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Tregs delivered post-myocardial infarction
adopt an injury-specific phenotype
promoting cardiac repair via macrophages
in mice
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Regulatory T cells (Tregs) are key immune regulators that have shown promise
in enhancing cardiac repair post-MI, although the mechanisms remain elusive.
Here, we show that rapidly increasing Treg number in the circulation post-Ml
via systemic administration of exogenous Tregs improves cardiac function in
male mice, by limiting cardiomyocyte death and reducing fibrosis. Mechan-
istically, exogenous Tregs quickly home to the infarcted heart and adopt an
injury-specific transcriptome that mediates repair by modulating monocytes/
macrophages. Specially, Tregs lead to a reduction in pro-inflammatory Ly6C'"
CCR2" monocytes/macrophages accompanied by a rapid shift of macrophages
towards a pro-repair phenotype. Additionally, exogenous Treg-derived fac-
tors, including nidogen-1 and IL-10, along with a decrease in cardiac CD8" T cell
number, mediate the reduction of the pro-inflammatory monocyte/macro-
phage subset in the heart. Supporting the pivotal role of IL-10, exogenous
Tregs knocked out for IL-10 lose their pro-repair capabilities. Together, this
study highlights the beneficial use of a Treg-based therapeutic approach for
cardiac repair with important mechanistic insights that could facilitate the
development of novel immunotherapies for MI.

Myocardial infarction (MI) is the most common form of acute cardiac
injury and is a leading cause of global mortality. MI generally results
from a blockage in the coronary arteries which reduces blood flow to
the downstream ventricular tissue, causing a rapid death of cardio-

ischemic area forms a scar tissue that impairs the overall contractility
of the heart'. Angioplasty, stenting, or coronary artery bypass surgery
are procedures performed as soon as possible following MI, in order to
restore blood flow to the ischemic tissue. Several other treatments

myocytes. Consequently, the heart undergoes remodelling and the have been investigated to reduce inflammation, promote
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angiogenesis, and decrease fibrosis, including stem cell-based thera-
pies and the administration of protein therapeutics®*. However, many
of those approaches have shown relatively modest effectiveness.

It is now well recognised that the immune system plays a pivotal
role in cardiac repair. Therefore, therapeutic strategies that modulate
the immune components involved in the response to MI are being
explored. These strategies often rely on the use of stem cells or protein
therapeutics that target the inflammatory pathways exacerbated post-
MP®. In particular, approaches that target innate immune cells such as
monocytes and macrophages (Mo/M®) have been investigated, as these
cells are critical in cardiac remodelling’. Indeed, Mo/M® are among the
first immune cells to accumulate at the site of injury and they play an
important role in the removal of dead cells and debris’. In addition, once
activated in the Ml area, Mo/M® take on different polarisation states that
positively or negatively regulate the cardiac repair process™®. Thus,
controlling Mo/M® phenotypes post-MI could be an effective approach
to promote cardiac repair and limit fibrosis. More recently, it has been
recognised that adaptive immune cells, such as T cells, are important
regulators of cardiac repair outcomes following MI. For example, it has
been shown that cytotoxic CD8" T cells in the infarcted tissue produce
pro-inflammatory cytokines, which further promote inflammation and
tissue damage’. Additionally, CD8" T cells have been shown to have a
cytotoxic effect on cells that are undergoing necrosis or apoptosis’.

Regulatory T cells are another type of T cells that have been
shown to positively impact cardiac repair*'°™. For instance, studies
have shown that Tregs modulate the cardiac immune response fol-
lowing MI, by reducing CD8" T cells** and modulating Mo/M®". In
addition, they may exercise a direct protective or pro-regenerative
effect on cardiac cells such as fibroblasts, endothelial cells, and
cardiomyocytes*""°, Therefore, utilising Tregs or pharmacologically
controlling endogenous Tregs could be an attractive therapeutic
approach following MI'**%, Nevertheless, while the positive impact of
Tregs on cardiac function is relatively clear, the specific mechanisms
by which Tregs modulate immune cells and the overall inflammatory
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Fig. 1| Systemic delivery of exogenous Tregs post-MI improves the cardiac
repair outcome. a-j LCA ligation was performed in wild-type (wt) mice. Mice
received a systemic injection of saline or Tregs, 1 day after MI. The experimental
design is shown in (a). b Representative parasternal long-axis views of the left
ventricles. Scale bar: 2 mm. ¢ Left ventricular ejection fraction (n=9). d Left ven-
tricular end diastolic volume in pl measured by echocardiography at baseline, 7 and
28 days post-MI (n=9). e Quantification of fibrosis by histology expressed as per-
centage of the left ventricular area (n=9). f Representative histology of whole
transverse heart sections from apex to base, after Masson’s Trichrome staining,
28 days post-MI. Scale bar: 2 mm. g Representative sections of the heart 3 days post-
treatment with staining of apoptotic cells in red (TUNEL assay), cell border (wheat
germ agglutinin, WGA; in green), and nuclei in blue (in blue). Scale bar: 100 pm.
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microenvironment at the Ml site, as well as the timeframe in which they
are critical, remain unclear. In this study, we used mouse models to
investigate whether rapidly increasing circulating Treg numbers post-
MI via exogenous Treg administration is an effective therapeutic
strategy to enhance cardiac repair outcomes. Furthermore, we
uncovered key mechanisms by which exogenous Tregs modulate
immune cell populations to promote cardiac repair.

Results
Systemic delivery of exogenous Tregs promotes cardiac repair
following MI
To induce MI in the mouse we performed a permanent left coronary
artery (LCA) ligation. We first confirmed the importance of Tregs during
cardiac repair by using the Foxp3°™¢™ mouse in which diphtheria toxin
administration depletes Foxp3* expressing cells (Supplementary
Fig. 1a-c). As previously shown, Treg ablation resulted in a significantly
reduced ejection fraction and increased fibrosis in the heart four weeks
post-MI, indicating a worsened function and contractility of the left
ventricle (Supplementary Fig. 1d-g). Since Treg depletion results in a
deteriorated cardiac outcome post-MI, we hypothesised that rapidly
increasing the number of Tregs in the circulation after Ml would improve
cardiac repair. To increase the number of Tregs in the circulation fol-
lowing MI, we systemically injected one million Tregs purified from
Foxp3°™C* mouse spleens, one day post-MI, and assessed the cardiac
repair outcome at baseline, one and four weeks after Ml (Fig. 1a and
Supplementary Fig. 2a). We observed that treatment with exogenous
Tregs results in a significant improvement of cardiac repair, as evidenced
by ameliorated ejection fraction, reduced end diastolic volume, and
reduced fibrosis of the left ventricle (Fig. 1b-f), increased end-systolic
posterior and anterior wall thickness and reduced internal diameter of
the left ventricle in systole (Supplementary Fig. 3a).

