/ min oxygen) and fixed on a heated pad, allowing the continuous monitoring of physiological parameters. In order to obtain the

parasternal short axis projection, the thoracic area was shaved, and the 40 MHz ultrasound transducer was placed on the left side of

anterior mediastinum. LV function was assessed on left ventricular M-mode images by applying the Teichholz formula and on apical

4 chambers view for diastolic evaluation. The aortic arch was visualized by 15 MHz ultrasound transducer placed on the right side of

the upper anterior mediastinum, in correspondence of the TAC ligation, to measure the systolic trans stenotic gradient by echo

Doppler. All images were acquired at a heart rate of at least 600 ± 50 bpm (beats per minute) and processed with the VevoLAB soft-

ware by two independent raters.

In vivo administration of recombinant PlGF

Mice subjected to splenectomy have been treated by intraperitoneal injection of 1,5 mg/Kg body weight of recombinant PlGF (rPlGF)

(R&D Systems) and with NaCl 0.9% as vehicle control as previously described.14 Follow up analysis of cardiac remodeling has been

performed by echocardiography.

Non-invasive ultrasound-guided injection of AAV2/retro-CAG-TdTomato

Mice were anesthetized with isoflurane (3.5% for induction and 0.5%–1% for maintenance, supplemented with 1 L/ min oxygen) and

fixed on a heated pad as described above. Injection syringewith a 30Gneedle was positioned on a support allowing the correct orien-

tation. The needle was aligned with the ultrasound probe and, by the aid of live echocardiographic imaging, was leaded in the mid

portion of the LV anterior wall. 100 ml of AAV2/retro-CAG-TdTomato virus (1 x 1011 vg/ml) were directly injected and mice recovery

was monitored for the following 3 weeks before culling them for immunofluorescence analysis.

Electrophysiological recordings

Micewere anaesthetized with isoflurane (5% for induction and 1.5% formaintenance, supplemented with 1 L/min oxygen).25,32,41 For

SSNA recordings, after performing an abdominal incision to expose the splenic artery, the splenic nerve was isolated from the

surrounding tissues and covered with a bipolar stainless-steel electrode as previously described.25,32,41 SSNA was continuously re-

corded for 1 hour, as was the arterial blood pressure from the femoral artery. Mice were then killed by an overdose of isoflurane and

SSNA was recorded for a further 30 minutes to estimate the post-mortem residual activity.25,32,41 CVNA recordings were performed

with the same experimental approach, exposing the celiac branch of the vagus nerve and placing the bipolar electrodes around

it.25,32,41
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SSNA data were sampled at 4 kHz and analyzed using Lab Chart 7 (Spike Analysis Module). Signal was pre-processed by digital

filtering of the electrical cord current using a 50 Hz notch filter and by a 300–1,000 Hz band-pass filter to highlight the frequencies of

interest, expressing the final signal in mV. Splenic nerve spikes were identified as spikes with an intensity above the background noise

threshold, measured in post-mortem acquisition, during a 10-minutes window starting from the electrodes’ silicone isolation. Spike

count was defined as the total number of spikes above the threshold intensity level.32

The CVNA data were sampled and analyzed using Lab Chart 7 (Spike Analysis Module) and MATLAB (MathWorks) as previously

described,25 using the same settings as for the splenic nerve but digitally filtered by a narrower 300–550 Hz band-pass filter, to avoid

high-frequency activity and noise. The obtained signal was integrated with a time-constant decay of 0.1 second to sum up the single-

spike contribution to each burst. The integrated signal was processed using a custom MATLAB script to perform a peak analysis as

previously described.25 CVNA was quantified as the average bursts measured in two consecutive 10-minutes windows starting from

the electrodes’ silicone isolation.

Tissue isolation for histological analyses

For histological and immunofluorescence analyses, mice were anesthetized with ketamine/xylazine (100/5 mg/kg) and then culled to

isolate the spleen, the nodose ganglion, the brain and the heart. The spleen and the nodose ganglion were embedded in optimal cut-

ting temperature compound on dry ice. Serial 25 mm sections from spleens and serial 16 mm sections from nodose ganglion were

obtained by using a cryostat microtome (Leica 1950CM, Leica Microsystems). Hearts were removed after diastolic arrest and

embedded in paraffin. Hearts’ sections of 10 mm were obtained by a microtome (Leica RM2255, Leica Microsystems). Brains

were removed and immersed in fixative for 4 hours at 4�C and then cryoprotected in 20% sucrose overnight at 4�C. 30 mm free-

floating frozen sections were cut using a cryostat microtome (Leica 1950CM, Leica Microsystems).60,61

