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Abstract

Smad?7 restrains TGF-P responses, and has been suggested to exert both pro- and anti-
inflammatory actions that may involve effects on macrophages. Myocardial infarction triggers

a macrophage-driven inflammatory response that plays a central role in cardiac repair, but

also contributes to adverse remodeling and fibrosis. We hypothesized that macrophage Smad7
expression may regulate inflammation and fibrosis in the infarcted heart through suppression of
TGF-p responses, or via TGF-independent actions. In a mouse model of myocardial infarction,
infiltration with Smad7+ macrophages peaked 7 days after coronary occlusion. Myeloid cell-
specific Smad7 loss in mice had no effects on homeostatic functions and did not affect baseline
macrophage gene expression. RNA-seq predicted that Smad7 may promote TREM1-mediated
inflammation in infarct macrophages. However, these alterations in the transcriptional profile

of macrophages were associated with a modest and transient reduction in infarct myofibroblast
infiltration, and did not affect dysfunction, chamber dilation, scar remodeling, collagen deposition,
and macrophage recruitment. In vitro, RNA-seq and PCR arrays showed that TGF-f has
profound effects on macrophage profile, attenuating pro-inflammatory cytokine/chemokine
expression, modulating synthesis of matrix remodeling genes, inducing genes associated with
sphingosine-1 phosphate activating and integrin signaling, and inhibiting cholesterol biosynthesis
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genes. However, Smad7 loss did not significantly affect TGF-p-mediated macrophage responses,
modulating synthesis of only a small fraction of TGF-B-induced genes, including /tga5, Olfm/3
and Fabp7. Our findings suggest a limited role for macrophage Smad?7 in regulation of post-
infarction inflammation and repair, and demonstrate that the anti-inflammatory effects of TGF-$
in macrophages are not restrained by endogenous Smad7 induction.

macrophage; TGF-B; myocardial infarction; inflammation; fibrosis

INTRODUCTION

Macrophages are critically involved in repair, remodeling and fibrosis of the infarcted
heart!:2. Following myocardial infarction, the resident cardiac macrophage population? is
replaced by a large and dynamic population of macrophages, derived from circulating
monocytes released by the bone marrow and the spleen*:6.7_ In the healing infarct,
macrophages undergo phenotypic changes and contribute to cellular responses critical for
repair8, but also participate in maladaptive processes, promoting fibrosis of the non-infarcted
myocardium and accentuating adverse remodeling and myocardial dysfunction®10:11, The
contribution of infarct macrophages is prominent in all phases of cardiac repair. During the
inflammatory phase, macrophages stimulate the inflammatory cascade!?:13 and phagocytose
dead cells and matrix debris46. Upon phagocytosis of apoptotic cells, macrophages
acquire an anti-inflammatory phenotype restraining post-infarction inflammation®. During
the proliferative phase of healing, macrophage subpopulations activate fibroblasts6-17 and
may promote angiogenesis&19. In the remodeling non-infarcted myocardium, mechanical
stress may activate macrophages and can contribute to adverse fibrotic remodeling and
dysfunction10:20,

The members of the TGF-p superfamily potently modulate myeloid cell phenotype and
function21:22, In the healing infarct, all 3 TGF-B isoforms are induced and activated,

and have been suggested to regulate inflammation, repair, remodeling and fibrosis23:24,

The effects of TGF-Bs on mononuclear phagocytes are dependent on the state of
differentiation of the cells. In monocytes, TGF-ps exert chemotactic and pro-inflammatory
actions, inducing cytokine secretion2>:26, and stimulating integrin synthesis and collagenase
expression?’. In contrast, in macrophages, the effects of TGF-s are predominantly
anti-inflammatory 282930, Canonical TGF- signaling is mediated through a series of
intracellular effectors, the receptor-activated Smads (R-Smads). Tight regulation of TGF-
B/R-Smad signaling is critical to prevent persistent or excessive actions of the cytokine.
The inhibitory Smads (I-Smads), Smad6 and Smad7 play an important role in negative
regulation of the TGF-B cascade. Smad7 is induced in many different cell types upon
stimulation with TGF-f superfamily members, and serves as a negative feedback loop that
inhibits TGF-B/R-Smad responses through interactions with the TGF-p receptors, or through
disruption of R-Smad activation3l. Moreover, a growing body of evidence suggests that
Smad7 may also have TGF-p independent actions32,
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The role of Smad7 in immune cells is controversial, as experimental studies have produced
conflicting results. It has been suggested that Smad7 mediates the anti-inflammatory
effects of TGF-B, by binding to the adaptors TAB2 and TAB3, and by inhibiting TAK1
recruitment to TRAF233, thus blocking pro-inflammatory TNF signaling, and attenuating
NF-xB activation 34. Other studies have suggested that Smad7 may promote inflammation,
by rendering immune cells unresponsive to the anti-inflammatory actions of TGF-p 3536,
To directly address this controversy, we developed mice with myeloid cell-specific Smad7
loss (MyS7KO mice), and we studied the role of Smad7 in regulation of macrophage
phenotype and function following myocardial infarction. Our findings show that Smad7

is induced in a subset of infarct macrophages. RNA-sequencing showed that Smad7

loss did not affect the transcriptomic profile of control macrophages, but had a major
impact on gene expression in infarct macrophages. Bioinformatic analysis predicted that
Smad7 deletion in infarct macrophages may inhibit the triggering receptor expressed in
myeloid cells (TREM)1 pathway and enhance semaphorin signaling, thus attenuating their
pro-inflammatory properties. These effects were associated with a modest and transient,
but significant reduction in myofibroblast infiltration in MyS7KO infarcts. However, these
transcriptomic and cellular alterations did not have a significant impact on post-infarction
dysfunction, inflammatory cell infiltration, repair, and adverse remodeling. In vitro, Smad7
loss had minor modulatory effects on the macrophage transcriptome, accentuating synthesis
of a small fraction of TGF-B-induced genes, such as /fga5, Fabp7and O/fml3, but without
affecting the anti-inflammatory effects of TGF-f on cytokine-stimulated macrophages.

MATERIALS AND METHODS:

Generation of mice with myeloid cell-specific loss of Smad7:

In order to study the role of Smad7 in myeloid cells in vivo, we generated mice with loss of
Smad7 in lysozyme M (LyzM)+ cells (MyS7KO). We used a transgenic mouse line in which
Cre recombinase is driven by the LyzM promoter (Jackson Laboratory, stock No: 004781).
LyzM-Cre mice were bred with Smad7fl/fl mice3” (Jackson Laboratory, stock No: 017008)
to generate LyzM-Cre;Smad7fl/fl animals (MyS7KO) and corresponding Smad7fl/fl control
littermates. In order to study the time course of Smad7 activation in macrophages, we used
the “MacGreen” CSF1RECFP reporter mice38. These transgenic mice (Jackson Laboratory,
stock No: 018549) express enhanced green fluorescent protein (EGFP), under the control of
the mouse Csf1rproximal promoter. Both male and female mice underwent non-reperfused
myocardial infarction protocols.

Generation of mice with global inducible Smad7 loss:

Smad7 KO macrophages were harvested from inducible global Smad7 KO mice. To generate
these animals, mice expressing a tamoxifen-inducible, Cre-mediated recombination system
driven by the CMV-enhanced global actin promoter (CAGGCre-ER, Jackson Laboratory,
stock No: 004682)3° were crossed for two generations with homozygous Smad7 fl/fl mice

37 (Jackson Laboratory, stock No: 017008) in which the promoter region and exon 1 of
Smad'7 are flanked by loxp sites. The mice generated (CAGGCre*/~ ;Smad7/f) were
injected intraperitoneally at the age of 6 weeks with tamoxifen (100 mg/kg body weight,
Sigma-Aldrich #T5648) daily for 5 consecutive days to generate Smad7 global KO animals.

FASEB J. Author manuscript; available in PMC 2023 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lietal.

Page 4

CAGGCre™~;Smad7/f littermates receiving the same tamoxifen injection protocols were
used as controls. Smad7 global KO mice and corresponding controls were sacrificed 2
weeks after tamoxifen injection, in order to isolate bone marrow macrophages (BMM).
(CAGGCre*'~ Smad7f/fl: n=6, 3 males and 3 females. CAGGCre™'~ Smad7f/fl: n=8, 5
males and 3 females). Deletion of Smad7 was confirmed by qPCR and western blotting.

Mouse model of non-reperfused myocardial infarction:

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

at Albert Einstein College of Medicine and conform with the Guide for the Care and

Use of Laboratory Animals published by the National Institutes of Health. A model of
non-reperfused myocardial infarction was induced by permanent ligation of left anterior
descending coronary artery, as previously described by our group®. MyS7KO mice,
Smad7fl/fl littermates, and CSF1RECGFP mice underwent infarction protocols. 3-4 month-
old male and female mice were anesthetized using inhaled isoflurane (3% for induction,
2% for maintenance). Intraoperatively, heart rate, respiratory rate and electrocardiogram
were continuously monitored, and the depth of anesthesia was assessed using the toe
pinch method. The left anterior descending coronary artery was occluded for 24 hours, 3
days, 7 days, 28 days, or 56 days. To assess cardiac function and remodeling following
myocardial infarction, animals underwent echocardiographic analysis at baseline and after
7, 28 and 56 days of myocardial infarction. At the end of the experiment, euthanasia was
performed using 2% inhaled isoflurane followed by cervical dislocation. Early euthanasia
was performed with the following criteria, indicating suffering of the animal: weight
loss>20%, vocalization, dehiscent wound, hypothermia, clinical signs of heart failure
(cyanosis, dyspnea, tachypnea), lack of movement, hunched back, ruffled coat, lack of food
or water ingestion.