Since Ml induces the death of cardiomyocytes, we examined if the
delivery of exogenous Tregs promoted cardiomyocyte survival by
performing a TUNEL assay three days post-treatment. Remarkably,
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h Quantification of TUNEL* cardiomyocytes (CMs) (n =5). i Representative immu-
nostaining of heart sections for endothelial cells (CD31, in red)) and nuclei (in blue)
28 days post-MI. Scale bar: 100 pm. j Quantification of immunostaining for CD31
(n=9). For all graphs, boxes show median (centre line) and interquartile range
(edges), whiskers show the range of values and dots represent individual data
points. Two-way ANOVA with Bonferroni post-hoc test for pair-wise comparisons
was used to compare the groups in (c, d). Two-tailed Student’s ¢-test was used to
compare the groups in (e, h, j). P-values are indicated. Panel (a) created with
BioRender.com released under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International license (https://creativecommons.org/licenses/by-nc-
nd/4.0/deed.en).
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Fig. 2 | Exogenous Tregs homing to the heart adopt an injury-specific tran-
scription profile similar to endogenous heart Tregs. a-d Mice received a sys-
temic injection of saline or Tregs (from Foxp3™™ mice), 1 day post-MI. Four days
post-MI, the delivered red-fluorescent protein (RFP) positive Tregs were sorted
from the heart, spleen, and mediastinum lymph nodes (MLN) for bulk RNA
sequencing. The experimental timeline is shown in (a). b Flow cytometry plots
showing RFP* Tregs gated from total CD3" cells in the heart, spleen and MLN 4 days
post-MI. ¢ Count per million (CPM) plots depicting gene expression levels of classic
Treg markers in exogenous Tregs before delivery and exogenous Tregs recovered
from the heart (data are presented as mean + SD, n =3-4/group). d Heat map of
selected significantly upregulated genes depicting standardised gene expression
values in exogenous Tregs before delivery and exogenous Tregs recovered from
the heart. Genes are classified according to main known function indicated by the

coloured tab next to the heat map. e Accumulation kinetic of endogenous Tregs in
the myocardium post-MI. Data are presented as mean + SD (n = 4). f-h Endogenous
heart Tregs were sorted and sequenced 7 days post-MI, along with Tregs from
spleens of uninjured mice. The experimental timeline is shown in (f). g MA-plot of
differentially expressed genes (FDR < 0.05, fold change >[L.5]) in Tregs sorted
from the infarcted heart vs. Tregs from uninjured spleen. Common genes between
the endogenous heart Tregs and the exogenous Tregs in (d) are labelled. Biological
replicates are shown and each replicate comes from a pool of > 2 injuries. h GO
analysis showing enriched terms from all commonly upregulated genes between
endogenous and exogenous Tregs sorted from the heart (FDR < 0.01, adjusted by
Benjamini-Hochberg correction). Panels (a, f) created with BioRender.com released
under a Creative Commons Attribution-NonCommercial-NoDerivs 4.0 Interna-
tional license (https://creativecommons.org/licenses/by-nc-nd/4.0/deed.en).

exogenous Tregs reduced cardiomyocyte cell death in the infarct zone
and border zone of the left ventricle (Fig. 1g, h). Then, given that
vascularisation within the MI area is critical for proper repair, we
assessed the extent of vascularisation by immunostaining for the
endothelial cell marker CD31 four weeks post-treatment. Interestingly,
we found that mice receiving Tregs had increased blood vessel density
in the infarct zone (Fig. 1i, j). Lastly, we evaluated whether Treg delivery
could promote cardiomyocyte proliferation by performing immu-
nostaining of the mitosis marker phospho-histone 3 (pH3) seven days
post-MI.  Exogenous Tregs did not significantly improve

cardiomyocyte proliferation in comparison to saline control (Supple-
mentary Fig. 3b, c).

Exogenous Tregs home to the ischemic myocardium and
express an injury-specific transcriptome

To determine the pharmacokinetics of exogenous Tregs following
delivery, we used Tregs from Foxp3"&S™R ¥ mice spleens as they express
the very bright fluorescent protein RFP (Fig. 2a, Supplementary
Fig. 2b). We found that exogenous Tregs accumulate in the heart
within the first day following delivery, and RFP* cells were also
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detected to some extent in the spleen and mediastinal lymph nodes
(MLN) up to seven days post-treatment (Fig. 2b, Supplementary Fig. 4).
To gain insights on the mechanisms by which exogenous Tregs pro-
mote cardiac repair, we recovered RFP" Tregs from the heart and
lymphoid organs three days post-treatment (four days post-MI) by cell
sorting (Supplementary Fig. 2d). We then performed mini-bulk RNA
sequencing on RFP* Tregs before delivery and on RFP* Tregs recovered
from the heart, MLN and spleen. The exogenous RFP* Tregs recovered
from all tissues expressed classic Treg markers such as Foxp3, Icos,
Ctla4 and Cd25 to a similar level compared to Tregs before delivery,
confirming that the delivered Tregs maintained their Treg identity
after systemic administration (Fig. 2c, Supplementary Fig. 7a).
Remarkably, we found that the Tregs recovered from the heart had a
stark gene expression profile change in comparison to their state
before delivery, as well as compared to Tregs recovered from the
spleen and MLN. This indicated that the exogenous Tregs that home to
the heart following MI acquire a unique injury-specific transcriptome
(Supplementary Fig. 5). Changes in recovered heart Tregs are repre-
sented by an MA-plot depicting global differential gene expression and
a heat map showing selected differentially expressed genes (DEGs)
compared to Tregs before delivery (FDR < 0.05, fold change >[1.5])
(Fig. 2d and Supplementary Fig. 6). These specific genes were high-
lighted due to their previously known role in mediating Treg response
to inflammation and injury”. For example, among the DEGs were
effector Treg genes like Gzmb, Cd44, and Ctla2a; extracellular matrix
(ECM)-related genes including Mmp9, Lgalsi, Lgals3, Fnl, and NidI;
cytokines and chemokine genes like /lIrn and Cxcr4; growth factors
such as Areg and Pdgfb; as well as Anxal and Anxa2. Exogenous Tregs
recovered from the heart also differentially expressed other genes in
comparison to their pre-delivery state (Supplementary Data 1). In
contrast to exogenous Tregs recovered from the heart, Tregs recov-
ered from the MLN and spleen had a slightly different gene expression
profile compared to their state before delivery (Supplementary Fig. 5,
Supplementary Data 2 and Supplementary Data 3). These DEGs inclu-
ded the upregulation of some transcription factors known to regulate
Treg lineage maintenance and support Treg effector functions, such as
Junb®, Nr4al* and Nr4a2* (Supplementary Fig. 7b).

To further understand the molecular changes occurring in the
exogenous Tregs homing to the heart, we compared them with
endogenous Tregs that naturally accumulate in the heart post-MI. First,
we monitored the kinetics of endogenous Treg accumulation in the
infarct zone and observed that Tregs peaked one week post-MI
(Fig. 2e). Thus, using the Foxp3°™°" mice, we sorted endogenous GFP*
Tregs from the heart seven days post-MI as well as Tregs from the
spleen of uninjured mice and performed bulk RNA sequencing (Fig. 2f,
Supplementary Fig. 2e). Endogenous heart Tregs displayed a stark
gene expression profile change in comparison to spleen Tregs and
showed a significant upregulation of most genes that we had observed
with the exogenous RFP* Tregs recovered from the heart, as repre-
sented on the MA-plot (Fig. 2g and Supplementary Fig. 8). Moreover,
endogenous heart Tregs expressed additional DEGs (FDR<0.05),
some of which were also highly expressed (with a fold change >2) in
exogenous Tregs, albeit not significantly (Supplementary Fig. 9a,
b and Supplementary Data 4). To gain insights into the possible
mechanisms by which Tregs support cardiac repair, we performed
gene ontology (GO) analysis on all overlapping upregulated genes
between endogenous heart Tregs and exogenous Tregs recovered
from the heart as they are likely to be the most relevant in character-
ising the biological processes that Tregs modulate (Supplementary
Data 5). The analysis revealed biological processes related to tissue
repair and immune modulation such as angiogenesis and tube mor-
phogenesis, wound healing, and T cell activation (Fig. 2h). Taken
together, these data show that exogenous Tregs homed to the heart
post-MI, and quickly adopted a unique injury-specific transcriptome
that was akin to that of pro-repair endogenous heart Tregs.