Immunofluorescence analyses

Spleens’ sections were stained in blocking solution (serum 5% and X-100 Triton 0,25%) as follows: PlGF was stained with a rabbit

anti-mouse primary antibody (1:250, Abcam), recognized by a horse anti-rabbit biotinylated antibody (1:200, Vector Laboratories)

conjugated to Alexa Fluor 488 streptavidin (1:200, Invitrogen). ERT-R7 splenic fibroblasts were identified with a primary rat anti-

mouse antibody (1:200, Origene) and a Cy3-conjugated donkey anti-rat secondary antibody (1:200, Jackson Immunoresearch);

CD169+ metallophilic macrophages were stained with a rat anti-mouse primary antibody (1:100, Biorad) and an Alexa Fluor

488-conjugated donkey anti-rat secondary antibody (1:200, Jackson Immunoresearch); TH noradrenergic fibers were recognized

by using a sheep anti-mouse primary antibody (1:800, Millipore) and a Cy3-conjugated donkey anti-sheep secondary antibody

(1:200, Jackson Immunoresearch). Hearts’ sections were stained in blocking solution (serum 5% and X-100 Triton 0,20%) as

following: capillaries were stained with Isolectin GS-IB4 conjugated to Alexa Fluor 488 (1:200, Invitrogen) overnight at 4�C; TH norad-

renergic fibers were recognized by rabbit anti-mouse primary antibody (1:800, Millipore) and a Cy3-conjugated donkey anti-rabbit

secondary antibody (1:200, Jackson Immunoresearch). Slides were then counterstained with DAPI (1:2000, Invitrogen) and cover-

slipped with DABCO (Sigma-Aldrich).

Nodose ganglion and brain sections were analyzed by visualizing the spontaneous fluorescence of cells infected by the virus car-

rying the TdTomato reporter. Sections from nodose ganglion were post-fixed in 10% neutral buffered formalin at 4 �C for 15 minutes

and washed in PBS, then incubated for 2 hours in blocking solution (serum 5% and X-100 Triton 0,2% in PBS). A rabbit anti-beta III

Tubulin antibody (1:250, Abcam) was used to mark cytoskeletal proteins of nodose ganglion cells. Sections were washed in PBS and

incubated with secondary antibody Alexa Fluor 488-conjugated donkey anti-rabbit (1:200, Jackson Immunoresearch). Slides were

then counterstained with DAPI (1:2000, Invitrogen) and coverslipped with DABCO (Sigma-Aldrich). Brain sections were stained with

DAPI (1:2000, Invitrogen) and coverslipped with DABCO (Sigma-Aldrich).

Tissue sections were scanned using a Zeiss 780 confocal laser microscope equipped with a Zeiss ECPLAN-NEOFLUAR 5x/0.16

objective, Zeiss ECPLAN-NEOFLUAR 10x/0.30 M27 objective and ECPLAN-NEOFLUAR 20x/0.50 M27 (Carl Zeiss Microimaging

Inc.). We used a 405 Diode laser to excite DAPI, a 488 nm argon laser to excite Alexa Fluor 488 and a 543 HeNe laser to excite

Cy3.24,32,33

Brain sections for the evaluation of activated FOS+ neurons were analyzed as previously described.41 In detail, brains were

extracted, post-fixed in 10% neutral buffered formalin at 4 �C overnight, and cryoprotected in 20% sucrose at 4 �C. Twenty-

five mm-thick coronal sections were cut on a freezing microtome. Sections were washed in PBS, then incubated for 1 hour in

blocking solution (0.5% BSA and 0.25% Triton X-100 in PBS). Primary rabbit anti-c-FOS (1:5000, Abcam) antibody was incu-

bated overnight in blocking solution. Sections were washed in PBS and incubated with secondary antibody Alexa Fluor

594-conjugated donkey anti-rabbit (1:1000, Abcam). Sections were washed, mounted on slides, cover-slipped, and visualized

on a Zeiss Axiomanager.D2 microscope. Images were captured using a Coolsnap HQ1 camera through Micromanager software

v1.4.23.