Echocardiography:

Echocardiographic studies were performed at baseline and after 7, 28, 56 days of

coronary occlusion using the Vevo 2100 system (VisualSonics. Toronto ON), as previously
described!®. Long-axis B-mode was used to assess the geometric characteristics of the

left ventricle after myocardial infarction. Short-axis M-mode was used for measurement

of systolic and diastolic ventricular diameters and wall dimensions. The left ventricular end-
diastolic diameter (LVEDD), left ventricular end-systolic diameter (LVESD), left ventricular
end-systolic volume (LVESV), and left ventricular end-diastolic volume (LVEDV) were
measured as indicators of dilative remodeling. Left ventricular mass (LV mass) was
measured as an indicator of hypertrophic remodeling. The left ventricular ejection fraction
(LVEF = [(LVEDV-LVESV) / LVEDV] x 100%) was measured for assessment of systolic
ventricular function.

Immunohistochemistry and quantitative histology:

For histopathological analysis, mouse hearts were fixed in zinc-formalin (Z-fix; Anatech,
Battle Creek, MI), and embedded in paraffin. Infarcted hearts harvested after 7 or 56

days of coronary occlusion were sectioned from base to apex at 250 pum intervals, thus
reconstructing the whole heart, as previously described 1540, 20 sections (5um thick) were
cut at each level. To assess the size of the infarct, the first section at each partition was

FASEB J. Author manuscript; available in PMC 2023 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lietal.

Page 5

stained with hematoxylin and eosin (H&E). Morphometric parameters were quantitatively
assessed using Axiovision software. The infarcted and non-infarcted areas were measured

at each level and the volume of the infarct and of the non-infarcted remodeling

myocardium at each level was calculated as: Infarct volume= infarct area*350um
(250um+20sections*5um=350um) and volume of non-infarcted myocardium=non-infarcted
area*350um. The total volume of the infarcted and non-infarcted myocardium was
calculated as the sum of the volumes of each partition. Scar size was measured by dividing
the volume of the infarct by the total volume of the left ventricle (infarct volume+volume

of non-infarcted myocardium), and was expressed as a percentage. In order to quantitatively
assess scar remodeling in the infarcted heart, we measured at each partition 3 infarct
thickness parameters: a) the smaller thickness for each level (TImin), b) the largest thickness
for each level (TImax) and c) the infarct thickness at the midpoint between the areas of
lowest and largest thickness (TImid). For each infarcted mouse, the smallest of the TImin
values from all levels is the minimal thickness of the infarct (Tmin), and the highest of

the TImax values is the maximal thickness of the infarct (Tmax). In order to quantify the
average thickness of the infarct, a mean thickness was measured at each level (TImean) as
TImean=(TImin+TImax+TImid)/3. The mean thickness for each infarct was quantified as the
mean of all the TImean values. Picrosirius red staining was used to label the collagen-based
scar.

Machine learning-based quantitative analysis of collagen surface area:

In order to assess collagen deposition following myocardial infarction, an artificial
intelligence (Al)-based model was trained to segment Sirius red stained fibers using
Intellesis module of Zen Pro software (Carl Zeiss Microscopy, New York NY). Image
Analysis module of Zen Pro software was then used to incorporate analysis parameters
in the trained Al model to measure surface areas of the segmented collagen fibers of the
remote and infarcted areas at 7 and 56 days following myocardial infarction. At least 10
different fields from three non-adjacent stained sections per mouse at 3 different levels
(basal, mid-myocardial, and apical levels) were scanned and analyzed per heart sample.

Immunofluorescence staining:

In order to systematically characterize the time course of Smad7 expression in infarct
macrophages, Smad7 (using an anti-Smad7 antibody by Thermo Fisher Scientific,
#42-0400) and GFP staining (using an anti-GFP antibody, Abcam, #ab6662) was performed
on the infarcted CSF1RECFP heart at baseline, 24h, 3-day, 7-day and 28-day timepoints
(n=5-6/each time point). In order to identify myofibroblasts in the infarct, sections were
stained with an anti-a-smooth muscle actin (SMA) antibody (Sigma, #F3777) as previously
described*1. Myofibroblasts were identified as spindle-shaped a-SMA-positive cells located
outside the vascular media. To determine the number of macrophages in the infarcted

and remodeling myocardium, sections from infarcted Smad7 fl/fl and MyS7KO mice were
stained with an anti-Mac2 (galectin-3) antibody (Cedarlane, #CL8942AP), as previously
described4243, Quantitative analysis was performed by counting the number of macrophages
in 10 fields from 2 different levels for each animal.

FASEB J. Author manuscript; available in PMC 2023 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lietal.

Page 6

Machine learning-based quantitative analysis of myofibroblast density:

Using default algorithms of the Intellesis Trainable Segmentation module of Zen Pro
software (Carl Zeiss Microscopy, New York NY), an Al-based model was trained on
multiple fields of different regions of the myocardium to identify myofibroblasts. Objects of
interest were defined as the DAPI-positive nuclei surrounded by a-SMA profiles, excluding
vascular smooth muscle cells (VSMCs). The unstained myocardium and VSMCs were
considered the background. Image Analysis module was then used to incorporate analysis
settings in the trained model to count the segmented objects. Quantitative analysis was
performed by counting the number of myofibroblasts in 10 fields from 2 different levels for
each animal using the trained models.

Isolation, culture and stimulation of mouse BMMs:

Tibial bone marrow-derived macrophages were isolated from 2 month-old global inducible
Smad7 KO mice, or corresponding Smad7 fl/fl animals, as previously described™®. Briefly,
bone marrow cells were incubated for 24 h in a+ MEM medium (GIBCO) supplemented
with 15% fetal calf serum (GIBCO), and 12 ng/ml CSF-1 (R&D systems). Non-adherent
primitive mononuclear phagocytes were reseeded in media containing 15% fetal calf serum
and CSF-1 (120 ng/ml) for 48 hours, in order to allow their differentiation to adherent
macrophages. Cells were cultured until confluent, starved in media without serum for
approximately 16 hours, and then stimulated with TGF-B1 (10 ng/ml), TGF-p2 (10 ng/ml),
TGF-p3 (10 ng/ml), BMP2 (50 ng/ml), BMP4 (50 ng/ml), BMP6 (50 ng/ml) or BMP7

(50 ng/ml) (all human cytokines from R&D systems) for 4h or 24h to examine Smad7
expression by BMMs. In order to determine the effect of Smad7 loss on inflammatory

gene transcription in the presence of pro-inflammatory cytokines, control (Smad7 fl/fl) and
Smad7 KO bone marrow macrophages were pre-treated with TGF-B1 (10ng/ml) for 2 hours,
followed by stimulation with TNF-a (10ng/ml) for 4 hours. RNA was isolated using TRIzol
reagent (Qiagen, #79306) and the RNA obtained was used for g-PCR or RNAseq.

RNA extraction, qPCR and PCR array:

Total RNA was extracted from cells, cDNA was amplified using the SsoFast

EvaGreen Supermix reagent and the C1000 thermal cycler apparatus from

Bio-Rad following the manufacturer’s recommendations. The following primer

pairs were used for qPCR: Gapdh forward 5’-AGGTCGGTGTGAACGGATTTG-3’,
Gapdhreverse 5’-TGTAGACCATGTAGTTGAGGTCA-3’, ActB

forward 5’-AACAGTCCGCCTAGAAGCAC-3’, ActBreverse 5’-
CGTTGACATCCGTAAAGACC-3’, Smad7forward 5’-CTGCAACCCCCATCACCTTA-3’,
Smad7 reverse 5’-CAGCCTGCAGTTGGTTTGAG-3’, Pagfaforward

5’- GGAACACCTGGAGTGTGCAT-3’, and Pdgfa reverse 5’-
CGGCTCATCTCACCTCACAT-3'. The housekeeping genes Gapdhand ActB were used
as internal controls. The qPCR procedure was repeated three times in independent runs;
gene expression levels were calculated using the ACT method.

For PCR array, total RNA was extracted using the RNeasy mini kits (Qiagen, 74104). A
total of 0.5 pg of RNA was transcribed into cDNA using the RT? first strand kit (Qiagen,
330404). Quantitative PCR was then performed using the RT2 Profiler mouse Cytokines
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& Chemokines (PAMM-150Z), or mouse Extracellular Matrix & Adhesion Molecules
(PAMM-013Z) from Qiagen according to the manufacturer’s protocol. The same thermal
profile conditions were used for all primers sets: 95°C for 10 minutes, 40 cycles at 95°C for
15 seconds and 60°C for 1 minute. The data obtained were exported to the SABiosciences
PCR array web-based template where it was analyzed using the AACt method.