The pro-repair effect of exogenous Tregs depends on Mo/M®
As one of the main functions of Tregs is to modulate other immune
cells, we explored the effect of exogenous Tregs on immune cell
subsets in the infarcted area post-MI. Flow cytometry was used to
analyse changes in Mo/M® (CD11b"/F4/80" cells), pro-repair Mo/M®
(CD11b*/F4/80"/CD206" cells), neutrophils (Ly6G* cells) and T cells
(CD3*/CD8", CD3/CD4") on days 4, 7 and 10 post-MI (Fig. 3a, Supple-
mentary Fig. 10a, ¢). Compared to the saline group, the number of
neutrophils and CD4* T cells remained unchanged in response to
exogenous Treg treatment (Supplementary Fig.10d). In addition, while
the total Mo/M® number was significantly reduced on day 4 post-Ml in
the Treg-treated animals, the reduction was not observed on days 7
and 10. Most interestingly however, the expression of the pro-repair
marker CD206 on the total Mo/M® population was significantly higher
in Treg-treated animals on days 7 and 10 (Fig. 3b). In line with this
observation, the number of Mo/M® expressing high levels of CD206"
was also significantly higher (Supplementary Fig. 10d), suggesting that
Mo/M® in Treg-treated animals polarised towards a pro-repair phe-
notype more rapidly. In addition, the number of cytotoxic CD8' T cells
was significantly reduced in the Treg-treated group on days 4, 7 and 10
post-MI (Fig. 3b). Overall, these immune profile changes in the
infarcted area suggested that exogenous Tregs induce an anti-
inflammatory environment at an early-stage post-MI.

Having observed the modulation of Mo/M® in the heart by exo-
genous Tregs, we investigated the extent to which the pro-repair
effect of Tregs depended on Mo/M®. For this purpose, we used clo-
dronate liposomes, a well-known method to deplete Mo/M®*%,
which we administered to the mice over a seven-day period (Fig. 3c).
On day 4 post-MI the Mo/M® were confirmed to be ablated in the
infarct zone, blood, and spleen (Supplementary Fig. 11). As previously
reported” >, Mo/M® depletion with clodronate liposomes did not
significantly impact cardiac function compared to the saline-only
group. Furthermore, the administration of exogenous Tregs did not
enhance cardiac repair on days 7 and 28 post-MI in the absence of
Mo/M®, compared to the saline control group also treated with clo-
dronate liposomes (Fig. 3d-g). Thus, these results strongly suggested
that exogenous Tregs exert their pro-repair effect via Mo/M®.

Mo/M® acquire a pro-repair gene expression profile in response
to exogenous Tregs

To gain insights on the molecular mechanisms by which exogenous
Tregs modulate Mo/M® in the heart, we isolated Mo/M® from the
infarct zone on days 4 and 7 post-MI from both saline and Treg-treated
groups and performed mini-bulk RNA sequencing® (Fig. 4a, Supple-
mentary Fig. 12). In comparison to the saline group, Mo/M® sorted
four days post-MI showed some DEGs (FDR < 0.05) in response to Treg
treatment (Supplementary Data 6), including significantly upregulated
ECM-related genes (Postn and Sparc), along with the growth factor IgfI;
as well as downregulated the matrix metalloproteinases Mmp9 and the
inflammatory cytokine /l1Ia (Fig. 4b). In contrast, Mo/M® from Treg-
treated mice sorted seven days post-MI showed a stark difference in
their gene expression profile (Supplementary Data 7), and significantly
upregulated genes associated with a pro-repair and resident macro-
phage phenotype. For example, these genes included MrclI (Cd206),
Csfir, Lyvel, Cd163 and Apoe. In addition, Mo/M® upregulated ECM-
related genes such as Thbsl, Sparc, Col4a2 as well as other pro-repair
genes such as Tmsb4x (Fig. 4b). Using all the DEGs, we then performed
a combined pathway analysis of Mo/M® sorted four and seven days
post-MI in response to exogenous Treg treatment. We identified
upregulated GO biological processes related to positive regulation of
myeloid leukocyte differentiation, IL-10 production, and cardiac
muscle tissue growth, whilst downregulated pathways included leu-
kocyte migration and inflammatory response (Fig. 4c). The genes
depicting the pathways are represented in a gene-concept network
plot (Supplementary Fig. 13). To further validate the Mo/M® shift
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Fig. 3 | The pro-repair effect of exogenous Tregs depends on Mo/M®. a, b Wild-
type (wt) mice received saline or Tregs 1 day post-MI. Immune cells in the infarct
zone were analysed by flow cytometry on days 4, 7 and 10 post-MI. The experi-
mental design is shown in (a). b Number (No.) of Mo/M® (CD11b*, F4/80" cells) per
mg of scar tissue, CD206* expression in Mo/M® (represented by the geometric
mean fluorescence intensity, MFI), and number of cytotoxic T cells per mg of scar
tissue (n =4). c-g Mice received saline or were depleted of Mo/M® using clo-
dronate liposomes (CLs) prior to receiving saline or Tregs on day 1 post-MI. The
experimental design is shown in (c). d Representative parasternal long-axis views of
the left ventricles. The red trace is end-diastolic, and the green is end-systolic. e Left
ventricular ejection fraction measured by echocardiography 7 and 28 days post-MI
(n=6). f Representative histology of whole transverse heart sections from apex to

base stained with Masson’s Trichrome staining, 28 days post-MI. Scale bar: 2 mm.
g Quantification of fibrosis by histology expressed as percentage of the left ven-
tricle (n=6). For all graphs, boxes show median (centre line) and interquartile
range (edges), whiskers show the range of values and dots represent individual data
points. Two-way ANOVA with Bonferroni post-hoc test for pair-wise comparisons
was used to compare the groups in (b, e). One-way ANOVA with Bonferroni post-hoc
test for pair-wise comparisons was used to compare the groups in (g). P values are
indicated, n.s. indicates non-significant. Panels (a, c) created with BioRender.com
released under a Creative Commons Attribution-NonCommercial-NoDerivs 4.0
International license (https://creativecommons.org/licenses/by-nc-nd/4.0/
deed.en).

towards a pro-repair phenotype, we performed immunostaining on
cardiac macrophages (F4/80" cells) to assess protein expression levels
of the surface markers CD206, CD163, LYVE], and the ECM protein
SPARC. Compared to saline treatment, all these proteins showed sig-
nificantly higher signals in F4/80" cells from Treg-treated mice seven
days post-MI (Fig. 4d, e). Taken together, these results indicated that
exogenous Treg administration prompt Mo/M® to adopt a pro-repair
profile favourable of cardiac repair.

The absence of Tregs after MI leads to a pro-inflammatory
phenotype in cardiac Mo/M®

To further delineate the mechanisms by which exogenous Tregs
modulate Mo/M®, we performed RNA sequencing on infarct zone
Mo/M® sorted four and seven days post-MI from Treg-depleted ani-
mals, as this mimicked the opposite situation to the Treg treatment
(Fig. 5a). Compared to the non-depleted controls group, Mo/M® sor-
ted four and seven days post-MI fromTreg-depleted mice showed
significant changes (Supplementary Data 8 and Supplementary
Data 9). Interestingly, amongst the significantly upregulated genes
(FDR < 0.05) was Ly6c2 (Fig. 5b), which suggests an increase in the
proportion of the inflammatory Ly6C high (Ly6C™) Mo/M® subset”.
This was accompanied by a significant downregulation of resident
cardiac macrophage markers Lyvel and Cd163***°, which was opposite
to what was observed in Mo/M® following exogenous Treg treat-
ment (Figs. 4b and 5b). The expression profile suggested that Tregs
control the accumulation of inflammatory Mo/M® and their polar-
isation into an anti-inflammatory and pro-repair phenotype. This was
also supported by the observation that Mo/M® in Treg-depleted
animals downregulated pro-repair genes that were found to be
upregulated upon exogenous Treg administration, such as Thbsl,
Nr4al and Rbpj (Figs. 4b and 5b). In addition, Mo/M® from Treg-
depleted mice showed downregulation of other pro-repair genes

such as Vegfb, Nrpl, Ptma and Areg (Fig. 5b). Using all the DEGs, we
then performed a combined pathway analysis of Mo/M® from Treg-
depleted animals, sorted four and seven days post-MI. We identified
upregulated GO biological processes related to the interferon (IFN)-y
pathway, response to IFN-a, IFN-B, and IL-1, as well as monocyte
chemotaxis, whilst downregulated pathways included angiogenesis
and endothelial cell chemotaxis (Fig. 5c). The genes depicting the
pathways are represented in a gene-concept network plot (Supple-
mentary Fig. 14). In summary, these results demonstrated that the
absence of Tregs exacerbates the inflammatory response by
increasing the proportion of pro-inflammatory Mo/M® in the infarct
zone post-Ml.

