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Abstract

Monocytes and macrophages are cellular forces that drive and resolve inflammation triggered by
myocardial ischemia. One of the most important yet least understood regulatory mechanisms is
how these cells integrate cues from micro-milieu with their response that eventually determines
the outcome of myocardial repair. In the current study, we investigate if the mechanistic

target of rapamycin (mTOR) complex 1 (mTORC1) plays this role. We present evidence that
support a robustly activated mTORC1 pathway in monocytes and macrophages in the infarcting
myocardium, a surprising finding considering these cells resided in an environment that was
hypoxic and lack of energy and nutrients. Our data suggests that the cardiac monocytes and
macrophages gained effector functions predominantly in the ischemic niche, further supporting the
crucial role of the microenvironment in deciding their functions. Specific mTORCL inhibition
transformed the landscape of cardiac monocytes and macrophages into reparative cells that
promoted myocardial healing. As the result, mTORCL inhibition diminished remodeling and
reduced mortality from acute ischemia by 80%. In conclusion, our data suggest a critical role

of mMTORC1 in regulating the functions of cardiac monocytes and macrophages, and specific
mTORCL inhibition protects the heart from inflammatory injury in acute ischemia. As mTOR/
mTORCL is a master regulator that integrates external signals with cellular responses, the study
sheds light on how the cardiac monocytes and macrophages sense the ischemia milieu and adjust
their function.
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INTRODUCTION

In the setting of myocardial ischemia, the peripheral monocytes are recruited to the
ischemic region and differentiate towards macrophages[1]. These cells orchestrate both the
inflammatory response and the reparative action that occur in the first and second half of

the first week after myocardial infarction (MI), respectively. Accordingly, the monocytes and
macrophages in these stages are described as inflammatory and reparative cells. Although
both types of cells are critical to the repair of the myocardial wound [1-4], prolonged
presence of inflammatory cells hinders this process. Reparative macrophages, on the other
hand, limits inflammatory injury and promotes healing. Unlike other organs such as the
skeletal muscle and skin, the cardiac parenchyma dictates the final outcome of repair in the
form of scar formation. This highlights the importance of efficient repair to minimize the
damage in order to reduce ventricular remodeling that eventually culminates in clinical heart
failure (HF).

The microenvironment that monocytes and macrophage are recruited to and resides is one
of the most important determinants of their function[5]. For example, as soon as they were
recruited to the injury site generated by mechanical manipulation of the small intestine,
monocytes immediately changed their transcriptomes [6]. The heterogeneous population
of cardiac monocytes and macrophages in the ischemic myocardium [7-10] suggested the
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influence from the various environments these cells reside. However, it remains largely
uncharacterized and challenging to decipher how the environmental cues are sensed and
responded by the monocytes and macrophages (referred as cardiac mononuclear phagocytes
(cMP) for simplicity thereafter) in the ischemic myocardium. The mechanistic target of
rapamycin (mTOR) is a master regulator that integrates the environment cues and modulates
cellular functions accordingly. mTOR exists in two structurally distinct complexes denoted
as mTOR complex 1(mTORC1) and mTORC2. In the presence of growth factors plus
abundant nutrients and energy[11], mTORCL is activated and promotes cell growth,
proliferation, and acquisition of effector functions. Activated mTORC1 promotes protein
synthesis by mediating the phosphorylation of ribosomal protein S6 kinase beta-1 also
known as P70S6K and eukaryatic translation initiation factor 4E (elF4E) binding protein
1(4EBP1)[12], de novo lipid production by activating the sterol responsive element binding
protein (SREBP) transcription factor, and the synthesis of nucleotides by increasing key
enzymes responsible for the synthesis of purine and pyrimidine[13, 14]. As monocytes
differentiate towards macrophages, the cells become bigger and gain complex subcellular
structures especially lysosomes, endoplasmic reticulum, and Golgi network. These structural
complexity supports their effector functions at a higher echelon of the MP system [15].

One example is that macrophages possessed higher capacity of phagocytosis and were able
to produce higher amount of inflammatory cytokines [15]. These structural and functional
changes may indicate a role of mMTORC1 during differentiation. Indeed, interruption of
mTORC1 signaling by deleting Ras homolog enriched in brain (RhebZl), which is a direct
activator of mTORC1, hindered monocyte to macrophage differentiation [16]. In addition to
the monocyte-to-macrophage differentiation, mTORCL1 plays complex roles in the activation
of macrophages and is implicated in promoting both pro- and anti-inflammatory phenotypes
of these cells [17, 18]. Currently, there are limited data regarding mTORC2. However,

these evidence are consistent in suggesting that mTORC2 promotes anti-inflammatory
macrophages [19, 20], which have also been referred as resolving/reparative cells [19, 21].

Currently, it is not known if mMTORCL1 governs the differentiation process (monocytes
towards macrophages) and the transition process (inflammatory to reparative cMPs) in

the infarcting myocardium. mTORCL1 is a tightly regulated process that requires strictly
both growth factors/cytokines and nutrients for activation [22]. The infarct tissue, which

is hypoxic with limited energy production and lacks nutrients due to non-functional
vessels, is seemingly not the environment suitable for mTORC1 activation. Prior works
regarding mTOR have focused mainly on cardiomyocytes (comprehensively reviewed in
[23]). In addition, treatment with mTORCL inhibitor rapamycin during the first week of
experimental M1 demonstrated no benefit [24]. In contrast, prolonged treatment (4 to 6
weeks) improved cardiac function [24, 25]. These data suggest that the benefit is limited to
the chronic remodeling phase. From these evidence, it could also be inferred that mMTOCR1
has no role in controlling the function of monocytes and macrophages because the most
dynamic changes of these cells occur in the first week after M1 and manipulation of their
behavior in the same time window had impact on survival and remodeling[2, 26, 27].
Rapamycin predominantly inhibits mMTORC1. However, the specificity is lost and mTORC2
becomes a target when rapamycin is used at higher doses (similar to that used in the prior
MI studies [24, 25]) and for longer durations [28, 29]. As some evidence suggest that
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mMTORC1 and mTORC?2 polarized macrophage towards the inflammatory and pro-resolving/
anti-inflammatory cells, which stymies or promotes the myocardial repair, respectively, it

is therefore possible that duo inhibition of MTORC1 and mTORC2 achieved by high dose
rapamycin [24] may have canceled the effect of inhibiting individual complex and resulted
in the null effect in the acute phase of ischemia.

In the current study, we determined if mMTORCL1 played a key role in sensing the
environment cues and regulating the function of cMPs in the infracting myocardium. We
uncovered potential un-conventional source of nutrients that could be used for nMTORC1
activation. In addition, we demonstrated where the cMPs gained their effector function in the
setting of myocardial ischemia. Specifically, the effector function discussed here is referred
to as cytokine production and phagocytosis. We also defined a strategy to achieve selective
inhibition of mMTORC1 without affecting the activity of mTORC2.

MATERIALS AND METHODS

Animals

Antibodies

The investigation conforms to the Guide for Care and Use of Laboratory animals published
by the US National Institutes of Health (NIH Publication No0.85-23, revised 2011).

Animal experiments were approved by the Institutional Animal Care and Use Committee

at the University of Texas Southwestern Medical Center (approved and active protocol
Numbers: 2019-102736). Male mice (body weight from 23g to 28g) were anaesthetized via
intraperitoneal injection of ketamine and xylazine at 100mg/kg and 5mg/kg, respectively.
During the surgery, anesthesia was maintained with 0.6 to 1% isoflurane via Precision
vaporizer. Euthanasia was performed by inhalational overdose of isoflurane followed

by cervical dislocation. The cardiac tissue was collected immediately after euthanasia.

All procedures were approved by Institutional Animal Care and Use Committee at the
University Of Texas Southwestern Medical Center. Animals were maintained in a pathogen-
free environment with free access to food and water. They were maintained on a 12-hour
light/dark cycle from 6 am to 6 pm.

Antibodies used for immunoblot are listed here based on where they are acquired. 1.