Immunohistochemical analysis

Hearts’ sections were deparaffinized, rehydrated and then underwent to standard protocol for picrosirius red staining for the iden-

tification of collagen in cardiac tissues.14 The Picrosirius Red Solution was prepared by adding 0.5 g of Sirius red F3B to 500 ml of

picric acid. Slides with sections of hearts were immersed on the Picrosirius Red Solution for 1 hour and then washed in twice in acid-

ifiedwater, previously prepared by adding 2,5mL of acetic acid in 500mL of distilled water. After removing the excess of water, slides

were dehydrated, cleared in xylene and mounted on a quick-hardening mounting medium (Eukitt - Sigma-Aldrich, 03989). Images

were acquired by an optical microscopy (Leica LMD7).
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ELISA for determination of PlGF and IGF-1

After transcardial perfusion, spleens and hearts were isolated and immediately frozen in liquid nitrogen for protein extraction.

To collect serum, blood samples were allowed to clot for 1 hour at room temperature and then centrifuged for 15 minutes at

2000 x g at 4�C. After centrifugation, serum aliquots were immediately stored at -20�C. PlGF amounts in spleen and serum were

measured by a high sensitivity ELISA kit (R&D Systems MP200), following manufacturer’s instructions as previously described.24,33

IGF-1 amounts in the heart were measured by The Quantikine Mouse/Rat IGF-1 ELISA kit (R&D Systems MG100), following manu-

facturer’s instructions as previously described.27

Tissue isolation and cells staining for flow cytometry analysis

Mice were anesthetized with a mixture of ketamine/xylazine (100/5 mg/kg) and then culled to collect the heart, after washing out

circulating cells and blood with cold PBS. Atria were excised and removed; cardiac tissue was placed in a 60 mm dish containing

50 ml of cold PBS and finely chopped. The minced heart was transferred into a 2 ml microcentrifuge tube pre-filled with 800 ml of Dul-

becco’s Modified Eagle Medium (DMEM) (Gibco 21969-035) and 650 ml of digestion cocktail, composed by 450 U/ml of Collagenase

Type I (Sigma-Aldrich C0130), 60U/ml of Hyaluronidase Type I-S (Sigma-Aldrich H3506), 60U/ml of DNase I (Sigma-AldrichD5025) in

DMEM. The heart was digested in a thermomixer at 37�C for 1 hour at 750 rpm. After digestion, the tissue sample was vortexed for

20 seconds and immediately placed on ice. Using a 1 ml pipettor, the tissue was pipetted up and down 30 times until obtaining a

homogeneous sample that was added to a 40 mm nylon strainer placed on a 50 ml conical tube and pre-wet with 1 ml of cold

HBB buffer, containing Hank’s Balanced Salt Solution HBSS (Gibco 24020-091) supplemented with 2% heat inactivated FBS (Gibco

10082-147) and 0.2% of BSA. The strainer with the homogenized sample was further washed with 12 ml of HBB buffer. The sample

was transferred to 15ml conical tube and centrifuged at 300 x g for 5minutes at 4�C. The blood cells were lysedwith 1ml of BD Lysing

buffer 1X (BD PharmLyse 555899) for 5 minutes at room temperature. 8 ml of HBSS were added to block lysis, and the sample was

then centrifuged at 300 x g for 5 minutes at 4�C. The supernatant was discarded, the pellet was resuspended in 1 ml of FACS buffer

(PBS supplemented with 2% heat inactivated FBS and 2 mM EDTA) and cell number was assessed by trypan blue on an automated

counter (Countess, Life Technologies) and resuspended in FACS staining buffer.

Flow cytometry staining and gating strategies

The single cell suspension obtained from the heart was preincubated with anti-CD16/32 Fc receptor (1:100, BD Pharmingen) and

True-Stain Monocyte Blocker (1:20, Biolegend) to block nonspecific binding for 10 minutes at room temperature and then incubated

with a combination of fluorochrome-conjugated primary monoclonal antibodies (listed in key resources table and mixed accordingly

to the ‘‘Gating strategy for cardiac monocytes and macrophages’’ subparagraph) in 50 ml of BD Brilliant Stain buffer (BD Horizon

566349) for 30minutes at 4�C in the dark in a final staining volume of 150 ml. Cells were washed, resuspended in 300 ml of FACS buffer

and filtered through a 40 mm nylon strainer before acquiring the samples with a FACSCelesta equipped with a FACSDiva Software

(BD Bioscience) or with a multispectral Cytek Aurora equipped with SpectroFlo software (Cytek). Data were analyzed with FlowJo

Software v10.8.1 (FlowJo, LLC).