Tregs mitigate their effect via the Ly6C* CCR2" Mo/M® subset
As the Ly6CH" Mo/M® subset is also characterised by high CCR2
expression”, we used flow cytometry to examine Ly6C" CCR2" Mo/
M in the infarct zone following exogenous Treg treatment (Fig. 6a).
Remarkably, we found a significant reduction in the number of Ly6C"
CCR2" cells two days after Treg delivery, indicating a lower accumu-
lation of this pro-inflammatory Mo/M® subset in the heart (Fig. 6b and
Supplementary Fig. 10b). Thus, we investigated whether exogenous
Treg treatment promoted cardiac repair through the Ly6C" CCR2*
subset. To this end, we systemically depleted CCR2" cells during the
first week post-MI using an anti-CCR2 antibody (clone MC21) which
inhibits the migration of CCR2* Mo/M® to the heart’>* (Fig. éc, d).
Notably, we used a mouse Fc-silent antibody to avoid non-specific
effects from the Fc part of the antibody™. Firstly, blocking CCR2" Mo/
M® accumulation in the heart ameliorated the left ventricular ejection
after M, suggesting that inhibiting the accumulation of CCR2* Mo/M®
is beneficial for cardiac repair (Fig. 6e-h). Secondly, exogenous Treg
treatment did not significantly improve cardiac repair compared to the
antibody-only control group (Fig. 6e-h), implying that exogenous
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Fig. 4 | Mo/M® adopt a pro-repair profile in response to exogenous Tregs.
a-c Endogenous cardiac Mo/M® from saline- and Treg-treated groups were sorted
and sequenced on days 4 and 7 post-MI (n =4 for saline, n=3 for Tregs). The
experimental design is shown in (a). b Heat map of selected significantly upregu-
lated and downregulated DEGs (FDR < 0.05) depicting standardised gene expres-
sion values on days 4 and 7 post-MI (individual biological replicates are shown).
Genes are classified according to function with the coloured tab to the left of the
heat map. ¢ GO enriched terms depicting biological processes in the significantly
upregulated and downregulated genes in Mo/M® following exogenous Treg
treatment from days 4 and 7 post-MI (FDR < 0.01, adjusted by Benjamini-Hochberg
correction). d, e LCA ligation was performed in wild-type mice, followed by a

systemic injection of either saline or Tregs 1 day post-MI. Hearts were collected on
day 7 post-MI and stained for F4/80 (green) to identify Mo/M®s, with proteins of
interest (CD206, LYVEL], CD163, and SPARC) in red, and nuclei stained in blue.

d Representative images. Scale bar: 100 um. e Quantification of signal intensity
expressed as average raw density per F4/80" cells (n = 4). For all graphs, Boxes show
median (centre line) and interquartile range (edges), whiskers show the range of
values and dots represent individual data points. Two-tailed Student’s t-test was
used to compare the groups in (e). P values are indicated. Panel (a) created with
BioRender.com released under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International license (https://creativecommons.org/licenses/by-nc-
nd/4.0/deed.en).

Tregs likely exert their reparative effects primarily on the Ly6C" CCR2*
subset.

As treatment with Tregs led to a significant reduction in Ly6C"
CCR2" Mo/M® and CDS8' T cells in the heart, we investigated whether

the change in the Ly6C" CCR2" subset was directly mediated by exo-
genous Treg-derived factors or indirectly as a consequence of reduced
CD8" T cell numbers. To address this, we established an ex vivo culture
system using cardiac Mo/M® that were sorted three days post-Ml
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function with the coloured tab at the bottom of the heat maps. ¢ GO analysis
depicting enriched biological processes from commonly upregulated and down-
regulated DEGs in cardiac Mo/M®s from Treg-depleted mice across both time
points (FDR < 0.01, adjusted by Benjamini-Hochberg correction). Panel (a) created
with BioRender.com released under a Creative Commons Attribution-
NonCommercial-NoDerivs 4.0 International license (https://creativecommons.org/
licenses/by-nc-nd/4.0/deed.en).

(Fig. 6i). The influence of CD8" T cell numbers on Ly6C expression was
assessed by supplementing the culture with varying amounts of car-
diac CD8" T cells that were co-sorted three days post-MI. We observed
a significant decrease in Ly6C expression when the culture had fewer
CDS8' T cells, indicating a significant impact of cardiac CD8" T cells on
the pro-inflammatory state of cardiac Mo/M® (Fig. 6j). Then, to assess
a potential direct effect of exogenous Treg-derived factors, we cul-
tured cardiac Mo/M® with IFN-y to maintain their pro-inflammatory
state, and tested the effect of annexin-Al, galectin-1, galectin-3, nido-
gen-1, and IL-10 on Ly6C expression by flow cytometry (Fig. 6k). These
factors were selected as they have been previously shown to influence
Mo/M® phenotypes®>**~¢ and were expressed by exogenous Tregs in
the heart (Fig. 2d and Supplementary Fig. 9b). We observed a sig-
nificant reduction in Ly6C expression with nidogen-1 and IL-10 treat-
ment (Fig. 6k), indicating that these exogenous Treg-derived factors
directly influence Ly6C expression. Moreover, nidogen-1 and IL-10
were able to reduce Ly6C expression in the absence of IFN-y (Fig. 6l).
Given that IL-10 had the most significant impact on Ly6C expression,
we opted to validate its role in vivo to assess the extent by which
exogenous Tregs rely on IL-10 expression to promote cardiac repair.
CD4" CD25" Tregs were isolated from /l10 knockout mice and admi-
nistered intravenously one day post-MI (Supplementary Fig. 2c).
Compared to saline control, Tregs knocked out for IL-10 (Tregs™°7”")
did not significantly improve cardiac repair outcomes (Fig. 7a-e),

suggesting that exogenous Tregs primarily exert their therapeutic
effect through IL-10. Collectively, our findings suggest a model in
which exogenous Tregs homing to the heart adopt an injury-specific
phenotype. This leads to a reduced number of Ly6C" CCR2* Mo/M®
directly through factors like nidogen-1 and IL-10, and indirectly by
reducing CD8" T cells. Consequently, Mo/M® rapidly transition to an
anti-inflammatory and pro-repair phenotype, facilitating cardiac repair
(Supplementary Fig. 15).