Isolation of infarct macrophages from Smad7 fl/fl and MyS7KO mice:

Macrophage and neutrophil cell suspensions were obtained from infarcted S7fl/fl and
MyS7KO hearts after 3 and 7 days of coronary occlusion. Briefly, infarcted heart tissue

was minced and placed into a cocktail of 0.25 mg/ml Liberase Blendzyme 3 (Roche Applied
Science), 20 U/ml DNase | (Sigma-Aldrich), 10 mmol/l HEPES (Invitrogen), and 0.1%
sodium azide in HBSS with Ca2* and Mg2™* (Invitrogen), and shaken at 37°C for 20 minutes
for 3 times. Cells were then passed through a 40-um nylon mesh and centrifuged (10
minutes, 500 g, 4°C). Up to 108 cells were reconstituted with 200 ul MACS buffer (Miltenyi
Biotec, 130-091-376) and incubated with 50 pl of anti-Ly6G biotin beads (Miltenyi Biotec,
130-092-332) at 4°C for 10min, and then incubated with 100 pl of anti-biotin microbeads
for 15min. washed once and centrifuged. Resuspended cells went through a MACS Column
(Miltenyi Biotec, 130-042-201) set in a MACS Seperator (Miltenyi Biotec, 130-090-312).
The magnetically labeled Ly6G+ cells were retained on the column. Approximately 1 ml

of MACS buffer was applied onto the column. Ly6G+ cells were flushed out by firmly
pushing the plunger and collected for RNA extraction. Unlabeled cells that passed through
were collected and washed once with PBS as the Ly6G— cells. Subsequently, Ly6G- cells
were incubated with CD11b microbeads (Miltenyi Biotec cat. 130-049-601) at 4°C for 15
minutes (10ul of microbeads per 107 Ly6G- cells in 90ul MACS buffer), and then washed
once and centrifuged. Resuspended cells went through a MACS Column set in a MACS
separator. The magnetically labeled CD11b™ cells were retained on the column. Ly6G-/
CD11b+ cells (macrophages) were flushed out and harvested for RNA isolation. Gene
expression in macrophages harvested from Smad7 fl/fl and MyS7KO mice was compared
after 3 and 7 days of coronary occlusion. In order to confirm deletion of SMAD?7 protein in
infarct macrophages, CD11b+/Ly6G— macrophages were isolated as described above from
Smad7 fl/fl and MyS7KO mice 5-days after infarction and were used for protein extraction.
SMADY7 expression levels were assessed using Western blotting.

Protein extraction and Western blotting:

Protein from cardiac macrophages and bone marrow macrophages was extracted in RIPA
lysis buffer, including 0.5M EDTA, 1X Protease and Phosphatase Inhibitors. Equal amount
of protein from each experimental group was fractionated by 10% Mini-PROTEAN®
TGX™ Gel (Bio-Rad Laboratories, 456-1036) and transferred onto a PVDF membrane
(Bio-Rad Laboratories, #1620177). Membranes were incubated overnight with primary
antibodies at 4°C followed by the application of appropriate horse radish peroxidase (HRP)-
conjugated secondary antibodies for 2 hours. Proteins were detected using Pierce™ ECL
Western blot detection reagents (Thermofisher, #32106) and imaged by the ChemiDoc™
MP System (Bio-Rad Laboratories). Bands were densitometrically quantified by ImageJ
and normalized to appropriate loading controls. The following antibodies were used: anti-
SMAD?7 (1:500, #sc-101152, Santa Cruz) and anti-GAPDH (1:4000, #PA1-987, Invitrogen).
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Flow cytometric sorting of infarct macrophages:

In order to examine the time course of Smad7 expression in infarct macrophages, cardiac
CD11b+/Ly6G- macrophages were harvested through flow cytometric sorting from sham-
operated or infarcted hearts of male C57BL/6 mice. Briefly, heart tissue was minced and
placed into a cocktail of 0.25 mg/ml Liberase Blendzyme 3 (Roche Applied Science), 20
U/ml DNase | (Sigma-Aldrich), 10 mmol/l HEPES and 0.1% sodium azide in HBSS with
Ca?* and Mg?*, and shaken at 37°C for 15 minutes twice, then cells were passed through

a 40-um nylon mesh and collected for centrifugation (10 minutes, 300 g, 4°C), followed

by red blood cell lysis. Up to 108 cells were resuspended with 200 pl staining buffer and
incubated with 20 pl of FITC anti-mouse/human CD11b Antibody (Biolegend, clone 1A8,
cat# 101206) and 40 pl of Pacific Blue™ anti-mouse Ly-6G Antibody (Biolegend, clone
M1/70, cat# 127612) at 4°C for 30min, then washed, centrifuged and resuspended for FACS
sorting (BD FACSAria™I1). The sham-operated heart was individually digested to single
cells, and sorted macrophages from 8-10 hearts were pooled together for each sham sample.
After 3, 7 or 14 days following myocardial infarction, infarcted heart including infarct

zone and border zone, but excluding remote area tissue, were harvested for digestion. Total
RNA was extracted from FACS-sorted CD11b+/Ly6G- macrophages using TRIzol Reagent
(Invitrogen). Smad7 expression levels in infarct macrophages were assessed using gPCR.

Library preparation for transcriptome sequencing:

RNA from cardiac macrophages from control Smad7 fl/fl and MyS7KO hearts, and infarct
macrophages harvested from MyS7KO and Smad7 fl/fl mice after 3 and 7 days of coronary
occlusion was used for RNA-seq, in order to investigate the effects of Smad7 loss on the
transcriptional profile of cardiac macrophages in homeostasis and disease. Moreover, in
order to study the effects of Smad7 loss on the transcriptional profile of macrophages,
RNA was isolated from unstimulated Smad7 control macrophages (WT-C), TGF-B1 treated
Smad7 control macrophages (WT-TGF-B), unstimulated Smad7 KO macrophages (S7KO-
C) and TGF-B1 treated Smad7 KO macrophages (S7TKO-TGF-B). The samples were sent
to Novogene (Sacramento, California) to construct cDNA libraries by using NEBNext®
Ultra™ RNA Library Prep Kit for lllumina® (NEB, Ipswich, MA, USA).

In brief, the process of library construction consisted of i) mRNA purification and
enrichment from total RNA using oligo(dt)-attached magnetic beads, ii) fragmentation

of purified mMRNA using divalent cations exposed to elevated temperatures in NEBNext
First Strand Synthesis Reaction Buffer, iii) double stranded cDNA synthesis, using RNase
H- reverse transcriptase (first strand) and DNA polymerase I, INTP and RNase H

(second strand); iv) terminal cDNA ends reparation by exonucleases/polymerases; and poly
adenylation of the 3’ ends of the DNA fragments, v) sequencing adaptors ligation, and vi)
cDNA fragments size selection (150-200 bp in length) which underwent PCR. PCR was
performed using Phusion High-Fidelity DNA Polymerase, universal PCR primers and Index
(X) Primer. PCR products were purified (AMPure XP system), and the library concentration
(>2 nM) and quality were assessed using a Bioanalyzer 2100 system (Agilent, Santa Clara,
CA, USA).
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Quality analysis, mapping and assembly:

The library preparations were sequenced on Illumina Novaseq 6000 devices, generating 150
bp paired-end reads. Adapter, poly-N and low-quality reads from the raw data were excluded
to purify the data analysis. Quality Phred Scores, Q20%, Q30% and GC contents of the
clean data were calculated, showing high accuracy of reads (>99%, with 0.02 error rate).
Filtered reads were aligned to the C57BL/6J reference genome (December 2011 release of
the mouse musculus reference genome (mm210; GRCm38.p6) from Ensembl) using TopHat2
algorithm alignment program v.2.0.9 4. Mapped reads were assembled using both Scripture
(beta2) and Cufflinks v.2.1.1 algorithm?>.

Gene expression, differential expression, enrichment and co-expression analysis:

HTSeq software v.0.6.146 was used to count the number of reads mapped to each gene. Read
count of fragments per kilobase of transcript sequence per millions base pairs sequenced
(FPKM), was used to calculate gene expression level, which considered the effects of both
sequencing depth and gene length 4°. Readcount obtained from the gene expression analysis
was used for differential expression analysis. Cluster differential expression analysis for
every gene in the four different cardiac fibroblast conditions was performed using the
DESeq2 R software package (v.1.10.1)*. Genes with an adjusted P-value < 0.05 were
considered to be differentially expressed. List of genes were ranked by differential gene
expression as log2 (fold change) between each comparison group. Positive values were
upregulated genes, whereas negative values were downregulated genes.