From Cell Signaling Technology (Danvers, MA): anti-pS6 (4858); anti-pS6K (9204);
anti-S6 (2317); anti-p4E-BP1 (2855); anti-4E-BP1(9452); anti-mTOR (2983); anti-pAkt
(Serd73) (4060); anti-pAkt (Thr308) (13038); anti-Akt (2920). 2. From BioRad (Hercules,
California): anti-CD68 (MCA19571); 3. From Biolegend (San Diego, California): Alexa
fluoro-labeled anti-CD 206 (141709); APC anti-mouse Ly-6G Antibody (127614); PE
anti-mouse F4/80 Antibody (123110); Pacific Blue™ anti-mouse/human CD11b Antibody
(101224); PE/Cy7 anti-mouse CD45 (103114); Brilliant Violet 711™ anti-mouse Ly-6C
Antibody (128037); PerCP/Cy5.5 anti-mouse CD206 (MMR) Antibody (141716). 4. From
Santa Cruz Biotechnology (Santa Cruz, CA): mouse anti-GAPDH antibody; anti-LAMP1
(sc-20011). 5. From R&D Systems (Minneapolis, MN): goat anti-CD31 (AF3628). 6. From
Cedarlane (Burlington, Ontario, Canada): anti-Mouse Mac-3 (CL8993AP).
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Bone marrow-derived macrophage

Isolation of bone marrow cells and differentiation of macrophages were performed based

on established protocols.20, 21 Briefly, bone marrow cells were cultured on untreated petri
dishes in RPMI 1640 medium (Cellgro Mediatech, No.15-040-CV) supplemented with 10%
FBS and 10 ng/mL macrophage colony stimulating factor (M-CSF, Sigma, SRP3221). On
day 3 after initial plating, 50% fresh medium and M-CSF were added. After 5 to 7 days of
differentiation, macrophages were disassociated with PBS plus 0.6 mM EDTA, washed in
culture medium, and plated onto 12-well cell culture plates (2.5 x 105/mL/well).

Mouse myocardial infarction model and rapamycin injection

A murine model of myocardial infarction was employed involving permanent ligation of

the left anterior descending coronary artery (LAD) as described previously [26]. Briefly,
12-14-week-old WT mice were anesthetized with 2.4% isoflurane and positioned supine

on a heating pad (37°C). Tracheal intubation was performed with a 19G stump needle, and
animals ventilated with room air using a MiniVent mouse ventilator (Hugo Sachs Elektronik;
stroke volume, 250 UL ; respiratory rate, 210 breaths per minute). Following left thoracotomy
between the fourth and fifth ribs, the LAD was visualized under a microscope and ligated
with 6-0 Prolene suture. The suture was placed at the LAD segment corresponding

to 1.5 mm to 2 mm below the lower edge of the left atrium. Regional ischemia was
confirmed by visual inspection of discoloration of myocardium distal to the occlusion under
a dissecting microscope (Leica). Sham-operated animals underwent the same procedure
without occlusion of the LAD. Area at risk (AAR) is determined by perfusing 2% Evans
blue after LAD ligation. The LV is cross-sectioned into 6 slices and the total and non-stained
area (AAR) are determined by Image J. The percentage of AAR/LV is calculated. After
LAD ligation, hearts were collected at 3-day and 7-day. Left ventricles were separated into
remote and infarct-at-risk zones and then flash frozen for further analysis. For rapamycin
treatment, mice were randomly divided into DMSO or rapamycin group 24 hours after the
LAD ligation and rapamycin was injected sub-cutaneous at 0.25mg/kg/d for 2 or 6 days. The
control cohort was injected with the same amount of DMSO.

Murine Echocardiography

Mouse echocardiograms were performed as described previously [26]. Briefly, non-sedated
mice were gently restrained and echo images were obtained using a Vevo 2100 system

and an 18-MHz linear probe. A short-axis view of the LV at the level of the papillary
muscles was obtained, and M-mode recordings were obtained from this view. Heart rate
was closely monitored during image acquisition. Left ventricular internal diameter at
end-diastole (LVID;d) and endsystole (LVID;s) were measured from M-mode recordings.
Fractional shortening was calculated as (LVIDd — LVIDs)/LVIDd (%).

Isolation of immune cells and cMP enrichment

Cardiac immune cells were isolated as described previously [1, 3, 26] with some
modifications. The heart was exposed by left thoracotomy followed by perfusion with 20
ml ice cold PBS. After perfusion, the hearts were separated and placed in cold PBS on

ice. We examined all hearts under a dissection microscope to ensure the procedure inducing
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infarction was successful. The infarct region and remote area was separated also under

the dissection microscope. The hearts were examined and tissue was finely minced and
extensively washed in ice-cold PBS. The minced tissues were then incubated at 37°C for 45
to 50 minutes on an orbital shaker at a speed of 75 rpm in the digestion buffer that contained
the following enzymes obtained from Sigma (St. Louis, MI): collagenase (C0130) at 450
U/mL, hyaluronidase type 1-S (H3506) at 60U/ml, and DNase (D4513) at 60U/ml. We use

1 ml of the digestion buffer per remote or infarct tissues. After digestion, the tissues were
then triturated and passed through a 40 um strainer. The strainer was washed with 1 ml ice
cold PBS. The cells were pelleted by centrifugation at 250 x g for 15 min and washed with
Opti-MEM (ThermoFisher, Waltham, MA). The cell pellet was suspended in Opti-MEM
and seeded onto Corning cell culture dishes. After 2-hour incubation, the unattached cells
were removed by gentle pipetting followed by washing with PBS. The attached cells were
collected for RNA or protein isolation. For confocal microscopy, the cell mixture was
dispended on coverslips coated with SureCoat (sc-9035) obtained from Cellutron (Rosedale,
MD). ,

Fluorescence activated cell sorting (FACS)

The immune cells isolated as described above were treated with RBC lysis buffer for 5
minutes followed by inactivation of the process by adding 5-8 mL of cold Opti-MEM.
Centrifuge the samples at 400 x g for 5 min at 4 °C. Aspirate off supernatant and

suspend the cell pellet with 1 mL of FACS buffer that contained 2% FBS and 1 mM
Ethylenediaminetetraacetic acid (EDTA, pH 8.0) in PBS. Cells were labeled with the
following antibodies at indicated dilutions: CD11b-PB, 1:200; CD45.2-FITC 1:200; F4/80-
PE, 1:100; Ly-6G-APC 1:250; Ly-6C-BV711 1:200; CD206- PerCP/Cy5.5 : 1:200. After the
30-minute incubation, the cells were washed and suspended in FACS scan buffer. Gating
strategies are described in the results section.

Isolation of monocytes from the spleen

The spleen is harvest and gently crashed into ice cold PBS. The tissue suspension is
trifurcated by pipetting to further disassociate the tissue into single cell suspension. The
resulting solution is filtered through 70uM filter to remove large tissue debris. Red blood
cells are removed from the cell suspension by incubating with RBC lysis buffer (cat# 00—
4333-57, ThermoFisher) for 5 minutes followed by spinning down at 400g for 5 minutes
at 4°C. The monocytes are purified using a monocyte isolation kit from according to
manufacturer’s instruction (Cat.# 19861, STEMCELL, Cambridge, MA). The monocytes
prepared are subjected with RNA isolation or flow cytometry.

Isolation of myocardium-derived particle

Mice were anesthetized with isoflurane followed by cervical dislocation. 70% ETOH was
sprayed onto the chest before the heart was exposed. The infarct tissue or the remote
myocardium 1 day after LAD ligation were collected and weighed. The tissue was then
transferred to sterile cell culture hood and extensively rinsed with ice cold PBS. Procedures
from now on were performed using sterile techniques and instruments. The heart tissue
was minced into 1-2 mm dimension pieces in cold PBS and rinsed again for 3x with cold
sterile PBS. The tissue was then transferred to Dunce tissue homogenizer that contained
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cold particle isolation buffer that has 320 mM sucrose, 20 mM Tris, 1 mM EGTA, 0.2

% BSA, and pH adjusted to 7.2. The ration of tissue weight (mg) to buffer volume (ml)

is 100 to 1. First, the tissue was broke by stroking pistol A (Lup +1 down) for 10-15x
followed by pistol B 10-15x. The resulting tissue homogenate was spun down at 1000g for
5 minutes at 4 degree. The supernatant was collected into a new pre-cooled tube. Suspend
the pellet in 1ml (same ratio as the above) isolation buffer and perform 10-15 strokes with
pistol B. The second homogenate was spun down at 1000g for 5 minutes at 4 degree.
Combine the supernatant obtained as described above and spin down for 10 minutes at
12,000g at 4°C. Discard the supernatant and wash the pellet with 1.5 ml cold PBS. Repeat
centrifugation at 12,0009 for 10 minutes at 4°C. Particles prepared using this method are
enriched with mitochondria with sizes ranging from 0.5 um in diameter and up to 7 um in
length, ideal for phagocytosis assay. For the purpose of easier to describe, we name the as
mitochondria-enriched myocardium-derived particles Mito-MyoDP.