Discussion

MI triggers an intense immune response that significantly influences
cardiac repair and adverse remodelling of the infarcted heart”. Thus,
utilising or controlling the components of the immune system that
play an important role in cardiac repair are promising therapeutic
strategies®®. Tregs are one of the most important immune regulators,
and given their central role in tissue healing, we explored whether a
Treg-centric therapeutic strategy would be effective at improving the
cardiac repair outcome post-MI. The Foxp3°™°" mice was used to
confirm that Tregs are critical during cardiac repair. As reported pre-
viously, mice depleted of Tregs displayed a worsened cardiac outcome
that was characterised by a net increase in infarct size and a reduced
ejection fraction™'. Thus, we investigated whether enhancing the
number of circulating Tregs in the circulation post-MI through sys-
temic administration of exogenous Tregs would improve cardiac
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Fig. 6 | Exogenous Tregs decrease the Ly6C* CCR2" Mo/M® subset in the
infarct zone. a, b Mice received saline or Tregs 1 day post-MI, and the number of
Ly6C" CCR2" Mo/M® in the infarct zone was assessed by flow cytometry 3 days
post-MI. The experimental design is shown in (a), and the quantification is pre-
sented in (b) (n = 4). c-h Mice received anti-CCR2 Fc-silent antibody (a-CCR2) prior
treatment along with saline or Tregs one day post-MI. The experimental design is
shown in (c). d Quantification of the Ly6C" CCR2* Mo/M® in the blood on day 6
post-MI (n = 6). e Representative parasternal long-axis views of the left ventricle.
The red trace is end-diastolic, and the green is end-systolic. f Left ventricular
ejection fraction measured by echocardiography on baseline, day 7 and day 28
post-MI (n = 6). g Representative histology of whole transverse heart sections from
apex to base stained with Masson’s Trichrome staining, 28 days post-MI. Scale bar:
2 mm. h Quantification of fibrosis by histology expressed as percentage of the left
ventricle (n = 6). i Experimental design of the ex vivo culture system with sorted
cardiac Mo/M® and CD8' T cells. Mo/M® Ly6C expression was measured by flow

cytometry (represented by the geometric mean fluorescence intensity, MFI). j Mo/
M® Ly6C expression expressed as percentage increase relative to high or low
numbers of cardiac CD8" T cells (n = 4). k Mo/M® Ly6C expression after stimulation
with Treg-derived factors in the presence of IFN-y (n =8 for untreated, n =4 for
exogenous Treg-derived factors). | Mo/M® Ly6C expression after stimulation with
nidogen-1 or IL-10 without IFN-y (n =4 for untreated, n =4 for exogenous Treg-
derived factors). For all graphs, boxes show median (centre line) and interquartile
range (edges), whiskers show the range of values and dots represent individual data
points. Two-tailed Student’s ¢-test was used to compare the groups in (b, d, j). Two-
way ANOVA with Bonferroni post-hoc test for pair-wise comparisons was used to
compare the groups in (f). One-way ANOVA with Bonferroni post-hoc test for pair-
wise comparisons was used to compare the groups in (k, I). P-values are indicated,
n.s. indicates non-significant. Panels (a, ¢, i) created with BioRender.com released
under a Creative Commons Attribution-NonCommercial-NoDerivs 4.0 Interna-
tional license (https://creativecommons.org/licenses/by-nc-nd/4.0/deed.en).

repair. To mimic the time course of a treatment that would be admi-
nistered to a patient suffering from MI, we decided to systemically
increase the number of Tregs one day post-LCA ligation, as the first
therapeutic interventions usually occur several hours post-MP%. In
comparison to the saline group, mice that received exogenous Tregs
had a significantly improved cardiac repair outcome, as demonstrated
by the improved contractility, reduced end-diastolic volume, and
reduced fibrosis of the left ventricle. This improved function was
observed already one week post-treatment and lasted until the end of

the experiment four weeks later, suggesting that the pro-repair effect
of Tregs was very rapid and occurred within the first week. The
improvement in cardiac functional parameters in response to Treg
treatment can be attributed primarily to the significant reduction in
cardiomyocyte death. Furthermore, exogenous Tregs may either lead
to preservation of existing blood vessels or promote angiogenesis, as
indicated by higher vascularisation in the infarcted area compared to
saline controls. Our findings are in line with previous studies that
demonstrated the therapeutic potential of Tregs to treat MI'O*16%7,
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Fig. 7 | Exogenous Tregs primarily exert their therapeutic effect through IL-10.
a-e Mice received saline or Tregs from /[0 knockout mice (Tregs"°”") 1 day post-
MI. The experimental design is shown in (a). b Representative parasternal long-axis
views of the left ventricle. The red trace is end-diastolic, and the green is end-
systolic. Scale bar: 2 mm. c Left ventricular ejection fraction measured by echo-
cardiography 7 and 28 days post-MI (n = 7). d Representative histology of whole
transverse heart sections from apex to base stained with Masson’s Trichrome
staining, 28 days post-MI. Scale bar: 2 mm. e Quantification of fibrosis by histology
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expressed as percentage of the left ventricle (n=7). For all graphs, boxes show
median (centre line) and interquartile range (edges), whiskers show the range of
values and dots represent individual data points. Two-way ANOVA with Bonferroni
post-hoc test for pair-wise comparisons was used to compare the groups in (c). Two-
tailed Student’s ¢-test was used to compare the groups in (e). P-values are indicated,
n.s. indicates non-significant. Panel (a) created with BioRender.com released under
a Creative Commons Attribution-NonCommercial-NoDerivs 4.0 International
license (https://creativecommons.org/licenses/by-nc-nd/4.0/deed.en).

However, the molecular mechanisms by which exogenous Tregs elicit
their effect remained elusive.

When determining the pharmacokinetics of exogenous Tregs
following delivery, we found that exogenous Tregs quickly home to
the heart within the first day following MI, with some Tregs also
detected in the spleen and MLN. We did not investigate the mechan-
isms by which exogenous Tregs home to the infarcted heart, but it is
very likely that the inflammatory environment that releases cytokines
and chemokines is responsible for the accumulation of exogenous
Tregs in the heart”. Importantly, we revealed that only the exogenous
Tregs which homed to heart underwent a dramatic phenotypic
change, while Tregs recovered in the spleen and MLN mostly retained a
typical “spleen Treg” phenotype. Indeed, exogenous Tregs recovered
from the heart upregulated a series of genes which are also upregu-
lated in endogenous heart Tregs that accumulate much later, and
many of those genes are commonly found in Tregs accumulating in
other injured tissues®. These significant transcriptional changes
compared to exogenous Tregs recovered from the spleen indicate that
exogenous heart Tregs adapt their phenotype in response to the
ischemic microenvironment in a similar way to endogenous
heart Tregs.

The amount of exogenous Tregs in the heart decreased one week
after delivery, reinforcing the notion that their primary effect is likely
concentrated within the first week, aligning with the cardiac function
results. A similar decline was observed in the spleen and MLN, sug-
gesting that exogenous Tregs are gradually cleared and/or become
diluted in the body when the inflammation triggered by the MI goes
down. While exogenous Tregs were effective at promoting cardiac
repair, the strategy can likely be optimised. For instance, it was shown
that 95% of the Tregs that accumulate in an infarcted heart following
MI, come from a pool of circulating Tregs’. Thus, we selected to deliver
one million cells, because it represents about 5-10 fold the number of
Tregs in an adult mouse blood (50,000 to 150,000 Tregs per ml of
blood) and about 25-50% of the total number of Tregs*. However,
delivering a higher number of Tregs or pre-treating Tregs with cyto-
kines to prevent their apoptotic death upon delivery may result in an
even better repair*”. In addition, Treg survival and homing to the heart
might be enhanced with pre-amplification and/or pre-treatment of
Tregs". While there are no approved Treg-based therapies, GMP-grade
Tregs banks exist and Tregs are being explored as adoptive cell
therapies to facilitate organ transplantation or for autoimmune
diseases*****, In those cases, a high number of Tregs and multiple
deliveries are required to maintain exogenous Tregs in the body for a
long period. However, in the case of MI, Tregs persistence is likely

crucial only during the first few days to a week following injury when
they modulate the ischemic heart immune microenvironment.