Top biological functions and canonical pathways associated with the differentially expressed
mRNAs data set were identified with Ingenuity Pathway Analysis (IPA) (Qiagen). By
comparing the imported RNA-seq data generated in the Agilent platform with Ingenuity®
Knowledge Base, a list of relevant networks, upstream regulators and algorithmically
generated mechanistic networks based on their connectivity was obtained. A score (p-score
= - log10 (p-value)) according to the fit of the set of supplied genes and a list of biological
functions stored in the Ingenuity Knowledge Base were generated. Only genes with a fold
change of 1.0 and p-value < 0.05 were considered. All RNA-seq processed data have

been deposited in NCBI’s Gene Expression Omnibus (GEO) and are accessible through
GEO SuperSeries accession number GSE189451 (https://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc=GSE189451).

Statistical analysis:

For all analyses, normal distribution was tested using the Shapiro-Wilk normality test. For
comparisons of two groups, unpaired two-tailed Student’s t test using (when appropriate)
Welch’s correction for unequal variances was performed. The Mann-Whitney test was
used for comparisons between two groups that did not show Gaussian distribution. For
comparisons of multiple groups, one-way ANOVA was performed followed by Sidak’s or
Tukey’s multiple comparison post-hoc tests. The Kruskal-Wallis test, followed by Dunn’s
multiple comparison posttest was used when one or more groups did not show Gaussian
distribution. Survival analysis was performed using the Kaplan-Meier method. Mortality
was compared using the log rank test. Data were expressed as means + SEM. Statistical
significance was set at P < 0.05.
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RESULTS
1. All 3TGF-gisoforms induce Smad7 synthesis in isolated BMMs.

The I-Smads are induced by members of the TGF-f superfamily and have been suggested
to serve as a negative feedback mechanism that restrains TGF-B-mediated signaling3L,
Accordingly, we examined the effects of TGF-p superfamily members on Smad7 expression
levels in mouse BMMs. All 3 TGF-p isoforms (TGF-p1, TGF-B2 and TGF-B3) induced
Smad7 upregulation (Figure 1A) after 4h of stimulation. In contrast, BMP2, BMP4, BMP6
and BMP7 had no significant effects on Smad7 mRNA expression (Figure 1A). In order to
examine whether longer stimulation with BMPs induces Smad7 expression, we stimulated
BMM s for 4 and 24h with TGF-B1, BMP2 and BMP4. TGF-B1 markedly upregulated
Smad7 at both 4 and 24h timepoints; in contrast, the BMPs had no effect on Smad7
transcription (Figure 1B). In contrast, expression of Pdgfa, a gene known to be upregulated
by TGF-B superfamily members in several different cell types 8,49 was induced in BMMs
by both TGF-B1 and BMP4 after 4h of stimulation (Figure 1C).

2. Smad7 expression in tissue macrophages

Macrophages are heterogeneous, exhibiting tissue-specific transcriptomic and functional
profiles. In order to examine Smad7 expression patterns in mouse macrophages from
different organs, we analyzed data from the ImmGen ULI database: OpenSource
Mononuclear Phagocytes Project (GSE122108)°C. Microglial macrophages exhibited the
highest levels of Smad7 expression, followed by CCR2* and CCR2™ cardiac macrophages.
In contrast, aortic, peritoneal, renal, spleen macrophages and circulating blood monocytes
had low baseline levels of Smad7 expression (Figure 1D).

3. Smad7 is upregulated in macrophages infiltrating the infarcted myocardium after 7
days of coronary occlusion.

Because TGF-p isoforms upregulate macrophage Smad7 synthesis (Fig 1), and myocardial
infarction is associated with marked induction and activation of TGF-Bs'5, we hypothesized
that Smad7 may be upregulated in infarct macrophages. In order to localize Smad7 in infarct
macrophages, we used CSF1REGFP macrophage reporter mice (Figure 2). Low levels of
Smad7 immunoreactivity were noted in control mouse hearts (Figure 2A—C). Following
myocardial infarction, Smad7 immunoreactivity was markedly increased in the infarct zone,
and was localized in interstitial cells and in border zone cardiomyocytes (Figure 2D-L).
CSF1R* macrophages infiltrated the infarcted heart after 24h, and peaked after 7 days of
coronary occlusion (Figure 2P). The density of Smad7-expressing CSF1R* macrophages
significantly increased after 3 days, and peaked after 7 days of coronary occlusion (Figure
2Q). Although the percentage of Smad7-expressing macrophages remained high at the
28-day timepoint, the density of Smad7-expressing macrophages decreased, reflecting a
reduction in macrophage infiltration (Figure 2M-R).

Cellular Smad7 levels are regulated through transcription and via post-transcriptional
mechanisms that modulate protein degradation®L. In order to examine whether infarct
macrophages have increased Smad7 transcription, we assessed Smad7 levels in FACS-sorted
CD11b+/Ly6G- macrophages harvested from sham hearts and from infarcted hearts after 3,
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7 and 14 days of coronary occlusion (Figure 2S). ANOVA showed a significant change in
the levels of Smad7 expression in infarct macrophages (ANOVA p value 0.048). Smad7
expression was increased by ~50% in infarct macrophages at the 7-day timepoint, in
comparison to 3-day infarct macrophages (p=0.0496, Tukey post-hoc test, n=4/group),
and to macrophages harvested from sham hearts (p=0.0977, Tukey correction, n=3-4/
group) (Figure 2T). Thus, the increased infiltration of the infarcted heart with SMAD7+
macrophages may involve, at least in part, transcriptional upregulation of Smad~.

4. Myeloid cell-specific Smad7 loss has no significant effects on homeostasis.

In order to study the role of Smad7 in regulating macrophage phenotype following
myocardial infarction, we generated myeloid cell-specific Smad7 KO mice using the
lysozyme-M Cre driver. We documented loss of Smad7 in infarct macrophages harvested
from MyS7KO mice both at the RNA and protein level. First, CD11b+/Ly6G— macrophages,
CD11b—-/Ly6G+ neutrophils and CD11b-/Ly6G— non-myeloid interstitial cells were
harvested from the infarcted heart of MyS7KO and Smad7 fl/fl mice, 3 days after permanent
coronary occlusion. Macrophages (Fig 3A), but not neutrophils (Figure 3B) and non-
myeloid interstitial cells (Figure 3C) harvested from MyS7KO infarcts exhibited a marked
reduction in Smad7 expression, when compared to cells harvested from Smad7 fl/fl infarcts
(Figure 3). Next, we extracted protein from BMMs obtained from MyS7KO and Smad7

fl/fl mice. MyS7KO BMMs had a marked reduction in SMAD? levels when compared with
Smad7 fl/fl cells (Figure 3D-E). Finally, infarct macrophages were harvested from Smad7
fl/fl and MyS7KO animals undergoing 5-day coronary occlusion protocols. MyS7KO infarct
macrophages had a marked reduction in SMAD?7 levels when compared with Smad7 fl/fl
cells (p<0.0001 n=4-7/group, Figure 3F-H). The specificity of the SMAD7 antibody was
confirmed using protein extracted from the spleen of mice with global inducible Smad7
deletion (Figure 3D, F-G).

Myeloid cell-specific Smad7 loss had no significant effects on homeostasis. Body weight
was comparable between MyS7KO and Smad7 fl/fl mice (Supplemental Figure I).
Moreover, MyS7KO mice and corresponding Smad7 fl/fl controls had comparable baseline
echocardiographic parameters, suggesting no significant effects of macrophage-specific
Smad7 loss on cardiac function, chamber dimensions and LV mass (Supplemental Figure I1).
We also examined the effects of Smad7 loss on the transcriptome of cardiac macrophages
using RNA-seq. Based on a p<0.05, 282 genes were differentially expressed in Smad7 KO
macrophages. 185 were downregulated in Smad7 null cells in comparison to Smad7 fl/fl
cells, whereas 97 genes were upregulated. None of the genes were >2-fold or <0.5fold, and
had a padj<0.05 (Supplemental Figure 111). Pathway enrichment analysis did not identify any
pathways differentially regulated in Smad7 KO cells, supporting the notion that endogenous
Smad7 expression does not affect the transcriptional profile of normal resident cardiac
macrophages.

5. The effects of myeloid cell-specific Smad7 loss on the gene expression profile of
infarct macrophages.

Next, we examined whether induction of Smad7 following infarction plays a role in
macrophage phenotypic transitions, thus regulating the inflammatory, reparative and
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remodeling responses following myocardial infarction. Smad7 loss was associated with

a much higher number of differentially regulated genes in infarct macrophages than in
control hearts, likely reflecting the importance of Smad7 in regulation of macrophage
phenotype following injury. 3 days after myocardial infarction, Smad7 KO macrophages
exhibited upregulation of 291 genes and downregulation of 464 genes, whereas at the
7-day timepoint 867 genes were upregulated and 613 genes were downmodulated (Fig 4A—
D). IPA of the transcriptomic data at the 7-day timepoint identified 3 canonical pathways
that were differentially regulated by Smad7 loss (absolute z score >2). The semaphorin
pathway was predicted to be activated in Smad7 KO cells, whereas TREM1 signaling

and oxidative phosphorylation were predicted to be inhibited (Figure 4E). Furthermore,
analysis of diseases and cellular functions differentially regulated by Smad7 loss, predicted
inhibition of myeloid cell chemotaxis in Smad7 KO macrophages (Supplemental Table 1)
and activation of pathways involved in microtubule dynamics, cytoskeletal organization and
formation of cellular protrusions (Supplemental Table 2).