Phagocytosis Assay

The advantage of using the Mito-MyoDP in our phagocytosis assay is that they are
physiological relevant to the phagocytotic process /n vivo, comparing to the commonly used
opsonized latex beads that cannot be digested by macrophages. In addition, we developed

a method of tracking these particles by staining them first with a MitoTracker dye, as the
particles purified are enriched with mitochondria. The Mito-MyoDP was suspended in 200
ul Opti-MEM containing 100 nM MitoTracker Red (M7512, ThermoFisher) at 37°C for 30
minutes. After incubation, the particles were collected by spinning down at 12,0009 for 5
minutes. The Mito-MyoDP was washed by resuspending the pellet in 500 pl Opti-MEM
and spinning down using the same parameters. The labeled Mito-MyoDP was added to
macrophages cultured on coverslip and incubated in cell culture incubator at 37°C for 10-,
20-, 30-, and 40-minutes. After the incubation, the cells were washed with PBS followed by
fixation with 4% PFA for 10 minutes in room temperature. The engulfed Mito-MyoDP can
be visualized under confocal microscope.

Immunoblot analysis

The protocol for immunoblot analysis was as described previously with minor modifications
[26]. Briefly, tissues from the remote and infarct areas of myocardial tissue were
homogenized in T-PER lysis buffer from ThermoFisher (Waltham, MA) supplemented

with protease inhibitors and phospho-STOP (Roche, Indianapolis, IN) using a Dounce
homogenizer. Tissue lysates were centrifuged at 12,0009 for 12 minutes. The supernatant
was collected, and the protein concentration was measured by Bradford assay (Bio-Rad,
Hercules, CA). Fifteen micrograms of total protein was loaded onto an SDS-PAGE gel

and ultimately transferred to a nitrocellulose membrane. The membrane was blocked with
5% nonfat dry milk, followed by incubation with primary antibodies (overnight, 4°C) and
secondary antibodies (1h, RT). The membrane was scanned and quantified using an Odyssey
scanner (LI-COR, Lincoln, NE).

Immunohistochemistry

Sham- or MI-operated mice at indicated time points were anesthetized with isoflurane.
Immediately after cervical dislocation, the heart was exposed and the right atrium was
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nicked with a scalpel. The heart was perfused with 10 ml ice-cold PBS to flush out the
residue blood in the coronary circulation. The heart was fixed by perfusing ice-cold 4%
paraformaldehyde in PBS. After trimming away the atria and great vessels, the heart was
embedded in OCT compound (VWR International) and frozen in isopentane chilled in liquid
nitrogen. The frozen tissue sections were obtained in transverse orientation starting at the
level of LAD suture and progressing toward the apex at 0.5 mm intervals. Sections were
incubated in PBS containing 0.1% Triton X (5 min, RT), and non-specific antibody binding
sites were pre-blocked with PBS plus 5% BSA. Sections were then incubated with primary
antibodies in PBS with 5% BSA (overnight, 4°C) in a humidified chamber. After rinsing
with PBS for 10 times, the sections were next incubated with appropriate fluorophore-
conjugated secondary antibodies for 1 hour at room temperature. Stained sections were
mounted with anti-fade mounting medium before proceeding to fluorescent microscopy.

RNA isolation and quantitative RT-PCR

Total RNA was isolated from heart tissues and cultured cells using the Aurum kit for total
RNA isolation (Bio-Rad, Hercules, CA). 100 ng RNA was used for reverse transcription
using Superscript (ThermoFisher, Waltham, MA). The resulted cDNA was diluted 5x, and
2 UL of the final cDNA solution was used in the subsequent quantitative polymerase chain
reaction analysis (QPCR) with Sybergreen according to manufacturer’s instructions (Roche,
Indianapolis, IN). Primer sequences are as follows.

Mouse 18s Forward AAACGGCTACCACATCCAAG
Mouse 18s Reverse TACAGGGCCTCGAAAGAGTC
Mouse IL-6 Forward TCCATCCAGTTGCCTTCTTG
Mouse IL-6 Reverse GGTCTGTTGGGAGTGGTATC
Mouse TNF-a Forward CCTCCCTCTCATCAGTTCTATGG
Mouse TNF-a Reverse GGCTACAGGCTTGTCACTCG
Mouse MCP1 Forward AGGTCCCTGTCATGCTTCTG
Mouse MCP1 Reverse TGGGATCATCTTGCTGGTG
Mouse CCL5 Forward ACGTCAAGGAGTATTTCTACAC
Mouse CCL5 Reverse GATGTATTCTTGAACCCACT
Mouse IL1p Forward CCAAGCAACGACAAAATACC
Mouse IL1p Reverse GTTGAAGACAAACCGTTTTTCC
Mouse CD14 Forward CTCTGTCCTTAAAGCGGCTTAC

Mouse-CD14 Reverse GTTGCGGAGGTTCAAGATGTT
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Mouse Arginasel Forward CTCCAAGCCAAAGTCCTTAGAG
Mouse Arginasel Reverse AGGAGCTGTCATTAGGGACATC
Mouse MMP2 Forward GATAACCTGGATGCCGTCGTG
Mouse MMP2 Reverse CTTCACGCTCTTGAGACTTTGGTTC
Mouse MMP9 Forward GCCCTGGAACTCACACGACA
Mouse MMP9 Reverse TTGGAAACTCACACGCCAGAAG
Mouse CCL3 Forward TGAAACCAGCAGCCTTTGCTC
Mouse CCL3 Reverse AGGCATTCAGTTCCAGGTCAGTG
Mouse CCL4 Forward CCATGAAGCTCTGCGTGTCTG

Mouse CCL4 Reverse GGCTTGGAGCAAAGACTGCTG

Statistical analyses

RESULT

Findings are expressed as mean + SD. The data were analyzed using statistical software
(GraphPad Prism, version 7.01; GraphPad Software, San Diego, CA). An unpaired Student
t test was performed to analyze 2 independent groups. One-way ANOVA coupled with the
Tukey post-hoc test was used for pairwise comparisons. In representative datasets, we have
also employed nonparametric tests (Wilcoxon rank sum test, Wilcoxon two-sample test,
Kruskal-Wallis test). A value of p < 0.05 was considered statistically significant and results
are depicted throughout as follows: *p<0.05; **p<0.01, ***p<0.001.

Robust activation of mMTORCL1 in the mononuclear phagocytes in the infarcting
myocardium.

mTORC1 activation is gauged by phosphorylation of its downstream targets including
ribosomal protein S6 kinase beta-1 (P70S6K), S6 ribosomal protein (S6), and elF4E binding
protein 1 (4EBP1). We first determined the overall nTORCL activity in the remote and
infarcting myocardium. Supplemental(S)-Figure 1A demonstrates the p-P70S6K level in
sham hearts, infarct tissues, or remote myocardium 3- or 7-day after the Ml procedure.

The increase in p-P70S6K predominantly occurred in the infarcting myocardium, suggesting
that ischemia triggered the activation of P-70S6K. The summarized data from different
cohorts revealed a 13 to 17 fold increase in pP70S6K when compared to that in sham
(S-Figure 1C). We observed a modest increase in p-P70S6K in the remote myocardium

but it did not reach statistical significance (Figure 1C). S-Figure 1B is a representative
immunoblot demonstrating the increase in p-S6 in the infarcting myocardium. The p-S6
levels from different M1 cohorts was summarized in S-Figure 1D. S-Figure 1E depicts

the phosphorylation pattern of 4EBP1. We detected both hypo- and hyper-phosphorylated
4EBP1 in all samples. The hypo-phosphorylated isoform dominated in sham-operated hearts
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(S-Figure 1E). In contrast, the hyper-phosphorylated 4EBP1 became more prominent in the
infarct tissue especially at the 1 week post MI. As binding of hypo-phosphorylated 4EBP1
with elF4E prevents its interaction with elFAG and subsequently inhibits complex assembly
leading to translation suppression, the shift from hypo- to hyper-phosphorylated isoform in
the M1 tissues is indicative of activation. While quantification of the phosphorylation pattern
was difficult when using t-4EBP1 as loading control, we did observe a two fold increase in
p-4EBP1 after normalizing it to GAPDH (S-Figure 1F).