The modulatory effect of endogenous Tregs on Mo/M® has been
reported in several tissues and organs*®. For example, mice depleted of
Tregs displayed a higher number of inflammatory Mo/M® post-MI®”,
Other studies found that the depletion of pro-repair Mo/M® results in
detrimental cardiac repair outcomes with prolonged inflammation
owed by the persistence of pro-inflammatory Mo/M®*’*%, Since we
observed that treatment with exogenous Tregs leads to an increase of
CD206 expression in cardiac Mo/M® at early time points, it suggested
that the Tregs rapidly promote Mo/M® polarisation towards an anti-
inflammatory/pro-repair phenotype. Thus, to determine whether the
main mechanism by which exogenous Tregs promote cardiac repair
depends on Mo/M®, we delivered Tregs in mice that were temporarily
depleted of Mo/M® with the well-established clodronate liposome
method. While Mo/M® depletion led to a modest and non-significant
reduction in cardiac function, consistent with previous findings in this
model*, the therapeutic effect of Tregs was completely abolished in
their absence. This experiment demonstrated that exogenous Tregs
target Mo/M®, either directly or indirectly, to promote cardiac repair
post-MI.

RNA sequencing of Mo/M® in the infarct zone following Treg
administration showed that Mo/M® upregulated genes associated to
ECM remodelling, macrophage polarisation, and angiogenesis.
Amongst upregulated genes in Mo/M® at the early time point, we
found insulin-like growth factor (igfI) which has been shown to pro-
mote angiogenesis as well as cardiomyocyte surivival®. In addition,
Mo/M® upregulated the ECM protein SPARC (osteonectin) at both
time points. Interestingly, Sparc overexpression has been shown to
improve survival by increasing collagen content and enhancing
maturation of infarcted area following MI*. After one week, Mo/M®
also upregulated important ECM-related genes including Dcn and
Thbsl. Decorin (Dcn) is known to elicit a cardioprotective effect
through neutralising and repressing transforming growth factor-3
(TGF-B), and when used as a treatment, it reduced the fibrotic scar after
MP, Similarly, the ECM protein thrombospondin-1 (ThbsI) has been
shown to be critical in cardiac repair post-MI. ThbsI knockout mice
have sustained inflammation comprised of prolonged Mo/M® and
myofibroblasts infiltration in the heart, which result in an increase in
fibrosis via extensive remodelling of the infarcted heart™. Along with
ECM-related genes, Mo/M® upregulated genes characteristics of pro-
repair or resident cardiac Mo/M® such as Mrc1¥, Csfir'®, Lyvel>,
Apoe™, Rbpj”, Cebpb®, Dab2”, Nr4al’®, and Nr4a3%. Interestingly,
many of the upregulated ECM-related proteins are also critical for
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angiogenesis including, Sparc®, Dcn®°, and Sdc4°'. In summary, RNA
sequencing of cardiac Mo/M® and subsequent validation of the key
pro-repair markers CD206 (MrclI), LYVE]L, CD163, and SPARC at the
protein level in Treg-treated animals revealed that exogenous Tregs
influence Mo/M® to adopt an anti-inflammatory/pro-repair pheno-
type. Additionally, they may help preserve cardiac resident macro-
phages in the remote region of the infarct.

To gain a more comprehensive understanding of the extent to
which exogenous Tregs influence Mo/M®, we conducted a com-
plementary experiment where we sequenced Mo/M® following Treg
depletion. RNA sequencing data demonstrated a distinctive shift in the
phenotype of cardiac Mo/M® towards a pronounced inflammatory
state, marked by a significant upregulation of key inflammatory mar-
kers such as Lyéc, as well as various cytokine and chemokine genes
including /l1b. Moreover, we noted a significant decrease in the
expression of pro-repair genes that were upregulated in response to
Treg treatment, including ThbsI*?, Nr4al*®, Lyvel>* and Rbpj>. Notably,
the GO terms analysis identified an upregulation in pathways asso-
ciated with IFN-y and IL-1 signalling, which are indicative of an inten-
sified inflammatory environment in the absence of Tregs.
Concurrently, there was a discernible downregulation in pathways
linked to IL-10 production, further emphasising a pro-inflammatory
state. As the expression profile of Mo/M® following Treg depletion
contrasted with their phenotype following Treg treatment, this dataset
not only demonstrates the effect of Tregs on Mo/M® but also sheds
light on the modulation of the Ly6C" Mo/M® subset by Tregs.

Inflammatory monocytes, characterised by high expression of
Ly6C and CCR2, are mobilised to the infarcted cardiac tissue in
response to injury through chemokine signals, with CCR2 being the
primary chemokine receptor involved in this process”**. Studies have
shown that the presence of CCR2* Mo/M® exacerbates repair follow-
ing MI, with their abundance correlating with increased inflammation
and diminished cardiac function®. In line with these findings, we found
that exogenous Tregs led to a significant reduction in the accumula-
tion of the Ly6C" CCR2" Mo/M® subset in the infarct. Furthermore,
blocking the migration of CCR2* Mo/M® during the first week post-MI
improved the repair outcome, which confirmed the detrimental effect
of Ly6C"" CCR2" Mo/M® on cardiac repair. However, the addition of
exogenous Tregs in CCR2 depleted mice did not further enhance
cardiac repair. Therefore, our results suggest that exogenous Tregs
exert their reparative effects by acting on the Ly6C™ CCR2" Mo/M®
subset, not only by reducing their accumulation but also by influencing
their polarisation in the infarcted heart. Interestingly, when Ly6C"
CCR2" monocytes accumulate in the heart post-MI, they differentiate
into multiple different macrophage subsets characterised by low
expression of Ly6C and varying expression levels of CCR2°*. Moreover,
resident macrophages characterised by CCR2" are known to be critical
for cardiac repair®>®*. Indeed, studies have shown that Ly6C™ mono-
cytes mobilise to the heart and eventually differentiate into anti-
inflammatory Mo/M® that may contribute to repopulation of the
resident Mo/M® pool in the heart, accompanied by an increased
protein expression of Mrcl, Lyvel and Cd163?**°°. Given that our study
demonstrated an increase in Lyvel expression in cardiac Mo/M® from
Treg-treated animals and its inverse in Treg-depleted animals, it sug-
gests that exogenous Tregs may also influence Mo/M® differentiation
towards anti-inflammatory/pro-repair resident Mo/M®s. Nevertheless,
further studies will be required to delineate the specific changes to the
resident macrophage population in response to exogenous Tregs.

The increase in IFN-y and IL-1 signalling pathways in cardiac Mo/
M® following Treg depletion suggest that Mo/M® sense a more
inflammatory environment in the absence of Tregs. Thus, since we
observed a decrease in cytotoxic CD8" T cells in response to exogen-
ous Tregs during the first ten days post-MI, and as CD8" T cells are a
major source of IFN-y®, we investigated whether the effect of exo-
genous Tregs on Mo/M® was indirectly linked to the reduction of CD8*

T cells. The co-culture system demonstrated that a lower number of
CD8" T cells directly correlates with a lower level of Ly6C and indicates
that CD8" T cells can keep cardiac Mo/M® in an inflammatory state.
These results align with a previous study demonstrating that depleting
CD8" T cells in mice after MI improves cardiac repair, in part due to
Mo/M® adopting a more pro-repair and less inflammatory profile®.
Additionally, CD8" T cells were found to directly promote cardio-
myocyte death®. While our study did not investigate the detailed
mechanisms through which exogenous Tregs reduce CD8' T cells in
the heart, Tregs are known to control CD8" T cells through multiple
mechanisms, including suppressing their proliferation®’.