For proliferation experiment, 100 ml of Bromodeoxyuridine (BrdU) (10 mg/ml, BD Pharmingen 550891) was injected intraperitone-

ally (i.p.) 12 hours before heart harvest. To detect intracellular BrdU, the BDBioscience Cytofix/Cytoperm (BDCytofix/Cytoperm Plus

555028) protocol was used as previously described.16 After cell surface staining with antibodies listed in key resources table and

mixed accordingly to the ‘‘Gating strategy for cardiac monocytes and macrophages’’ subparagraph, cells were washed and resus-

pended in 250 ml Fixation/Permeabilization solution, washed with BD Perm/Wash buffer 1X and incubated overnight. DNA was di-

gested for 1 hour 37�C with 100 ml of DNase (300 mg/ml, Sigma-Aldrich D4513). After incubation, cells were washed with BD

Perm/Wash buffer 1X and labelled with anti-BrdU antibody (1:10, BD Pharmingen) in a final staining volume of 50 ml of Perm/

Wash buffer 1X for 30 minutes at room temperature in the dark. Cells were washed, resuspended in 300 ml of Perm/Wash buffer

1X and filtered through a 40 mm nylon strainer before acquiring the samples with FACSCelesta equipped with FACSDiva Software

(BD Bioscience). Data were analyzed with FlowJo Software v10.8.1 (FlowJo, LLC).

For all the experiments, compensation was developed using single staining controls and compensation beads (BD CompBeads

552845, 552843).

Gating strategy for cardiac monocytes and macrophages (Figures S2, S6, and S7). Cells were gated to identify total CD45+ leuko-

cytes, doublets were excluded, and live cells were analyzed using forward scatter (FSC) and side scatter (SSC) to live/dead exclusion.

Total leukocytes were parsed to exclude Ly6G+ neutrophils and identify the Ly6G-CD11b+ monocytes/macrophage population.

CD11b+ cells were further gated by CD64 expression to identify CD11b+CD64- cells and CD11b+CD64+ macrophages.

CD11b+CD64- cells were then stratified into Ly6Clo and Ly6Chi monocytes. CD11b+CD64+ (Mac) cardiac macrophages were gated

to identify Timd4+Ly6Clo and Timd4-Ly6Clo RM and Timd4-Ly6Chi replenished/recruited macrophages.16,17,28 Where indicated in

figure legends, cardiac RM were identified by red fluorescent protein (RFP) expression (Figure S7), and/or further identified by

Lyve-1, Nrp1 and CD206 expression or BrdU incorporation. Briefly, total CD11b+CD64+ cardiac macrophages were stratified by

Ly6C, Timd4 and Lyve-1 to identify Ly6CloTimd4-Lyve-1+ RM and Ly6CloTimd4-Lyve-1+CD206+ resident pro-fibrotic subpopulation.

To evaluate the expression of Nrp1 inmacrophage subpopulations, we set the positive fraction by gating the negative population with

cells isolated from Nrp1fl/fl;Lyz2cre/+ mice and hence lacking NRP1 in the myeloid lineage (Figure S7). Also, BrdU incorporation was

evaluated in Ly6CloTimd4-Lyve-1+ cardiac RM (Figure S6).

Data analysis of scRNA-seq

ThepackageSeurat (v3.1)was used for all scRNA-seq analyses usingR3.61.50,51Genes not detected in aminimumof three cellswere

removed. Low-quality cellswith less than200expressedgeneswereexcluded.Cells expressingahighnumberof genes (>4000–6000)
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were considered as putative doublets or multiplets and were removed. Dead or lysed cells were removed by exclusion of cells with a

high percentage of transcripts mapping to mitochondrial genes (>20%–30%). Sham and TAC datasets were first pre-processed and

filtered individually, thenmerged for all subsequent analyses using the ‘‘merge’’ function in Seurat. To remove technical variationwhile

preserving biological variation, data was log normalized. Highly variable features were selected (3000 by default) using the variance-

stabilizing transformation (vst) method. Mitochondrial gene percentage and the number of counts (nCount_RNA) were regressed out.

Dimensionality reduction was performed using principal component analysis (PCA) and the most statistically significant PCs were

chosen for subsequent clustering as determined by examination of the standard deviation of each principal component depicted

on an elbowplot. Graph-based clusteringwas performed using the FindNeighbors and FindClusters functions. Non-linear dimension-

ality reduction and visualization was performed using UniformManifold Approximation and Projection (UMAP). In order to assess the

finer division of cardiac macrophages, we assessed the parent cluster separately and increased resolution. Clusters were identified

and annotated based on differential gene expression testing using the Wilcoxon Rank Sum Test. In particular, we used the following

parameters in the FindAllMarkers function: min.pct: 0.2; logFC threshold: 0.2; adjusted p value <0.05.