In order to determine if the cardiac mononuclear phagocytes (cMPs) contributed to the
mTORC1 activity, we co-labeled tissue sections with antibodies against p-S6 and CD68

(a cell surface marker for monocytes and macrophages). We also determined mTORC1
activation using isolated cMPs. Figure 1A demonstrates the staining patterns of p-S6 and
CD68 on cryosections prepared from MI hearts 3-day after LAD ligation. The majority of
the cMPs in the infarct region was strongly positive for p-S6 staining. In contrast, there

was very limited p-S6 positivity in the remote myocardium (Figure 1A). Interestingly,
neutrophils completely lacked p-S6 (Figure 1B), suggesting that mTORC1 was not activated
in these cells. We then calculated the area ratio of CD68*p-S6™ to p-S6™ using ImageJ. As
demonstrated in Figure 1C, cMPs contributed to about 60% of the overall p-S6 staining.

We next determined if mMTORC1 was activated in myofibroblasts by staining tissue sections
with aSMA and p-S6 antibodies. As demonstrated in S-Figure 2A, we did not detect p-S6
in aSMA positive cells. Representative HE staining of the infarct region where images were
acquired (as in Figure 1A, 1B, S-Figure 2A) and quantified (Figure 1C) are presented in S-
Figure 2B and 2C. To further confirm our observation, we evaluated the levels of p-P70S6K
and p-S6 using protein samples prepared from cells enriched with cMPs. As demonstrated
in Figure 1D, p-P70S6K and p-S6 in cMPs isolated from the infarcting tissue were higher
than cMPs isolated from sham heart. Figure 1E was the summarized data generated using
cMPs isolated from different MI cohorts. Taken together, our results strongly support that
mTORCL is robustly and persistently activated in the cMPs in the infarcting myocardium,
suggesting an important role of this pathway in regulating the functions of these cells.

Digesting tissue debris activates mTORC1.

mMTORC1 activation requires both nutrients and growth factors or cytokines such as TNFa
[30-32]. While TNFa is abundantly produced in the infarcting myocardium, the source of
nutrient is not known and unlikely from blood stream as sparse vasculature was observed
in the infarct region within the first week of Ml [33]. Here, we investigated if tissue debris
could be a source of nutrients in mTORCL activation. We observed that the mnTORC1
activation in cMPs had a distinct spatial distribution. As demonstrated in S-Figure 3A and
3B, cMPs surrounding the unresolved dead tissue core had higher p-S6 levels. The images
were taken from either the center (3A) or the border (3B) of the infarct, which were marked
on the cross sections with HE staining. S-Figure 3C confirms that most p-S6* cells were
CD68™ cMPs. In contrast, CD68* cMPs in the region where the necrotic tissue had been
resolved demonstrated minimal p-S6 positivity (S-Figure 3D).

The evidence presented suggests that the cMPs in the infarct tissue could have turned the
damaged tissue into nutrients that in turn activate the mTORC1 pathway. We hypothesize
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that the nutrients used to activate mTORC1 are derived intracellularly through the
phagolysosomal degradation of tissue debris. To test this hypothesis, we designed an in
vitro model in which we treated bone marrow derived macrophages (BMDM) with particles
derived from the infarct area to simulate /77 vivo phagocytosis. To generate myocardium-
derived particles (Myo-DP) suitable for phagocytosis, we modified a protocol used to enrich
mitochondria from tissues[34]. We isolated the particles from myocardium and incubated
them with BMDM for 0-, 10-, 20— 30-, and 40-minute. S-Figure 3E and 3F are images from
10- and 40-min treatment group, respectively. The engulfed mitochondrial particles were

in red and endogenous mitochondria were labeled with anti-Tom20 (green). S-Figure 3G
demonstrates increased p-S6 after the BMDMSs were treated with Myo-DP for 6 hours. Myo-
DP treatment also induced hyper-phosphorylation of 4EBP1 (S-Figure 3G). Summarized
data for p-S6 from different experiments demonstrated a more than 3.5 fold increase in
p-S6 by Myo-DP treatment (S-Figure 3H). As expected, the increased mTORC1 activation
was sensitive to rapamycin treatment, a classic mTORCL inhibitor (S-Figure 3G, 3H). Next,
we tested our hypothesis using peritoneal macrophages. S-Figure 31 is the representative
immunoblot of p-S6 level of peritoneal macrophages after they were treated with Myo-DP
for 15 hours. Similar to BMDM, Myo-DP activated mTORCL1 in peritoneal macrophages
(S-Figure 31). Results from different experiments were summarized in S-Figure 4J. We next
tested if phagocytosis of indigestible beads stimulates mTORCL activation. We incubated
the BMDM with latex beads for 6 hours (S-Figure 3K) and determined the phosphorylation
of P70S6K and S6. As demonstrated in S-Figure 3L, only treatment with biodegradable
Myo-DP increased p-P70S6K and p-S6.

We next investigated if the cMPs in the infarcting myocardium had sufficient intracellular
nutrients such as amino acids, a requirement for mTORCL1 activation. Amino acids inside the
lysosomal lumen activated mTORC1 by recruiting the complex to the lysosomal membrane
via Ras-related small GTPase (Rag) [35, 36]. During this process, the staining pattern

of mTOR changed from diffusely localized in the cytosol to punctuated structures [37].
S-Figure 4A demonstrates mTOR as the punctate-like structure that co-localize with the
CD68* cMPs in the infarct region. To determine if the mTOR complex was located to

the lysosomal membrane, we first defined the lysosomal structure on the tissue section by
labeling the lysosomal membrane protein MAC3 (S-Figure 4B). S-Figure 4B Inlet shows
the lysosomes in circular structure (indicated by arrows). S-Figure 4C demonstrates the
co-localization of mMTOR with lysosomes and the visualization of the mTOR complex on

the lysosomal membrane (indicated by arrows, the lysosome lumens were marked with *).
Furthermore, we labeled isolated cMP with MAC3 and mTOR. As demonstrated in S-Figure
4D, mTOR was localized to the lysosome membrane (some were indicated by arrows). In
summary, our data suggest that cMPs in the infarct region could transform the “waste”/dead
tissues into signals that supports mTORC1 activation.

The ischemic environment determines the effector function of cMPs.

Myocardial infarction is also a systemic inflammatory disease[38]. One example is that
IL1P released from the infarct tissue promoted leukocyte production from bone marrow and
spleen that in turn intensified the inflammation-mediated cardiac damage [39]. Similarly,
monocytes could become activated before they were recruited to the infarcting tissue. To test
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our hypothesis that the microenvironmental signals drive the cMPs to develop their effector
function, we tracked the transcriptome activation by comparing the cMPs with monocytes
isolated from spleen from both sham and MI cohorts. We first determined the composition
of cell population prepared from the infarct tissue by labeling them with mononuclear
phagocyte markers CD68 and CD11b. We counter-stained the same samples with universal
structural proteins Actin and Tom20 to detect all intact cells. As demonstrated in Figure 2A
and 2B, the majority of cells were positive for both CD68 and CD11h. Consistent with the
role of CD11b as a myeloid integrin (aMp2, CD11b/CD18), the focal adhesion structure
was easily visualized when the cells were examined under higher magnifications (Figure 2C
and the inlet). Interestingly, we noticed DAPI positive structures (some were indicated by
arrows) that lacked mitochondria and actin. We demonstrated in S-Figure 5A with multiple
views and higher magnification that these were fragmented and condensed nuclei. The
percentages of CD68" or CD11b* cells to total number of cells was plotted in Figure 2D.

In order to further confirm the cells prepared were enriched with cMPs, we determined

the protein expression of cGAS (cyclic GAMP synthase), a DNA receptor most abundantly
expressed in monocytes/macrophages, using samples prepared from normal myocardium
tissue (sham), cMP-enriched cells isolated from infarct tissue, mouse cardiomyocytes and
cardiac fibroblasts. As demonstrated in S-Figure 5B, cGAS was easily detectable in cells
enriched with cMPs prepared from M tissues of WT but not cGAS knockout mice. In
contrast, no cGAS was detected from cardiomyocytes and fibroblasts (S-Figure 5C). The
resident macrophages in the normal heart likely contributed to the cGAS signal observed

at tissue level (sham). In addition, we stained the cells with CD45, another myeloid

marker that was used to exclude fibroblasts, and the endothelial marker CD31. S-Figure
5D demonstrates the majority of the cells prepared were CD45+ and CD31- cells. Taken
together, these data suggest that cells we prepared from the infarct tissue are highly enriched
with cMPs.