To test a possible direct effect of exogenous Tregs on Mo/M®, we
examined if factors highly expressed by exogenous Tregs could reduce
Ly6C expression in Mo/M® from infarcted hearts using the ex vivo
culture system. We selected annexin-Al, galectin-1, galectin-3, nidogen-
1, and IL-10, as these factors were expressed in exogenous Tregs
recovered from the heart and they have been linked to pro-repair Mo/
M® polarisation***, For instance, nidogen-1, an ECM basement
membrane protein, has been found to elicit a cardioprotective effect
by inhibiting the secretion of pro-inflammatory cytokines tumour
necrosis factor (TNF)-a and IFN-y*. IL-10 has been shown to improve
cardiac function by reducing inflammation and stimulating pro-repair
Mo/M® polarisation following MI in mice**®®, Interestingly, we found
that nidogen-1 and IL-10 were able to significantly reduce the Ly6C
levelin cardiac Mo/M®, indicating that those factors likely directly
mediate the effect of exogenous Tregs. Further supporting that IL-10 is
critical in Treg-mediated cardiac repair, exogenous Tregs knocked out
for IL-10 were not able to significantly improve cardiac repair out-
comes post-MI. Nonetheless, the other Treg-derived factors may also
contribute to mediating cardiac repair via various mechanisms. For
example, annexin-Al has been shown to promote the production of
vascular endothelial growth factor (VEGF)-A from reparative Mo/M®,
following Ml in the mouse’. Galectin-1 has been reported to enhance IL-
10 production by T cells and decrease survival of CD8" cytotoxic
T cells®. Similarly, galectin-3 has been shown to promote cardiac
repair in mice post-MI by promoting the production of osteopontin
from pro-repair CD206* Mo/M®**. Collectively, our data suggest that
exogenous Tregs influence Mo/M® directly through factors they
express and indirectly by modulating the number of CD8" T cells in the
infarcted area.

In conclusion, this study highlights the effectiveness of a Treg-
based therapeutic approach for MI where rapid Treg accumulation in
the ischemic heart is a crucial factor for improving cardiac repair.
Increasing the number of Tregs in the circulation post-MI via systemic
delivery of exogenous Tregs greatly enhances cardiomyocyte survival,
improves cardiac function, and enhances overall repair outcomes.
Mechanistically, we demonstrated that exogenous Tregs rapidly go to
the infarct site and have a substantial impact on cytotoxic CD8" T cells
and Mo/M®, which are key immune cells controlling cardiac repair.
Moreover, we revealed that exogenous Tregs homing in the infarcted
heart adopt a tissue-injury profile leading to reduced accumulation of
Ly6CH CCR2" Mo/M® and promoting their rapid polarisation toward a
pro-repair phenotype. Overall, these findings reveal key mechanisms
by which exogenous Tregs influence the immune microenvironment
post-MI, particularly in relation to Mo/M® phenotype shifts and sub-
sets. These insights into the Treg mechanism of action are directly
relevant for the development of Treg-centric therapies for MI,
encompassing both immune cell-based approaches and compounds
that promote Treg expansion.

Methods

Animals

All animal studies were approved by the Monash Animal Research
Ethics committee (15216, 38561) in a specific pathogen-free facility.
C57BL/6]) wild-type mice were purchased from the Monash Animal
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Research Platform. Foxp3™™*" mice were bred in house from the
Jackson laboratory strain 008374 received from Dr Ajithkumar
Vasanthakumar, Olivia Newton-John Cancer Research Institute.
Foxp3°™"" were bred in house using the Jackson laboratory strain
016958. /107~ (B6.129P2-1[10"™¢"/]) mice strain 002251 were pur-
chased from Jackson laboratory. All mice were housed in 12:12 light:-
dark light cycles at room temperatures ranging between 20 °C and
24°C and humidities between 40 and 60%. Food and water were
available ad libitum to the mice. Regular diet (BARASTOC) was
provided.

Myocardial Infarction model

MI was surgically induced as described previously’®. Male mice (10-
week-old) were anesthetised with isoflurane and attached to an artifi-
cial respirator by endotracheal cannulation. The artificial respirator
was used to maintain isoflurane concentration at 2% vol/vol with 100%
0, and operated at a stroke volume of 200 pl at 120 strokes per min. An
oblique 8 mm incision was made 2 mm away from the left sternal
border toward the left armpit to reveal pectoral muscles. An incision
was made through the muscle of the 4th intercostal space. The LCA
was visualised as a pulsating bright red spike. Using a micro-needle
holder, a 6 mm tapered needle with 8-0 polyethylene suture was
passed through the myocardium underneath the LCA, and the ligature
was tied with three knots. Occlusion was confirmed by the change of
colour of the anterior wall of the left ventricle. Mouse thoracic cavity,
and skin incision were closed and sutured. Immediately after surgical
procedure, the mice were transferred to a heated pad in a supine
position and connected to an artificial respirator pumping air without
isoflurane to allow the mice to regain consciousness. Once mice
became conscious, the cannula was removed, and the mice were
placed on a heating pad for recovery. Subcutaneous buprenorphine
analgesia (0.1 mg/kg) was administered for three consecutive days
following the surgery as a preventive measure. Animals were mon-
itored by the investigators twice during the first day after surgery and
daily for the next nine days. They were assessed for signs of distress,
malnutrition, infection, and any other morbidity. Signs of morbidity
included abnormal respiration, severe mobility impairment, scruffy
coat, abnormal behavior, visible lesions, hunching, and weight loss
(more than 10% of total body weight). At any significant sign of distress
or at the end of the experiments, animals were euthanized by cervical
dislocation or CO, asphyxiation.

Sorting endogenous spleen Tregs and systemic Treg delivery
Foxp3°™°” female and male mice were used for sorting of endogenous
GFP" Tregs, Foxp3™t™R? female and male mice for RFP* Tregs, and
1107 female mice for CD4* CD25" Tregs from the spleen. Cell surface
staining was performed according to standard procedures using the
following anti-mouse antibodies: APC anti-CD4 (BioLegend, Clone
GK1.5, 2 ug/ml); PE/Cyanine7 anti-CD3 (BioLegend, Clone 17A2, 2.7 ug/
ml); PE anti-CD25 (Biolegend, Clone PC61, 1ug/ml). Viability was
detected with 1ug/ml of 4/, 6-diamidino-2-phenylindole dihy-
drochloride (DAPI). Spleen Treg sort involved a one-step sort process
in which CD3", CD4", GFP'/RFP" cells or CD4", CD25" cells were sorted.
Tregs were sorted on the BD Influx™ cell sorter through a 70 um
nozzle. For all Treg treated groups, 1x10° CD4*, GFP* or CD4", RFP*
or CD4*, CD25" Tregs were delivered intravenously in 100 ul RPMI one
day post-MI via the lateral tail vein.

Echocardiography

Cardiac ultrasound analysis was performed using Vevo 2100 system
(FUJIFILM/VisualSonics, Canada) equipped with a with a 30-MHz linear
array transducer (MS550D). On day 1 (baseline), day 7 and day 28 post-
MI, the animals were scanned under light anaesthesia (isoflurane in
oxygen 1.5vol%). Hair in the thoracic region was removed using a
depilatory cream (Nair), and ultrasound gel was applied to the

depilated region. Two-dimensional imaging (B-mode) was performed
to obtain parasternal short axis views and long axis views. For long-axis
B-mode measurements the endocardium was traced from the atrio-
ventricular junction, excluding the papillary muscle. Echocardio-
graphic measurements of the left ventricular ejection fraction, end-
diastolic volume, end-systolic internal diameter, anterior wall and
posterior wall thickness were calculated using Vevolab soft-
ware (V3.1.0).