6. Myeloid cell-specific Smad7 loss does not affect mortality and adverse remodeling
following myocardial infarction

7.

Next, we asked whether the transcriptomic changes noted in Smad7 KO infarct macrophages
are associated with effects in cardiac dysfunction, repair, remodeling and fibrosis of the
infarcted heart. During the first week after coronary occlusion, C57BI6 mice exhibit
significant mortality which is predominantly noted in male animals. ~50% of the deaths
during the first week post-infarction are caused by left ventricular rupture®2. Myeloid cell-
specific Smad7 loss did not affect mortality rates in both male and female mice (Figure 5A—
C). In order to examine the effects of myeloid cell-specific Smad7 loss on post-infarction
dysfunction and adverse remodeling, we performed echocardiographic studies at 7, 28 and
56-day timepoints after coronary occlusion. MyS7KO and Smad7 fl/fl mice had comparable
ejection fraction after 7, 28 and 56 days of coronary occlusion, suggesting that myeloid
cell-specific Smad7 loss has no significant effects on systolic dysfunction after myocardial
infarction (Figure 5D). Moreover, Smad7loss did not significantly affect LVEDD, LVEDV,
and LVESD after 7-56 days of coronary occlusion (Figure 5E-G). LVESV was modestly, but
significantly lower in MyS7KO mice at the 28-day timepoint; however, no significant effects
of myeloid cell-specific Smad7 loss on LVESV were noted at the 7 and 56-day timepoints
(Figure 5H). Left ventricular anterior wall thickness was comparable between groups at all
timepoints (Figure 51). Overall, systematic echocardiographic analysis showed no significant
effects of myeloid cell-specific Smad7 loss on dysfunction and adverse remodeling of the
infarcted heart.

Myeloid cell-specific Smad7 loss does not significantly affect scar size and scar

remodeling following myocardial infarction

In order to examine the effects of myeloid cell-specific Smad7 loss on scar size and
remodeling following infarction, we performed systematic analysis of morphometric
parameters, by sectioning the entire ventricle from base to apex (Figure 6A). As the scar
matures, thinning of the infarcted segments is noted, leading to marked reduction in scar
size and decreased mean and minimal infarct thickness 56 days after myocardial infarction
(Figure 6B-D). Myeloid cell-specific Smad7 loss had no effects on scar size and on the
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minimal thickness of the scar at the 7- and 56-day timepoints (Figure 6B—C). At the 7-day
timepoint, mean infarct thickness was modestly, but significantly higher in MyS7KO mice;
however, 56 days after coronary occlusion, no significant difference was noted between
MyS7KO and Smad7 fl/fl scars (Figure 6D).

8: Myeloid cell-specific Smad7 loss does not affect macrophage density in the healing
infarct and in the remote remodeling myocardium.

Next, we examined whether myeloid cell-specific Smad7 loss affects macrophage infiltration
in the infarcted myocardium. Macrophages in the infarcted and remodeling heart were
identified using Mac2 immunofluorescence. MyS7KO mice and corresponding Smad7
fl/fl controls had comparable macrophage density in the infarct zone and in the remote
remodeling myocardium 7-56 days after coronary occlusion (Supplemental figure 1V)

9. Myeloid cell-specific Smad7 loss does not affect collagen deposition in the infarcted
myocardium, but is associated with a transient reduction in myofibroblast density 7 days
after myocardial infarction

Macrophages are involved in regulation of the fibrotic response by secreting mediators that
modulate fibroblast function and by contributing to matrix remodeling through secretion of
proteases and anti-proteases. In order to examine whether Smad7 plays a role in regulation
of the fibrogenic properties of infarct macrophages, we assessed the effects of myeloid
cell-specific Smad7 loss on myofibroblast infiltration and on collagen deposition in the
infarcted heart. Myofibroblasts were identified in the infarcted myocardium as a-SMA-
immunoreactive cells located outside the media of vessels (Figure 7A). Myofibroblast
density was modestly but significantly lower in MyS7KO infarcts, in comparison to Smad7
fl/fl infarcts (Figure 7C) at the 7-day timepoint. However, the effect of Smad7 loss on
myofibroblast density was transient; at the 56-day timepoint, myofibroblast density was
comparable between groups. Picrosirius red staining was used to assess collagen content in
the infarcted and remodeling myocardium (Figure 7B, D). Quantitative analysis showed no
significant effects of myeloid cell-specific Smad7 loss on collagen deposition in the infarct
zone and in the remodeling myocardium at both timepoints examined (Figure 7D).

In order to examine whether the absence of significant effects of myeloid cell-specific
Smad7 loss on post-infarction remodeling and dysfunction may be due to compensatory
actions of the other inhibitory Smad, Smad6, we compared Smadé levels in Smad7 fl/fl and
MyS7KO infarct macrophages using RNA-seq. Smad7 loss did not affect Srmad6 expression
levels in infarct macrophages (Supplemental Figure V). Moreover, no significant effects of
Smad7 loss were noted on expression of genes involved in TGF-p superfamily signaling,
such as the genes encoding TGF-B receptors, the Receptor-activated Smads and Smurf1/2
(Supplemental Table 3).

Thus, in summary, our in vivo experiments showed no significant effects of macrophage-
specific Smad7 loss on post-infarction inflammation and adverse remodeling. A modest, but
significant effect of Smad7 loss on early myofibroblast infiltration was not associated with
any consequences on ventricular function.
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10. Smad7 does not affect the anti-inflammatory effects of TGF- in BMMs.

Because Smad7 has been suggested to modulate macrophage inflammatory activity, we
examined the in vitro effects of Smad7 on inflammatory gene synthesis by isolated BMMs.
Smad7 KO BMMs were harvested from young mice with global inducible loss of Smad?.
These animals exhibited no baseline defects. Smad7 KO and control macrophages were
stimulated with TGF-B1 (10ng/ml) for 4h. Loss of Smad7in Smad7 KO bone marrow
macrophages was confirmed, using gPCR (Figure 8A). Expression levels of inflammatory
mediators was assessed using a PCR array (Figure 8, Supplemental Figure VI, Supplemental
Table 4). Smad7 KO cells had higher baseline expression of 7nfa (Figure 8B) and 7nfsf10
(Figure 8D), and lower baseline expression of Cc/2 (Figure 8E). Smad7 loss did not affect
the anti-inflammatory actions of TGF-p on expression of inflammatory cytokines ( 711z,
Tnfsf4, Tnfsf10, Figure 8B-D) and chemokines (Cc/2, Ccl3, Ccl4, Figure 8E-G). Moreover,
Smad?7 loss had no significant effects on the potent suppressive actions of TGF-B1 on
synthesis of IL-6 signal transducer (//6st, Figure 8H).

Next, we examined whether Smad7 modulates inflammatory gene synthesis in the

presence of pro-inflammatory cytokines. TNF-a-stimulated WT and Smad7 KO BMMs
were pre-treated with TGF-p1, and gene expression was assessed using a PCR array
(Figure 9, Supplemental Figure VI, Supplemental Table 5). TGF-p1 markedly suppressed
inflammatory chemokine (Cc/2, Ccl3, Ccl4, Ccl5, Ccl6, Ccl9, Ccl12, Pf4, Cxcl10) and
cytokine (BmpZ, Tnfa, Tnfsf10) gene expression (Figure 9A-L) in both WT and Smad7
KO cells, suggesting that Smad7 does not play a role in regulation of the anti-inflammatory
actions of TGF-B in macrophages. In contrast to its suppressive effects on expression of a
wide range of pro-inflammatory cytokines, TGF-B1 upregulated synthesis of 7nfsf13b, Osm
and Wegfa (Fig 9M-0). However, Smad7 loss did not affect expression of these genes in
BMMs. Thus, Smad7 does not inhibit the de-activating anti-inflammatory actions of TGF-p
on cytokine-stimulated macrophages.

11. Effects of Smad7 on expression of matrix remodeling genes in BMMs.

Macrophages are involved in matrix remodeling by secreting matrix-degrading proteases,
anti-proteases and matricellular proteins. In order to examine the role of Smad7 in regulating
the fibrogenic properties of macrophages, we performed a PCR array focusing on levels

of fibrosis and extracellular matrix-related genes (Figure 10, Supplemental Figure VIII,
Supplemental Table 6). TGF-f stimulation induced expression of the integrins /fga5, /tgal
and /fgav (Figure 10A-C), had no significant effects on /tgb1 levels (Figure 10D) and
downregulated /fgb3 synthesis (Figure 10E). Smad7 loss was associated with modest, but
significant accentuation of TGF-B-induced /fga5 expression, without significantly affecting
the effects of TGF-f on other integrins.