Statistical analysis

All data were analyzed by Prism 7 and 9 (GraphPad) and SPSS 23 (IBM). Comparisons between two experimental groups with single

time point were performed by two-tailed Student’s t-test. Comparison between multiple experimental groups were performed by

one-way ANOVAwith Tukey post hoc test. Analyses with multiple factors were analyzed by either two-way ANOVA or repeated mea-

sures ANOVA, with either Sidak or Tukey post hoc test as appropriate and indicated in Figure legends.

HUMAN STUDIES

Ethics committee
The study was approved by the local ethics committee of the Jagiellonian University (Approval No. 1072.6120.162.2019 and

1072.6120.225.2019). Subset of patients enrolled in the two studies previously published by our group62,63 that received a blood

sampling, blood pressure measurements and echocardiography were prospectively recruited between November 2014 and

December 2020 in the Heart and Brain research program at I.R.C.C.S. Neuromed (NCT03986957) and as part of a case-control study

(NCT02310217). Written informed consent was obtained from all subjects.

Gene expression measurements in cardiac biopsies
In a subset of patients, depending on clinical availability, typically two-three cardiac biopsies were obtained from the left ventricle.

Collected cardiac tissue was stored in RNAlater stabilization solution (Ambion, Thermo Fisher Scientific) until RNA isolation. The tis-

suewas homogenized for 20min in TRI Reagent Solution (Thermo Fisher Scientific) using the TissueLyser LT beadmill (Qiagen, USA).

Total RNAwas isolated from the samples using Direct-zol RNAMiniprep kit (Zymo Research R2052) according to themanufacturer’s

protocol. Reverse transcription was performed using 500 ng of RNA using High Capacity cDNA reverse transcription kit (Applied Bio-

systems, USA 4368814). Real-time PCR reactions were performed on the 7900HT instrument (Applied Biosystems, USA) using

commercially available TaqMan assays for NRP1 (Hs00826128_m1) and CD68 (Hs02836816_g1). Data were normalized to levels

of Eukaryotic Translation Elongation Factor 2 (EEF2) (Hs00157330_m1) mRNA, and then dCT was calculated and averaged between

cardiac biopsies for each of the patients. N numbers reported represent individual patients.

Statistical analysis
The normality of variables distribution was checked with the Shapiro-Wilk test. Continuous variables with normal distribution were

compared using the Student’s t-test. Continuous variables with non-normal distribution were compared using Mann-Whitney

test. Categorical variables were compared using the c-squared test. The continuous variables are presented asmean±SD or median

(Q1; Q3), whereas the categorical variables are presented as numbers and percentages.

Pearson’s correlation was performed to analyze the correlation between Nrp1 mRNA expression and CD68 mRNA expression.

A P value below 0.05 was considered statistically significant. All analyses were performed using IBM SPSS Statistics (New York,

United States) package (version 28.0.1.0) and graphs were drawn using Graph-Pad Prism v9.1.0.

Immunofluorescence analyses of cardiac biopsies
LV of myocardium from HTN-HD patients were collected and embedded in OCT. Cryosections of 20 mm were obtained from each

sample by using the cryostat (Leica CM 1950). Primary antibodies used to stain cardiac tissues were mouse anti-CD68 (Biorad

MCA5709; 1:100); mouse anti-Neuropilin1 (Santa Cruz sc-5307; 1:100) and rabbit anti-CCR2 (Abcam ab32144; 1:200). The following

secondary antibodies were used: F(ab’)2 fragment antibody (Jackson Immunoresearch; 1:200) and secondary antibodies conjugated

to Alexa Fluor 647 (Jackson Immunoresearch; 1:100), Alexa Fluor 488 (Jackson Immunoresearch; 1:200) and Cy3 (Jackson Immu-

noresearch; 1:200). Nuclei were counterstained with DAPI (Invitrogen, 62248; 1:2000) and slides coverslipped with DABCOmounting

medium (Sigma-Aldrich).

Quantification of circulating amount of PlGF
PlGF serum amount were measured by a high sensitivity ELISA kit (Abcam ab100629), following manufacturer’s instructions.
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