We next examined the expression of inflammatory cytokines, chemokines, scavenger
receptors involved in phagocytosis, and matrix metalloproteinases (MMP) that are essential
for matrix remodeling - aspects reflecting the effector function spectrum of cMP. We also
determined the expression of arginase 1 (Argl) and /NOS, which have been extensively
used in /in vitro macrophage polarization experiments[40]. Figure 2E demonstrates that the
expression of /L1B, TNFa and /L6were similar in monocytes isolated from spleens (spleen
monocytes: sMo) regardless of the type of surgical procedure (sham or LAD ligation). In
contrast, cytokine expression was increased in the cMPs isolated from the infarct tissue.
Monocyte chemoattractant protein 1 (MCP-1, also known as CCL2) is a potent chemokine
that attracts blood monocytes. The main activity of Chemokine (C-C motif) ligand 3
(CCL3) and CCLA4 is to recruit and activate polymorph nuclear leukocytes [41, 42]. As
demonstrated in Figure 2F, the robust increase in MCP1, CCL3, and CCL4all occurred in
cMPs. One commonly used standard to separate inflammatory from alternatively activated
macrophages /n vitrois the ratio of ArgIto iNOS. While inflammatory macrophages
express high levels of /NOS therefor lower ratio of Arg1/iNOS, the alternatively activated
macrophages (which is anti-inflammatory) is the opposite in expression levels of these

two markers[40]. We examined both markers in our ex vivo experimental setting. Figure
2G demonstrates the increase of ArgZin cMPs that reached the highest level 3-day after
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MI. Interestingly, /NOS expression not only had much less dynamic changes comparing

to Arg1but it was decreased in cMPs. The ratio of Arg1/iNOS peaked at 3-day post Ml

and decreased at 1 week time point (Figure 2H). As Arg1 is considered a prototypical
marker for alternatively activated/anti-inflammatory macrophages and cMPs in the first three
days after MI procedure are considered inflammatory cells, the data suggest cMPs in the
heart are drastically different than macrophages polarized in /n vitro conditions. We next
examined the changes of scavenger receptor CD14 that was involved in phagocytosis [43].
Interestingly, we observed a small but significant increase in CDI14in spleen monocytes
isolated from MI mice (Figure 2I). Similar to the changes in cytokines and chemokines,

the increase in CD14 predominantly occurred in cMPs (Figure 21). Consistent with a prior
observation that cMPs at latter half of the first week post MI had enhanced phagocytotic
activity [3], we observed a higher CD14 level 7-day post MI. Matrix metallopeptidases
(MMP) are important in remodeling of the provisional matrix formed after Ml [44]. We
observed that both MMP2and MMP9I were increased in cMPs but with different dynamics
— MMPZhad more prominent changes and peaked at 7-day while MAP9 started to decrease
3-day after the Ml procedure (Figure 2J). These data overwhelmingly support that the
cardiac ischemic environment drives the acquisition of effector functions critical to the
inflammatory injury and the repair process.

mMTORC1 inhibition by rapamycin protects the heart from ischemic injury.

Our data presented in Figure 1 demonstrate a robust mTORCL1 activation in the cMPs. We
next determined the impact of mMTORCL1 inhibition on ischemia-induced cardiac remodeling
and mortality. Twenty four hours after the LAD ligation, animal cohorts were randomly
divided into groups receiving either DMSO or rapamycin at 0.25mg/kg/day for a total of 6
days. The experimental scheme was outlined in Figure 3A. Figure 3B demonstrated a much
lower p-S6 level after rapamycin treatment, indicating effective mTORCL1 inhibition. Cross
sections stained with Trichrome C (TC) or Picrosirius red (PSR) one week after Ml are
presented in Figure 3C. Using ImageJ, the percentage of infarct area to LV was estimated at
35% and 26% for DMSO and rapamycin group, respectively. The parameters of gravimetric
analysis, including heart weight to body weight or tibia length ratio, were also reduced in
rapamycin-treated animals (Figure 3D). Acute myocardial ischemia immediately induces
hemodynamic stress to the remaining functional myocardium. The severity of the ischemia-
induced injury is reflected by the hemodynamic stress that increases the hypertrophy
markers in the remote myocardium. Figure 3E demonstrated the profiles of ANF, BNP,
aSMA, and BMHC from the remote myocardium. We observed a striking decrease in

ANF level after mTORC1 was inhibited. Similarly, the BN/P level was also reduced in
rapamycin-treated group. We did not observe changes in aSMA and SMHC between DMSO
and rapamycin treated animals. Interestingly, a SMA level in the infarct region, which is
often used as an indicator for infarct size, was reduced by rapamycin treatment (Figure

3F). Consistently, the infarct size, estimated by the percentage of infarct to left ventricle
(LV), was reduced by rapamycin treatment (Figure 3G). We next compared the mortality

in the first week of MI, a time window when more than 95% of the mortality occurs in
experimental M1 model. Figure 3H demonstrates improved survival in the mouse cohort
treated with rapamycin. Importantly, we compared the cardiac function of DMSO- and
rapamycin-treated groups 4 weeks after M. Even though the treatment was stopped after
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the first week (a total of 6 injections), fraction shortening (FS) was improved in rapamycin
group 4 weeks after MI (Figure 31). Consistently, left ventricle chamber dimensions were
smaller in rapamycin group (Figure 31). These data suggest that mTORCL1 inhibition in the
acute phase of Ml has sustaining beneficial effect on cardiac function and remodeling in
addition to the mortality reduction. In aggregate, our results strongly support a critical role
of mMTORC1 activation in mediating ischemia-induced remodeling and mTORC1 inhibition
via rapamycin at 0.25mg/kg/day in the first week of MI provides cardiac protection.

The heterogeneity of cMPs in ischemic environment and the role of mMTORCL1 in promoting
the accumulation of mature macrophages.

The effector functions are gained/amplified when monocytes differentiate towards
macrophages in the ischemic microenvironment. This is an important process yet our
understanding of it is quite limited. Interestingly, it was reported that the mean resident time
of cMPs in the infarcting myocardium was around 20 hours [45], making differentiation a
very challenging task to accomplish in such short period of time. Separating monocytes from
macrophages via flow cytometry is inherently difficult because both cell types share most
of the cell surface markers. On the other hand, the morphological criteria that distinguishing
macrophages from monocytes are well-established and include: 1) macrophages are larger
(greater than 20 um); 2) round or oval nuclei; 3) nuclei to cytoplasm ratio less than 1; 4)
sophisticated organelles especially abundant lysosomes. Here, we performed morphology
sorting to characterize the subpopulations of cMPs 3-day and 7-day after MI. The single
cell solution yielded from digesting the infarct tissue was seeded onto coverslips for 2 hours
before fixation and immune fluorescent study.

In Figure 4A, we demonstrate the morphological spectrum of cMPs in four sub-groups,
cMP1, cMP2, cMP3, and cMP4, based on the criteria discussed above. Lysosome and
mitochondria, labeled by MAC3 and Tom20, respectively, were used to gauge the
complexity of intracellular organelles. cMP1 resembled the circulating monocytes and
represented cMP recently recruited from the circulation. The cMP2 represented a population
that had differentiated but had not yet evolved into mature macrophages. cMP3 and cMP4
represented mature macrophages and cMP4 possessed more mitochondria comparing to
cMP3. The vacuoles (indicated by arrows) were typical structures seen in mononuclear
phagocytes and represented phagosomes. To correlate the morphology with function,

we stained these cells with CD206, a bona fide marker for anti-inflammatory/reparative
macrophages that promoted myocardial repair [27] and accumulated in the second half of
the week post Ml [2, 4, 26, 27]. As demonstrated in Figure 4B, CD206 was barely detectable
in cMP1 but became the strongest in cMP4, suggesting a correlation of CD206 with the
differentiation of macrophages. Figure 4C summarized the percentage of cMP1 to cMP4
in the infarct tissue. The cMPs isolated from the infarcting tissue 3-day after MI were
predominantly cMP1s and cMP2s that accounted for about 80% of total cMPs. One week
after M, the percentage of cMP1 dropped from 42% (at 3-day post MI) to 27%, and the
percentage of cMP2 on the other hand increased from 38% to 45%. However, the cMP1
and cMP2 subpopulations still constituted the majority of the cMPs at the 1 week time
point. Inhibiting mTORCL1 by rapamycin did not alter this dynamic that was the majority
of cMPs were from cMP1 and cMP2 at either time points (Figure 4C). However, the total
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percentage of cMP1s and cMP2s was lower whereas the cMP3 population was larger in
rapamyecin group (Figure 4C). To connect mTORC1 activity and the morphology changes