TGF-p also suppressed Mmp13expression (Figure 10F), markedly induced MmpZ (Figure
10H) and downregulated Mmp3expression (Figure 101) in both WT and Smad7 KO
macrophages. Smad7 loss was associated with significantly increased baseline expression
levels of Mmp14 (Figure 10G); however, Mmp levels were comparable between TGF-f-
stimulated WT and Smad7 KO cells. TGF-f also markedly induced expression of the
matricellular protein 7gfb/ (Figure 10J) and suppressed levels of the adhesion molecules
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lcam1 (Figure 10K) and Vecaml (Figure 10L) in both WT and Smad7 KO cells. Smad7

loss did not affect expression levels of 7gfbi, VVicam1 and /camin BMMs. Thus, our
findings suggest that Smad7 has no significant effects in regulation of the matrix-remodeling
properties of TGF-B-stimulated macrophages.

12. Effects of Smad7 loss on the transcriptome of TGF-B-stimulated macrophages.

Our PCR array data showed that macrophage Smad7 has very limited impact on expression
of genes associated with inflammation and ECM remodeling. In order to explore effects

of Smad7 on other TGF-$ inducible genes in macrophages, we performed RNA-seq.
TGF-B stimulation markedly altered the transcriptome of BMMs, inducing 1338 genes

and downmodulating 1267 genes (Figure 11A). IPA analysis suggested that TGF-p
stimulation regulates numerous pathways (Supplemental Figure 1X). The top pathways (z-
score>2) activated by TGF-f stimulation in macrophages included sphingosine 1-phosphate,
integrin signaling, Gpvy signaling, Wnt-p-catenin signaling, and LXR/RXR activation.

The top pathways predicted to be inhibited by TGF-g (z-score<-2) included cholesterol
biosynthesis pathways, G1/S checkpoint regulation, retinoid acid mediated apoptosis,
BAG?2 signaling, LPS/IL1-mediated RXR function, and the superpathway of geranylgeranyl-
diphosphate signaling (Supplemental Figure IX). Smad7 absence had modest effects on

the macrophage transcriptome in both unstimulated and TGF-B-stimulated cells (Fig 11B-
C). In unstimulated cells, Smad7 absence was associated with upregulation of 18 genes
and downregulation of 31 genes (Figure 11B). In TGF-B-stimulated cells, Smad7 loss was
associated with induction of 10 genes and downmodulation of 18 genes (Figure 11C).
Gene-specific analysis (Figure 12) showed that Smad7 loss suppressed baseline expression
of Pomkand Tepcrl (Figure 12C-D). Smad7 restrained expression of the TGF-p-induced
genes Fabp7and O/fml/3 (Figure 12E-F), and mediated synthesis of the TGF-p-induced
genes Fnl, Ccdcl07, Prickle2, NavZ, and C77080) (Figure 12G-K). Moreover, Smad7 was
found to stimulate expression of several genes, which are not induced by TGF-B (Adam19,
Bsn, Colec12, and Rps3al) (Figure 12L-0). However, none of these genes was modulated
by Smad7 loss in infarct macrophages (padj>0.05).

DISCUSSION:

We report the first systematic study on the role of Smad7 in regulation of macrophage
phenotype in homeostasis and disease. We show that in normal mice, Smad7 is expressed
in macrophages in a tissue-specific manner. Following myocardial infarction, macrophages
exhibit a marked increase in SMAD?7 expression, that peaks during the proliferative phase
of infarct healing (Figure 2). Although myeloid cell-specific Smad7 loss has significant
effects on the transcriptomic profile of infarct macrophages, these alterations only have
modest and transient effects on the cellular composition of the infarct, and are not
associated with effects on cardiac function and adverse post-infarction remodeling (Figure
4-5). In vitro, TGF-B exerts potent anti-inflammatory effects on cytokine-stimulated
macrophages, stimulates integrin synthesis and modulates expression of matrix-remodeling
genes. However, endogenous Smad7 has very limited effects on the transcriptional

profile of bone marrow macrophages, in the presence or absence of TGF-p. Our study
addresses the controversy on the role of endogenous Smad?7 in inflammatory and immune
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responses, which is driven by conflicting data suggesting both pro-inflammatory34 and anti-
inflammatory3%:36 effects. Our in vivo data suggest that the effects of Smad7 on macrophage
gene expression have limited impact on tissue repair. Moreover, our in vitro experiments
show minimal effects of Smad7 in regulation of TGF-p responses in macrophages.

TGF-p signaling cascades regulate macrophage phenotype in the infarcted and remodeling

heart

The adult myocardium contains a population of resident macrophages®# that expands
following myocardial infarction through recruitment of circulating monocytes®:34,

Infarct macrophages exhibit remarkable heterogeneity and undergo dramatic phenotypic
changes during the phases of cardiac repair, in response to alterations in their
microenvironment®3: 5455 |nijtiation of the inflammatory phase after myocardial infarction
is triggered by tissue resident CCR2+ macrophages, which activate MyD88 signaling, and
serve as an important source of pro-inflammatory cytokines and chemokines, orchestrating
new recruitment of leukocytes®6:9, In the infarct, infiltrating macrophages phagocytose
dead cells and matrix debris, thus setting the stage for replacement of dead myocardium
with a collagen-based scarl®. As macrophages ingest apoptotic cells, they undergo
anti-inflammatory transition, secreting 1L-1057, TGF-B8 and matricellular proteins (such
as osteopontin®8:59), and promoting myofibroblast activationl8-60. In addition to their
fibroblast-activating functions, infarct macrophages also stimulate angiogenesis by secreting
angiogenic mediators, such as VEGF8 and endoplasmic reticulum membrane protein
complex subunit 10 (EMC10)%L. The phenotypic transitions of macrophages during the
phases of infarct healing involve sequential recruitment of monocyte subsets with distinct
properties!2, and temporally distinct patterns of stimulation with cytokines, growth factors
and matricellular proteins.

TGF-B serves as a central regulator of monocyte and macrophage phenotype and function

in many different pathologic conditions?l. A large body of evidence suggests that the

effects of TGF-B on mononuclear phagocytes are dependent on the state of differentiation

of the cells. In monocytes, TGF-B exerts pro-inflammatory effects, acting as a monocyte
chemoattractant®2, and upregulating expression of adhesion molecules?®. In contrast, in
mature macrophages, TGF- exerts potent immunosuppressive83, and anti-inflammatory
effects, that have been attributed, at least in part, to inhibition of NF-xB signaling,

through degradation of the adaptor protein MyD8854. Moreover, in vitro investigations have
suggested a wide range of additional TGF-p effects on macrophages, including actions in
recognition of apoptotic cells®®, pro-atherogenic stimulation®®, induction of CSF-157 (an
effect that may promote their differentiation and proliferation68), stimulation of arginase
activity®®, and modulation of MMP synthesis and activity’%. Our studies have suggested that
the effects of TGF-p on macrophages may predominantly involve Smad-dependent signaling
cascades, and not Smad-independent pathways®. We demonstrated that activation of the
Smad3 cascade in infarct macrophages promotes phagocytosis of dead cells, and is also
implicated in anti-inflammatory transition, mediating synthesis of TGF-p and IL-10%°, and
suppressing expression of pro-inflammatory mediators, such as IL-1B, TNF-a and CCL215,
Other investigations have suggested that, in addition to its anti-inflammatory effects,
macrophage TGF-p/Smad3 signaling may also suppress synthesis of the metalloproteinase
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MMP-1271.72 while stimulating expression of the serine protease urokinase plasminogen
activator (UPA)73, and inducing release of angiogenic growth factors, such as VEGF'4.

The role of Smad7 in modulating the anti-inflammatory effects of TGF-p on macrophages

The inhibitory Smad, Smad7, serves as a potent endogenous negative regulator of TGF-

B actions, restraining TGF- signaling cascades in many different cell types’®:31.76.77,

In macrophages, the role of Smad7 as a negative regulator of TGF-B-mediated actions
remains controversial, as various studies have produced conflicting results. Experiments

in a viral infection model suggested that induction of Smad7 in macrophages may

trigger inflammation, abrogating the anti-inflammatory effects of TGF-B78. In contrast,
other investigations have suggested that Smad7 may inhibit inflammation. In a model of
peritoneal inflammation, Smad7 overexpression attenuated inflammatory activity, reducing
macrophage infiltration”®. In a model of renal injury, Smad7 delivery was found to

inhibit inflammation reducing accumulation of macrophages, through effects attributed

to upregulation of IxBa and reduced NF-xB activation34. In a model of corneal injury,
adenoviral transfer of Smad7 suppressed monocyte and macrophage influx, reducing
synthesis of monocyte chemoattractant chemokines®0. Whether these in vivo effects reflect
direct anti-inflammatory actions of Smad7 on macrophages, or secondary effects due

to modulation of the inflammatory profile of other cell types is unclear. Hong et al.
demonstrated that in BMMs Smad7 mediates the anti-inflammatory actions of TGF-g, by
binding to TAB2 and TAB3, two adaptor proteins that link the kinase TAK-1 with the
pro-inflammatory TNF-a signaling cascade33. Formation of Smad7: TAB2 and Smad7:TAB3
complexes was suggested to inhibit TAK1 recruitment to TRAF2, thus blocking TNF/NF-
xB signaling.