to functionality, we next co-labeled isolated cMPs with CD206 and p-S6 antibodies. We
demonstrate in Figure 4D that mature macrophages (cMP3 and cMP4) had lower mTORC1
activity (p-S6) but much higher level of CD206. Consistent with the finding that mMTORC1
inhibition led to a larger and the more mature cMP3 population (Figure 4C), we observed
more CD206+ cMPs in rapamycin treated group (Figure 4E). Next, we examined the MerTK
on tissue sections obtained from either DSMO or rapamycin treated group. MerTK is one

of the markers that distinctly and universally associated with mature tissue macrophages
that mediated the phagocytosis of apoptotic cells, a process known as efferocytosis [46].
MerTK was expressed at a higher level in alternatively activated macrophages [47] that
were cells similar to the pro-resolving/pro-reparative macrophages. Not surprisingly, we

did not observe strong MerTK signal at 3-day post Ml time point (not shown). One

week after MI, the MerTK signal co-localized with CD68 (Figure 4F), and mTORC1
inhibition expanded the macrophage population expressing higher level of MerTK (Figure
4F). Figure 4G demonstrates the summarized data of experiments performed as in Figure
4F. In summary, our data demonstrate that the cMP in the infarcting myocardium is a
morphologically and functional heterogeneous population and the majority of these cells are
not mature macrophages, suggesting limited differentiate in the first week of acute ischemia.
Inhibition of mMTORC1 by rapamycin expands the subpopulation of mature macrophage.

In addition, our data reveal that CD206 is predominantly expressed in mature macrophage
(cMP3 and cMP4) and negatively correlates with mTORCL1 activation. These evidence
suggest mTORC1 activation diminishes the accumulation of mature macrophages. As the
primary function of MTOR/mTORCL1 is pro-growth, proliferation, and survival, the result
implies that mTORCL activation could have interfered the differentiation from monocyte to
macrophage. Additional studies with fate mapping and lineage tracing are needed to detailed
underlying mechanism.

mMTORC1 inhibition shifts the landscape of cMPs to reparative cells.

We performed flow cytometry to determine if mMTORC1 regulated the transition from
inflammatory to reparative cMPs in acute ischemia. Figure 5A is the scatter plot that
demonstrates the cMPs (CD45*CD11b*Ly6G!°W) population further separated by CD64 and
CD206, markers for inflammatory [48, 49] and reparative cMPs, respectively. mTORC1
inhibition by rapamycin shifted the majority of cMPs to CD206"9" CD641oW cells (72.3%
in rapamycin group and 14.1% in DMSO group). We further characterized the cMPs using
Ly6C and F4/80. Ly6C was a classical inflammatory marker [1, 2]. Figure 5B revealed

a close positive correlation between F4/80 with CD206, suggesting F4/80 can be used

as a marker for reparative cMPs. Figure 5C demonstrates that mTORC1 inhibition with
rapamycin shifted the cMPs towards F4/80M3INLy6C!oW cells (11.5% vs 52% in DMSO

and rapamycin group, respectively). These data strongly support mTORCL1 inhibition
promoted the transition from inflammatory cells to reparative cMPs. Figure 5D depicts

the comprehensive comparison of all cell surface makers used to characterize the cMPs
isolated 1 week after the MI and highlighted the landscape shift of cMPs when mTORC1
was inhibited. Figure 5E depicts the heat map of the median fluorescent intensity (MFI) that
quantified the decrease in the inflammatory marker (CCR2, CD64, Ly6C) and increase in
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reparative cell markers (CD206, F4/80) and the marker that was indicative of maturation

of ctMPs (MHCII) by rapamycin treatment. Next, we evaluated if mMTORCL1 inhibition

by rapamycin affected the cytokine expression from cMPs. Intriguingly, we observed
higher levels of inflammatory cytokines (TA/Fa, IL1B, and IL6)in cMPs isolated from
rapamycin treated group (Figure 5F and 5G). These data suggests mTORCL inhibition may
promote a group of cMPs that phenotypically resembles a subtype of alternatively activated
macrophage M2b [50]. Interestingly, recent studies suggested the M2b subtype macrophage
protected the heart from ischemic or I/R injury [51, 52].

Prior studies suggested mTORC2 activity was essential for the development of alternative/
anti-inflammatory macrophages [19, 20]. Chronic rapamycin treatment at 2mg/kg for 14

to 28 days inhibited mTORC2 that led to glucose intolerance and insulin resistance [29].

In addition, rapamycin treatment after Ml at 2mg/kg to 10mg/kg suppressed mTORC2
activation [24]. We determined next if the rapamycin used in the current study had any
impact on mTORC2 activity. We demonstrates in Figure 5H that there were no differences
in p-Akt473 or p-Akt308 from remote or infarct region in DMSO- or rapamycin-treated
hearts, suggesting rapamycin treatment in the current study selectively inhibited mTORC1
and had no impact on mTORC2. The summarized result for pAkt43 or pAkt38 is shown in
Figure 51 and Figure 5J, respectively. In summary, our data support that mMTORC1 promotes
inflammatory cMPs in acute ischemia. Inhibition of mMTORC1 by rapamycin shifts the
landscape of the cMPs into a cell population that promotes the resolution of inflammation
and myocardial repair.

DISCUSSION

The critical role of the monocytes and macrophages in repairing the damaged myocardium
from ischemic insult is well established by prior studies [1-3, 8, 53]. However, we still lack
effective ways to reduce inflammatory injury by targeting these cells. More work is needed
to define how the MPs take “cues” from the microenvironment and tune their effector
functions. In the current study, we present evidence to support a critical role of mMTORC1

in regulating the function of the mononuclear phagocytes in the infarcting myocardium.
First, we demonstrate that mMTORC1 was robustly activated in the cMPs in the infarcting
myocardium — an environment seemingly not compatible for mMTORC1 activation on the
surface. Selective Inhibition of mMTORC1 led to phenotypical transition to anti-inflammatory
and reparative cMPs. As a result, there was a greater than 80% reduction in mortality and
cardiac remodeling was mitigated. As the mTORCL is a master regulator that integrates
signals from the environment and serves as nexus point for cellular signals that controls
cellular function, we identify that mTORC1 plays this critical role in the cMP population
in the ischemic environment. To our best knowledge, this study is the first to report such
observation.

Activation of mMTORCL1 in the setting of ischemia.

mTORC1 is a tightly regulated process that requires the presence of both growth factors/

cytokines and abundant nutrients. Activation signals must be ,,,,licensed™ " by nutrient
availability. While TNFa is abundantly produced in the ischemic tissue and was known
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to activate mTOR/mTORC1[30-32], the infarcting myocardium, on the other hand, is a
hypoxic environment with low energy and lack of conventional source of nutrients, all of
which suppress mTORC1 activation (reviewed in[11]). Contrary to what was perceived,
mTORC1 was robustly activated in the cMPs in the infarct tissue. The translocation of
mMTOR to the lysosome membrane was consistent with an adequate intracellular amino acid
level required for mTROCL activation [37]. Potentially, nutrients could be delivered from
newly formed vessels. However, this may not be feasible because the infarct center lacked
vasculature in the first week of Ml [33]. Our data suggest cMPs could generate the required
nutrients by digesting the tissue debris. The concept of turning dead tissue/cells into signals
that regulate cellular function is supported by evidence presented in a recent study, in which
fatty acid generated by efferocytosis promoted anti-inflammatory macrophage polarization
in M1 by fueling mitochondria respiration and activating NAD*-dependent signaling [54].
However, comprehensive analysis including metabolic studies are needed to provide detailed
mechanisms that is beyond the scope of the current study. Nonetheless, our findings shed
light on how the dead tissue could be used as a way to critically regulate cMP function and
could guide future studies to dissect molecular events.

MTORC1 in cardiac MP differentiation and phenotype transition in the ischemic
environment.