In contrast to these published findings, our experiments show that endogenous Smad7

has no significant effects in modulation of the anti-inflammatory actions of TGF-g in
macrophages (Figure 9). Systematic assessment of inflammatory gene transcription using

a PCR array and whole-transcriptome analysis with RNA-seq showed that Smad7 loss in
macrophages had no significant effects on expression of inflammatory genes. The basis for
the conflicting observations between our study and previously published observations on the
effects of Smad7 in bone marrow macrophages is unclear, but may reflect different strategies
for Smad7 knockdown, or the use of different endpoints for assessment of inflammatory
activity. We used a highly-specific genetic approach to delete Smad7 in macrophages, and
we systematically characterized the effects of Smad7 loss on the transcriptomic profile using
PCR arrays and RNA-seq. In contrast, Hong et al used an siRNA knockdown approach that

may have off-target effects, and assessed expression of a single inflammatory mediator, IL-6
33

Although Smad7 absence did not affect the anti-inflammatory actions of TGF-8, a small
fraction of TGF-B-induced macrophage genes were restrained by Smad7 in vitro. O/fm/3
was induced upon TGF-p stimulation and was suppressed by Smad7 (Figure 12F). O/fml3
encodes the protein olfactomedin like-3, which has been implicated in regulation of
angiogenesis and pericyte proliferation8:82. Moreover, our PCR array data showed that
expression of /fga5was modestly but significantly increased upon Smad7 loss in TGF-B-
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stimulated macrophages (Figure 10A). Upregulation of integrin a5 in Smad7 null cells may
accentuate responses of macrophages to integrin-binding extracellular matrix proteins, such
as fibronectin. However, no significant effects of Smad7 loss on OlIfml3 and Itga5 expression
levels were noted in infarct macrophages.

The in vivo actions of macrophage Smad7 in healing myocardial infarction

Conclusions

Despite the absence of significant effects of endogenous Smad7 in vitro, myeloid cell-
specific Smad7 loss had a significant impact on the transcriptional profile of infarct
macrophages. RNA-seq analysis showed that Smad7 KO macrophages harvested 7 days
after infarction exhibited upregulation of 867 genes and downregulation of 613 genes,

in comparison to WT infarct macrophages isolated at the same timepoint. Bioinformatic
analysis predicted inhibition of myeloid cell chemotaxis, associated with attenuated TREM1
signaling and activated semaphorin pathways in cells lacking Smad7. TREML1 has been
previously reported to extend inflammatory injury in experimental models of myocardial
infarction83:84, stimulating chemokine synthesis and accentuating leukocyte recruitment

in the infarcted myocardium. On the other hand, semaphorin 3a was found to exert
anti-inflammatory actions, attenuating dysfunction after myocardial infarction8®. However,
despite the significant impact of Smad7 loss on the transcriptional profile of infarct
macrophages, effects on the cellular inflammatory response were modest, and no effects

on cardiac remodeling and dysfunction were noted. The transient reduction in myofibroblast
infiltration observed in myeloid cell-specific Smad7 KO mice (Figure 7) may reflect the
attenuated inflammatory activity of macrophages suggested by the RNA-seq data, but was
not sufficient to affect remodeling and dysfunction of the infarcted heart.

We provide the first systematic in vivo and in vitro investigation on the role of endogenous
macrophage Smad7 in homeostasis and ischemic injury. Although Smad7 is upregulated

in macrophages after myocardial infarction, the role of macrophage-specific Smad7 in
modulating the reparative response is limited. This finding contrasts the significant effects
of myofibroblast Smad7 induction in restraining fibrosis, and in protecting from adverse
remodeling after myocardial infarction’”. The cell-specific effects of Smad7 in the infarcted
myocardium may reflect differences in the levels of upregulation between cell types and the
distinct roles of TGF-B-dependent and TGF-independent pathways modulated by Smad7 in
fibroblasts and in macrophages.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Smad7 expression in macrophagesin vitro and in vivo.
A: TGF-p1, -p2 and -3 (10ng/ml) markedly induced Smad7 mRNA expression in bone

marrow macrophages (BMMs) after 4h of stimulation. In contrast, BMP2, BMP4, BMP6
and BMP7 (50ng/ml) have no significant effects (*p<0.05, **p<0.01, ****p<0.0001 vs.
control; n=4/group). B: After 24h of stimulation, TGF-1, but not BMP2 and BMP4 induced
Smad7 upregulation in BMMs. C: In contrast, Pdgfa, a gene induced by TGF-p superfamily
members in several different cell types was upregulated in BMMs in response to TGF-B1,

or BMP4 stimulation (4h experiment). In the prolonged stimulation experiment (24h) only
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TGF-p1 increased Pagfaexpression levels (**p<0.01, ****p<0.0001, n=. n=3-4 for 4h
stimulation, n=7-8 for the 24h stimulation experiment). D: Smad7 expression patterns

in mouse macr ophages from different organs obtained by analyzing data from the
Immgen database. Microglial (Mcg) macrophages exhibit the highest levels of Smad7
expression, followed by CCR2* and CCR2™ cardiac macrophages (H CCR2+ and H CCR2-
respectively), liver, and thymus (Th) macrophages. In contrast, aortic, peritoneal (Per), renal
(Kid), spleen macrophages (Sp), and circulating blood monocytes (blood MN) have low
baseline levels of Smad7 expression.
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Figure 2: Time cour se of macrophage Smad7 expression in the infarcted myocardium.
CSF1REGFP reporter mice underwent non-reperfused myocardial infarction. Dual

immunofluorescent staining for Smad7 and GFP was used to identify SMAD7+
macrophages. A-C: Control mouse hearts have a small population of CSF1R+ myeloid
cells (A), and SMAD 7+ cells (B, arrowhead). D-F: After 24h of myocardial infarction,

a small population of SMAD7+/CSF1R+ myeloid cells is detected in the infarcted area
(arrowheads). G-I: After 3 days of coronary occlusion, abundant CSF1R+ myeloid cells (G)
and SMAD7+ cells (H, arrows) are identified in the infarcted myocardium. J-L: Numerous
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SMAD7+/CSF1R+ macrophages (arrowheads) are identified in the infarcted area after 7
days of myocardial infarction. M-O: The density of SMAD7+ macrophages is reduced

after 28 days of infarction. P: Quantitative analysis shows that the density of CSF1R+
macrophages in the infarcted myocardium significantly increases after 3 days and peaks
after 7 days of myocardial infarction. Q: The number of SMAD7+ macrophages peaks at
the 7-day timepoint. R: The fraction of SMAD7+ macrophages shows an early increase

24h after coronary occlusion and peaks after 7-28 days of coronary occlusion (*p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001 vs. Control; n=4-6/group). S: Flow cytometric sorting
was used to harvest CD11b+/Ly6G- macrophages from sham wildtype hearts and from
infarcts after 3, 7 and 14 days of coronary occlusion. T: gPCR showed a significant change
in Smad7 levels in infarct macrophages (ANOVA, p=0.048, n=3-4/group). 7 days after
coronary occlusion, infarct macrophages exhibited a ~50% increase in Smad7 mRNA levels,
when compared with 3-day macrophages (p=0.0496, Tukey post-hoc test, n=4/group), or
with macrophages harvested from sham hearts (p=0.0977, Tukey correction, n=3-4/group).
This observation suggests that the increase in the density of SMAD7+ macrophages in the
infarct is, at least in part, related to Smad7 upregulation.
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Figure 3: Documentation of Smad7 lossin myeloid cell-specific Smad7 KO (MyS7KO) mice.
Infarct macrophages harvested from MyS7KO infarcts exhibit a marked reduction in Smad7

MRNA and protein expression. CD11b+/Ly6G- macrophages, CD11b+/Ly6G+ neutrophils
and CD11b-/Ly6G- non-myeloid interstitial cells were harvested from the infarcted heart of
MyS7KO and Smad7 fl/fl mice after 3 days of permanent coronary occlusion. Macrophages
(A), but not neutrophils (B) and non-myeloid interstitial cells (C) harvested from MyS7KO
infarcts exhibit a marked decrease of Smad7 expression, when compared to cells harvested
from Smad7 fl/fl infarcts (**p<0.01 vs. Smad7 fl/fl; n=3-4/group). D-H: Western blotting
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was performed to confirm macrophage SMAD?7 loss in MyS7KO mice. Bone marrow
macrophages (BMM) were harvested from Smad7 fl/fl and MyS7KO mice. Western blotting
showed a marked reduction in SMAD?7 levels in MyS7KO BMMs (*p<0.05, n=3/group)
(D-E). Protein from TGF-B stimulated cardiac fibroblasts (CF)32 serves as a positive control.
Samples from the spleen of WT mouse and mouse with global inducible Smad7 knockout
(KO) serves to validate the specificity of the antibody (please note that in tissue, a second
SMAD?7 band is noted right below the 50kDa marker). F-G: MyS7KO infarct macrophages
also exhibit a reduction in SMAD?7 levels. H: Quantitative analysis shows that MyS7KO
infarct macrophages have markedly lower SMAD?Y protein levels, when compared to infarct
macrophages harvested from Smad?7 fl/fl mice (5 days coronary occlusion, ****p<0.0001,
n=4-7/group).
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Figure 4: Effects of Myeloid cell-specific Smad7 loss on the gene expression profile of infarct
macrophages.

A-D: RNA-seq was used to compare the transcriptional profile of infarct macrophages
harvested from MyS7KO and Smad7 fl/fl infarcted hearts, 3 and 7 days after coronary
occlusion. Volcano plots demonstrate upregulation of 291 genes and downregulation of 464
genes in Smad7 KO macrophages 3 days after myocardial infarction (A). 867 genes were
upregulated and 613 genes were downmodulated by macrophage-specific loss of Smad7 at
the 7-day post-infarction timepoint (B). C-D: the number of genes up and down regulated

in MyS7KO infarct macrophages. E: Ingenuity pathway analysis (IPA) of the transcriptomic
data at the 7-day timepoint identified 3 canonical pathways that were differentially regulated
by Smad7 loss (with an absolute z score >2). The semaphorin pathway was predicted to be
activated in Smad7 KO cells, whereas TREM1 signaling and oxidative phosphorylation were
predicted to be inhibited.
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Figure5: Myeloid cell-specific Smad7 loss does not affect mortality, dysfunction and adver se

remodeling after myocardial infarction.

A-C: Male and female MyS7KO mice and corresponding sex-matched Smad7 fl/fl animals
had comparable survival curves after myocardial infarction. B: Male mice exhibit marked
mortality during the first week following infarction, that is not affected by myeloid cell-
specific Smad7 loss (p=NS, Smad7 fl/fl, n=39; MyS7KO, n=35). C: All female mice
survived permanent coronary occlusion surgery and no significant differences in mortality
were noted (Smad7 fl/fl, n=26; MyS7KO, n=23). D-I: Post-infarction dysfunction and
remodeling was studied using echocardiography 7, 28 and 56 days after infarction. MyS7KO
and Smad7 fl/fl mice had comparable ejection fraction after 7, 28 and 56 days of coronary
occlusion (D). E-G: Smad7 loss did not significantly affect LVEDD, LVEDV, and LVESD
after 7-56 days of coronary occlusion. LVESV was modestly, but significantly lower in
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MyS7KO mice at the 28-day timepoint; however, no significant effects of myeloid cell-
specific Smad7 loss on LVESV were noted at the 7 and 56-day timepoints (H). Left
ventricular anterior wall thickness was comparable between groups at all timepoints (1).
(*Pp<0.05 vs smad7fl/fl 28d, M p<0.0001 vs corresponding pre-echo).
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Figure 6: Myeloid cell-specific Smad7 loss does not affect scar size after myocardial infarction.
Effects of myeloid cell-specific Smad7 loss on scar size and remodeling 7 and 56 days after

infarction were studied using systematic reconstruction of the entire infarcted ventricle by
sectioning from base to apex (A). Scale bar=2mm. The scar size (B) and minimal thickness
of the scar (C) were comparable between MyS7KO and Smad7 fl/fl groups at the 7 and
56-day post-infarction timepoints. D: Mean infarct thickness was modestly, but significantly
higher in MyS7KO mice at the 7-day timepoint, however, no significant difference was
noted between groups at 56-day timepoint following infarction. (*p<0.05 vs. Smad7fl/fl 7d,
AMANG<0.0001 vs. corresponding 7d; n=10-23/group).
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Figure 7: Myeloid cell-specific Smad7 loss transiently reduces myofibroblast density, but does not

affect collagen deposition in the healing infarct.

A: Representative images identifying myofibroblasts, as a-smooth muscle actin (a-SMA)-
immunoreactive cells located outside the media of vessels in the infarcted hearts. B:
Picrosirius red staining was used to assess collagen content in the infarcted and remodeling
myocardium. C: Myofibroblast density was modestly but significantly lower in MyS7KO
infarcts, in comparison to Smad7 fl/fl infarcts at the 7-day timepoint. As the infarct scar
matures, myofibroblast density markedly decreased and was comparable between groups at
the 56-day timepoint. D: Quantitative analysis revealed no significant effects of myeloid
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cell-specific Smad7 loss on collagen deposition in the infarct zone and in the remodeling
myocardium at both timepoints examined. (**p<0.01 vs Smad7 fl/fl 7d, ~**p<0.0001 vs
corresponding 7d; n=10-20/group).
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Figure 8: Effects of Smad7 loss on inflammatory genes expression in isolated bone marrow

macrophages (BMM).

BMMs were stimulated with TGF-B1 (10ng/ml) for 4 hours. A: Loss of Smad7in Smad7
KO BMMs was confirmed by qPCR. B-H: Smad7 loss did not affect the anti-inflammatory

actions of TGF-B1 on the expression of the inflammatory cytokines 7nfa, Tnfsf4, Tnfsf10
(B-D), the chemokines Ccl2, Ccl3, Ccl4 (E-G) and //6st (H). Smad7 KO macrophages had

higher baseline expression of 7nfa (B) and 7nfsf10 (D), and lower baseline expression of
Ccl2 (E) (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001; n=3-4/group).
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Figure 9: Smad7 loss does not affect the anti-inflammatory actions of TGF- in TNF-a-
stimulated bone marrow macrophages (BMMs).

WT (Smad7 fl/fl) and Smad7 KO BMMs were pre-treated with TGF-p1 (10ng/ml) for 2
hours, followed by stimulation with TNF-a (10ng/ml) for 4 hours. A-L: TGF-B1 markedly
suppressed TNF-a induced inflammatory chemokine (Ccl2, Ccl3, Ccl4, Ccl5, Ccl6, Ccl9,
Ccl12, P4, Cxcl10) and cytokine (BmpZ, Tnfa, Tnfsf10) gene expression in both WT and
Smad7 KO cells. M-O: In contrast to its suppressive effects on expression of a wide range
of pro-inflammatory cytokines, TGF-B1 upregulated synthesis of 7nfsf13b, Osmand Vegrfa
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in the presence of TNF-a.. Smad7 absence did not affect these effects (*p<0.05, **p<0.01,
***n<0.001; n=3/group)
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Figure 10: Effects of Smad7 loss on expression of matrix remodeling-associated genesin bone
marrow macrophages (BMM).

TGF-p1 (10ng/ml) stimulation induced expression of integrins /tga5, /fgaland /tgav (A-C),
had no significant effects on /tgb1 levels (D) and downregulated /fgb3 synthesis (E).
Smad7 loss was associated with modest, but significant accentuation of TGF-B-induced
Itga5 expression (A). TGF-B1 suppressed Mmp13 (F) and Mmp3 (1) expression, markedly
induced MmpZ2 (H) in both WT and Smad7 KO macrophages. Smad7 loss was associated
with significantly increased baseline expression levels of Mmp14(G). TGF-p1 also
markedly induced expression of the matricellular protein 7g7b/ (J) and suppressed levels
of the adhesion molecules /cam1 (K) and Veam1 (L) in both WT and Smad7 KO cells.
Smad7 loss did not affect expression levels of 7gfbi, Vcam1and /lcamlin BMMs (J-L).
(*p<0.05, **p<0.01, ***p<0.001; n=6-7/group).
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Figure 11: Effects of Smad7 loss on the transcriptional profile of TGF-Bl-stimulated

macrophages. A:

Volcano plot of RNA-seq data shows that TGF-B1 stimulation markedly altered

the transcriptome of bone marrow macrophages (BMMs), inducing 1338 genes and
downmodulating 1267 genes. B-C: Smad7 absence had modest effects on the macrophage
transcriptome in both unstimulated and TGF-B-stimulated cells. Smad7 absence was
associated with upregulation of 18 genes and downregulation of 31 genes in unstimulated
BMMs (B). In TGF-B-stimulated cells, Smad7 loss was associated with induction of

10 genes and downmodulation of 18 genes (C). CWT, control wildtype; TWT, TGF-f-
stimulated wildtype; CS7, control Smad7 KO; TS7, TGF-B-stimulated Smad7 KO.
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Figure 12: Effects of Smad7 loss on TGF-B1-stimulated gene expression in bone marrow
macrophages (BMMs).

A: TGF-B1 induced Smad7 expression was markedly reduced in Smad7 KO cells (S7KO).
B: TGF-B1 stimulation induced comparable Smadé expression in both WT and Smad7

KO macrophages. The baseline transcription of Pomk (C), Tecpr1 (D), Adam19 (L), Bsn
(M), and Colec12(N) was suppressed in S7TKO macrophages. Smad7 absence markedly
accentuated TGF-B1-induced expression of Fabp7 (E) and O/fm13(F). In contrast, Smad7
loss attenuated TGF-B-induced expression of Fn1 (G), Ccdc107 (H), Prickle2 (1), Navz (J),
C77080 (K), Adam19 (L), Bsn (M) and Colec12(N). (*p<0.05, **p<0.01, ***p<0.001;
n=4/group).
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