1. Monocytes to macrophage differentiation.—Evidence presented in this study
demonstrate that the mononuclear phagocytes accumulated in the infarct tissue were
heterogeneous cells with vastly different morphology. Morphology sorting using well
established criteria for macrophages plus the complexity of intracellular organelles revealed
that the majority of the cMP population did not differentiate into mature macrophages in
the first week of MI. The advantage in this approach is that it does not rely on the cell
surface markers that are mostly shared between monocytes and macrophages, especially
in the setting of MI when peripheral monocytes are constantly recruited into the infarct
tissue and are precursor cells of cMPs. By strict criteria, the majority of these cells are
not macrophages but a heterogeneous population at different stages of differentiation. In
fact, although there was evidence of differentiation at 1 week after the MI procedure,

the time when the anti-inflammatory/reparative “macrophages” dominate, the majority of
cells were still morphologically closer to monocytes. This finding is consistent with a
prior study performed on other organs that monocytes recruited to acute inflammation
site rarely differentiated beyond a phase similar to the cMP2 defined in the current study
[55]. Our result here suggest that perhaps a different term should be used to describe

the heterogeneous cMP population. In contrast to the cells that remained in the early
stage of differentiation, we observed a population of cMPs that have mature macrophage
morphology (cMP3 and cMP4) and were strongly positive for CD206 (CD206***), a
bona fide marker for reparative cMPs. Because CD206 cMPs were derived from recruited
CCR2* monocytes[8], our finding suggests certain cMPs, although at a small percentage,
might be able to differentiate into mature macrophages within a limited time (3-day

after MI). Importantly, mTORCL1 inhibition expanded this population of cMPs, suggesting
interventions targeting this specific group of cMPs could reduce inflammation-induced
injury and promote repair. As the primary function of mMTOR/mTORCL is to promote
growth, cell survival and proliferation, it is counterintuitive to consider that inhibiting
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mTORC1 by rapamycin could promote proliferation and survival that lead to such
accumulation. However, the limitation of our current study is that these processes cannot
be rule out. Additional studies that characterize the dynamics of the cMPs, lineage tracing,
and fate mapping are needed to delineate what dictates the differentiation and if a specific
set of monocytes is “destined” to become the CD206™** macrophages in the ischemic
environment.

2. The phenotype transition of cardiac mononuclear phagocytes in acute
ischemia.—mTORC1 activation in /in vivo inflammatory models such as arthritis and
nephritis promoted or inhibited inflammation, respectively[17, 18], suggesting a complex
and context-dependent role of mMTORC1 in macrophage effector functions (reviewed in[56]).
In the myocardial ischemia model, our data suggested that the cMPs were turned into
reparative cells by mTORCL inhibition. Intriguingly, cMPs isolated from rapamycin treated
MI hearts had increased expression of inflammatory cytokines (/L6, TNFa and /L1p).
Although higher inflammatory cytokine is often used as a barometer of inflammatory
macrophages, we detected no difference in /L6, TNFa and /L18from cMPs isolated 3-day
after MI than those from cMPs purified from 7-day Ml tissue, the two time points with
peak inflammatory (3-day) and reparative/anti-inflammatory (7-day) cells. Furthermore,

a prior study demonstrated that, although 7N/Fa and /L1( (specified as inflammatory
macrophage markers by the investigators), was down regulated after neutrophil depletion

in MI, the ischemia-induced remodeling was worse [57]. Together, these evidence suggest
that the inflammatory cytokines by themselves may not accurately reflect the complex
phenotype of cMPs. In addition, this “paradoxical correlation” of anti-inflammatory cMPs
with relatively high inflammatory cytokines is intriguing and suggests the cMPs in the
7-day infarcting tissue resemble M2b (alternatively activate macrophage (M2) type b).
mTORCL inhibition enhanced the M2b-type like phenotype. The M2b macrophages were
considered immunity-regulating and were induced by IL-1 receptor agonists, LPS and
immune complexes [58]. Prior evidence demonstrated mTORCL1 inhibition promoted NF-xB
p65-RelA-mediated inflammatory cytokine transcription [59, 60]. In addition, inhibition

of mTORCL1 favored the translation of abundant transcripts that included /L18, TNFa,

and /L6'through suppressing the elFAE-initiated CAP-dependent translation [61]. It is
therefore plausible that the resulting increase in /LI in the infarct tissue by rapamycin
treatment could promote the development of M2b-type cMPs. Interestingly, injecting M2b
macrophages developed /n vitro by LPS and immune complex stimulation attenuated I/R
injury and decreased infarct size [52].

In addition to the possible mechanism that IL1p could promote cMPs transition to reparative
cells and improve repair, it is also possible that effector functions other than producing
inflammatory cytokines may be more detrimental to the heart after MI. One such candidate
could be phagocytosis of viable cardiomyocytes especially in the border region[62].
Phagocytosis is an effector function that was upregulated as the cMPs evolved within

the infarct tissue [3]. Interestingly, phagocytosis stimulated by TLR4 ligation required de
novo lipid synthesis mediated by sterol regulatory element binding proteins downstream

of mMTORC1 activation[63], suggesting mTORC1 may also facilitate the phagocytosis of
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live cardiomyocytes. Future work on other cMP effector functions such as phagocytosis as
mechanisms of inflammatory injury to the heart is needed.

Inhibition of MTORC1 by rapamycin in myocardial infarction.

We demonstrated that mTORC1 inhibition by rapamycin starting from the second day

after MI procedure reduced mortality by more than 80% and mitigated remodeling. Our
findings extended prior observations that rapamycin protected the heart in the chronic

stage of MI (4 to 5 weeks) [24, 25]. Interestingly, similar treatment duration (1 week

post Ml procedure) did not protect the heart compared to the long term treatment groups
[24]. The difference between our study and the prior report could be the different dosage

of rapamycin administered, which were 0.25mg/kg/day subcutaneous injection versus 2

to 10mg/kg/d via intraperitoneal injection, respectively. Although rapamycin selectively
inhibits mMTORC1, pro-longed treatment and higher concentrations of rapamycin suppressed
mMTORC2. mTOR2 complex was vital in promoting cell survival through phosphorylating
Akt473 and suppressing MST1 kinase [64, 65]. Also importantly, inhibition of mMTORC2
prevented that activation of alternatively activated macrophages [19, 20], the macrophage
phenotype similar to the reparative cardiac macrophages after MI. While mTORC2 activity
was completely suppressed when rapamycin was given at 2 or 10mg/kg/d after Ml for 1
week [24], we observed minimal changes in mTORC2 activity when the rapamycin was
reduced to 0.25mg/kg/d. Rapamycin does not directly bind mTOR, instead, it binds FK506
binding protein (FKBP) and forms a complex specifically interacts with the FRB (FK506-
rapamycin binding) domain of mTOR, allosterically inhibiting the kinase activity[66].
Interestingly, phosphatidic acid (PA), a type of phospholipid produced by cells naturally,
bound the same region where the FK506-rapamycin interacted with mTOR. PA binding to
mTOR promoted both mTORC1 and 2 activation [67, 68]. Based on these evidence, a model
proposed recently suggests a tighter binding between mTORC2 and PA rendered mTORC2
less sensitive to rapamycin [28]. The differential inhibitory action of rapamycin at different
concentrations on mMTORC1 and mTORC2 could be from the interaction dynamics between
FK506-rapamycin, phosphatidic acid, and mTOR complexes. Our study provides evidence
that supports a lower, non-mTORC2 suppressing rapamycin dose is profoundly beneficial
and protects the heart from acute ischemia. This could serve as an important insight to
harness the benefit of mMTORCL inhibition and avoid the off target mMTORC?2 inhibition that
is detrimental.

In summary, we presents evidence that supports a robust activation of mMTORCL1 in the
mononuclear phagocytes in the infarcting myocardium. Inhibiting mTORC1 with rapamycin
leads to a shift of cMP population towards reparative cells that contribute at least in part

to the improved myocardial repair. Importantly, rapamycin treatment reduced mortality by
more than 80% and improved cardiac function. This is achieved using rapamycin at a much
lower dose that selectively inhibits mTORC1 but not mTORC2. Our data uncovers mTORC1
as a crucial pathway that links the microenvironment to cellular response, a complex and
crucial factor that determines the cMP function but yet is the least understood. More studies
are necessary to dissect the role of mMTORC1 in the metabolism, survival, differentiation,
and effector function regulation of cMPs that could lead to novel treatment of inflammatory
injury.
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Highlights
. mTORCL1 is robustly activated in cardiac monocytes and macrophages in the
infarcting myocardium.
. Selective inhibition of MTORC1 by low dose rapamycin remarkably reduces

mortality and improves cardiac function after myocardial infarction.

. Cardiac protection by mTORCL1 inhibition is achieved via regulating the
effector functions of monocytes and macrophages in the ischemic niche.
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Figure 1.

C57BL/6J mice were subjected to sham procedures or LAD ligation. Immunohistochemistry
was performed on cryosections prepared from MI hearts. Immunoblot analysis was
performed using total protein extracted from cMPs isolated from sham hearts or Ml tissues.
A. Tissue sections from hearts three days after LAD ligation were labeled with antibodies
made against p-S6 and monocyte/macrophage marker CD68. Images were taken from both
the infarct and remote regions. n=3 hearts. B. Tissue sections from the same MI cohorts

as in A were labeled with neutrophil and p-S6 antibodies. C. Quantification of p-S6+ and
CD68+ areas relative to the total area using ImageJ. The percentage of p-S6+CD68+ area

to the total p-S6+ area was plotted on the right axis. n=3 hearts. D. Immunoblot analysis of
p-P70S6K and p-S6 using cMPs isolated from M tissue 3-day and 7-day after LAD ligation.
E. Quantification of p-P70S6K and p-S6 from different experiments performed as in D. Each
data point in sham represents 3 to 4 hearts combined, total 10 to 12 hearts used. In the
infarct cohorts, some data points are from pooled infarct tissue. Total n= 6 to 9 hearts at each
time point. * p<0.05 ** p<0.01.
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Figure 2.

Immune cells were isolated from the infarct tissue 3-day or 7-day after LAD ligation. Cells
were seeded on coverslips for two hours before they were fixed with 4%PFA for 10 minutes.
RTqPCR was performed using RNAs purified from spleen monocytes (sMo) and cMPs
isolated from infarct tissue. A and B. Cells isolated from infarcting myocardium 7-day post
M1 were labeled with CD68 or CD11b and counter-stained with Tom20 or Actin. C. The
focal adhesion structures formed by myeloid integrin CD11b under a higher magnification.
D. Percentages of cMPs (CD68+Tom20+or CD11b+Actin+) to total cells (Tom20+ n=211

J Mol Cell Cardiol. Author manuscript; available in PMC 2022 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Chenetal.

Page 30

or Actin+ n=238). Cells were isolated from 4 MI hearts. E. Transcripts of inflammatory
cytokines IL1B, TNFa, and IL6 from sMo and cMPs were determined using RT-gPCR. F.
Expression of chemokine MCP-1, CCL3, and CCL4 from sMo and cMP. G. Expression of
Argl and iNOS from the same set of samples as in F. H. The ratio of Argl to iNOS. I.
Scavenger receptor CD14 expression in sMo and cMPs from sham and M1 hearts. J. MMP2
and MMP9 expression from cMP samples as indicated. For RT-qPCR performed in E to J,
n=3 to 4 spleens or 10 to 12 MI hearts (some data points were from pooled Ml tissues). *
p<0.05 ** p<0.01 *** p<0.001.
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Figure 3.

Myocardial infarction was generated by LAD ligation. Twenty four hours after the
procedure, mice were randomly divided into groups that received subcutaneous injection

of DMSO or rapamycin at 0.25mg/kg/day. Hearts were harvested either 3-day or 7-day post
MI procedure, resulting a total of 2-day or 6-day injection respectively. A. A diagram of the
experimental design. B. Protein samples from sham or infarct tissue (7-day post MI) were
subjected to immunoblot analysis to detect p-S6 to assess the effectiveness of rapamycin.
n=2 hearts from each group. C. Cross sections from 1-week MI hearts were stained with
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Trichrome C (TC) or Picrosirius red (PSR). Infarct area is estimated using ImageJ software.
The percentages of IA (ischemic area) to LV (left ventricle) were calculated. D. Gravimetric
data reflecting cardiac remodeling 1-week after LAD ligation. Both heart weight to body
weight and heart weight to tibia length ratios were included. n=3 to 7 hearts. E. Expression
of cardiac hypertrophy markers in the remote myocardium from mice treated with DMSO or
rapamycin. n=3 to 4 hearts. F. a SMA protein levels in the infarct tissues from DMSO- or
rapamycin-treated group. n=2 hearts from each group. G. The percentage of infarct to left
ventricle was calculated using the tissue wet weight. The infarct tissues were meticulously
separated under a dissection microscope. n=10 to 22 Ml hearts. H. Survival curves of mouse
cohorts receiving either DMSO or rapamycin treatment. n=19 to 33 mice. I. Cardiac function
(FS), LV dimensions at the end of diastole (LVID;d) and systole (LVID;s), and heart rate
(HR) were measured 4 weeks after MI. Mice were treated with either DMSO or rapamycin
for 6 days starting at the second day after LAD ligation. n=4. * p<0.05 ** p<0.01 ***
p<0.001.
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Figure 4.

Myocardial infarction was generated via LAD ligation. Twenty four hours after the
procedure, mice are randomly divided into groups that receive subcutaneous injection of
DMSO or rapamycin at 0.25mg/kg/day. Cardiac immune cells were isolated from infarct
tissue 3-day or 7-day after MI and prepared for ICC. A. Morphological spectrum of
cMPs. Cells were labeled with lysosome marker MAC3 and mitochondria protein Tom20.
Representative cMPs from the infarct tissue were classified into cMP1, cMP2, cMP3,

and cMP4 based on criteria that separate monocytes from mature macrophages. B. cMPs
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with morphological criteria of cMP1, cMP2, cMP3, and cMP4 were labeled with CD206.
C. Morphology sorting of cMPs isolated from the infarct tissues 3-day and 7-day after
LAD ligation and treated with or without DMSO or rapamycin. The percentages of the
cMP1, cMP2, cMP3, and cMP4 populations and total cells examined were depicted. D
and E. cMPs from DMSO (D) or rapamycin (E) treated hearts were labeled with p-S6 and
CD206 antibodies. F. Cryosections of the hearts were labeled with CD68 and MerTK. G.
Quantification of MerTK+ cells. n=8 Ml hearts for A,B,C,D,E. n=3 MI hearts for F and G.
*p<0.05
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Figure 5.
C57BL/6J mice were subjected to sham or LAD ligation surgeries. Twenty four hours after

the MI procedure, mice were randomly divided into groups that received subcutaneous
injection of vehicle or rapamycin at 0.25mg/kg/day. Cardiac immune cells were isolated
from pooled infarct tissues from three mice (n=3 MI hearts from each group) 7-day

after Ml for flow cytometry. Cardiac tissues from the same cohorts were subjected to
immunoblot analysis to detect the phosphorylated and total Akt. A. The immune cells
isolated from DMSO- or rapamycin-treated hearts were labeled with CD45, CD11b,

CCR2, Ly6G, CD206, CD64, F4/80, Ly6C, and MHCII. After forward and side scatter
selection, cMPs were gated as CD45+CD11b+Ly6Glow cells. The selected cMP population
was gated further with CD206 and CD64 and is presented individually as DMSO or
rapamycin group or with the two group over-layed. The percentage of CD206highCD64low
or CD206lowCD64high were indicated. B. Positive correlation F4/80 with CD206. C.

The CD45+CD11b+Ly6Glow population was further gated based on Ly6C and F4/80.
Percentage of Ly6ClowF4/80high, Ly6CmidF4/80mid, and Ly6ChighF4/80mid were 11.5%,
33.2%, and 9.2% for DMSO-treated hearts and 52%, 12.8%, and 0.4% for rapamycin-treated
group. D. The landscape changes of cMPs. E. Heat map of the median fluorescent intensity
(MF1) of the inflammatory cell surface markers (CCR2, Ly6C, CD64), antiinflammatory
markers (CD206, F4/80), macrophage maturation marker (MHCII) and myeloid marker
(CD45) of cMPs from DMSO- or rapamycin-treated hearts. F. Expression of IL18 or TNFa
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from cMPs isolated from DMSO- or rapamycin-treated M1 hearts at indicated time points.
n=6 to 8 MI hearts (some data points are from pooled Ml tissue). G. IL6 expression from
cMPs isolated from DMSO- or rapamycin-treated hearts 7-day after MI. H. Protein samples
extracted from hearts 7-day after M| were subjected to immunoblot analysis. Individual
lanes represent different hearts. The activation of Akt was determined by the levels of
p-AktSer473 and p-AktThr308. | and J. Summarized data from experiments performed as in
H. n=4-6 MI hearts. * p<0.05 ** p<0.01.
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