Immunofluorescence and histology

To prepare mouse hearts for paraffin sectioning, hearts were briefly
washed in PBS, and fixed in 10% formalin at room temperature.
Formalin-fixed tissues were embedded in paraffin and cut into 4 um
tissue sections, de-waxed in xylene for 10 min and rehydrated with
alcohols at decreasing concentration (100%, 90%, 70%, 50%) at room
temperature. Antigen retrieval was performed on sections by boiling
20 min with 10 mM sodium citrate buffer solution at pH 6.0. All sam-
ples were washed three times in PBS, permeabilised in 0.2% Triton 100-
Xin PBS for 5 min, then washed with PBS-T (PBS with 0.05% tween-20)
before blocking in 10% normal goat serum in 1% BSA/PBS for 2 hours.
For sections requiring blocking of endogenous IgG, we performed an
additional blocking step with an unconjugated affinity purified F(ab)
fragment anti-mouse IgG (H+L) (Jackson ImmunoResearch,
#AB_2338476) for 1 hour at room temperature. Sections were stained
overnight at 4 °C with rabbit anti- mouse CD31 (Abcam, #ab124432,
2ug/ml); rabbit anti- mouse phospho-histone 3 (pH3) (Abcam,
#ab32107, 1pg/ml); mouse anti- mouse cardiac troponin T (cTnT)
(Thermo Fisher Scientific, #13-11, 5ug/ml); rat anti-mouse CD163
(Abcam, #ab289979, 2 ug/ml) and rabbit anti-mouse F4/80 (Abcam,
#abl11101, 1ug/ml) in 1% normal goat serum in 0.1% BSA/PBS. For
cryosectioning, hearts were briefly washed in PBS, and fixed in 4%
paraformaldehyde for 4 hours, washed with PBS, cryoprotected over-
night in 30% sucrose, and embedded in optimum cutting temperature
(0.C.T) compound for cryo-sectioning (10 pm thickness). Sections
were stored at =20 °C. Prior processing, sections were briefly thawed at
room temperature for 15min, washed with PBS, and permeabilised
with PBS containing 0.2% Triton X-100 for 4 minutes. Blocking was
performed with PBS containing 1% bovine serum albumin (BSA) with
10% normal goat serum (NGS) for 1h at room temperature. Sudan
Black B solution (0.1% in 70% ethanol, Sigma, #199664) was applied to
tissue sections for 10 minutes to reduce tissue autofluorescence. Sec-
tions were stained with primary anti-mouse antibodies: rabbit anti-
mouse CD206 (Abcam, #ab64693, 1ug/ml), rabbit anti-mouse LYVEL
(Abcam, #abl4917, 2pg/ml), rabbit anti-mouse SPARC (Abcam,
#ab290636, 3 ug/ml) and rat anti-mouse F4/80 (Thermo Fisher Scien-
tific, #14-4801-82, 5 ug/ml) were added in in 1% normal goat serum in
0.1% BSA/PBS overnight at 4 °C. After two washing steps of 5 minutes in
PBS-T, sections were incubated for 2 h in a secondary antibody: Goat
anti-rabbit Alexa Fluor-488 (Thermo Fisher Scientific, #A-11008, 2 pg/
ml), Goat anti-rabbit Alexa Fluor-594 (Thermo Fisher Scientific, #A-
11012, 2 pg/ml), Goat anti-rat Alexa Fluor-594 (Thermo Fisher Scientific,
#A-11012, 2 ug/ml), Goat anti-rat Alexa Fluor-488 (Thermo Fisher Sci-
entific, #A-11006, 2pg/ml) or Goat anti-mouse Alexa Fluor-647
(Thermo Fisher Scientific, #A-21235, 2ug/ml) in 1% normal goat
serum in 0.1%BSA/PBS at room temperature. Nuclei were stained with
1 pg/ml of DAPIL. Masson’s trichrome staining was performed to analyse
fibrosis. Infarct size was measured as the percentage of the total left
ventricular area showing fibrosis. Four um sections were cut from apex
to base and six serial sections at intervals of 350-500 um were analysed
per animal. The mean of the six sections was used to calculate the
percentage of fibrosis from the total left ventricular area, using Fiji.

Evaluation of macrophage protein expression
Heart samples were collected on day 7 post-MI from wild-type mice
treated with saline or Tregs. Sections were immunostained as detailed
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above, imaged on a Leica DMi8 fluorescent microscope, and processed
using Fiji. Binary images were created with an optimal threshold and
overlapping areas of the protein of interest (CD206, LYVEIL, CD163 and
SPARC) in F4/80" cells were determined by combining the binary
images. Raw integrated density representing the total pixels was cal-
culated per field of view. The number of F4/80" cells per field was
counted and four fields of view were analysed per heart to calculate the
density of the protein of interest/ F4/80" cells.

TUNEL assay

Myocardial apoptosis was examined using the In Situ Cell Death
Detection Kit, TMR red (Roche, #12156792910). Three days post-delivery
of the Tregs, formalin-fixed tissues were embedded in paraffin and cut
into 4 um tissue sections, de-waxed in xylene for 10 min and rehydrated
with alcohols at decreasing concentration (100%, 90%, 70%, 50%) at
room temperature. All samples were washed three times in PBS, per-
meabilised in 0.2% Triton 100-X in PBS for 8 min. Samples were washed
with PBS and 50 ul of the TUNEL reaction mixture from the kit was added
on each heart section for 1h at 37 °C. Slides were washed with HBSS
(Hank’s Buffered Salt Solution) and incubated with anti-wheat
germ agglutinin (WGA) antibody conjugated with FITC (Sigma-Aldrich,
# 1L4895-2MG, 20 ug/ml) for 2 hours at room temperature followed by
1 pg/ml of DAPIL. Two slides from each block were evaluated for per-
centage of apoptotic cells and three fields on each slide were examined
at the infarct and border areas. The cardiomyocytes were considered
apoptotic if the TUNEL staining was in the middle of a cell with its
borders stained by WGA™. The number of apoptotic cardiomyocytes is
presented as a percentage of total cardiomyocytes.

Treg depletion

Ten-week-old Foxp3°™¢" and wild-type C57BL/6 ] mice received intra-
peritoneal injections of 20 ng/g diphtheria toxin, starting two days prior
to the induction of Ml and continuing daily until the day of Ml induction,
followed by every 2 days after MI, until day 8. Blood from the tail vein was
collected on day 7 to confirm Foxp3* Treg depletion in Foxp3*™° mice.

Mo/M® depletion

A total of 7 pl of clodronate liposome (5 mg/ml) solution per gram of
mouse was injected intraperitoneally into C57BL6/] mice (body weight
20-30 g) starting one day before injury, on day of surgery and every
second day until day 6. Clodronate liposomes were purchased from
LIPOSOMA BV (CP-005-005).

Cell isolation from the heart

Hearts were perfused with 5L/min of HBSS for 5 min immediately after
cervical dislocation of the animal. After perfusion, hearts were removed
from the chest and chopped in 0.5 mm pieces and transferred in 5 ml of
digestion solution (2 mg/ml collagenase Il and 100 pg/ml DNase I in 5%
heat-inactivated (HI) FBS/HBSS). Digestion was performed at 37 °C for
30 min for two serial digestions. Digestion was terminated by adding
RPMI (for T cells) or DMEM/F10 (for Mo/M®) containing 10% HI FBS and
10 mM EDTA and passed through a 70 um filter. Samples were cen-
trifuged for 10 min at 400 x g, and the pellets were resuspended in 5 ml
5% HI FBS and 5mM EDTA in PBS (FACS buffer).

Flow cytometry

T cells in the heart were stained with the following anti-mouse anti-
bodies for 30 min at 4 °C in 5% HI FBS and 5 mM EDTA in PBS (FACS
buffer): APC and BV605 conjugated anti-CD4 (BioLegend, Clone
GK1.5, 2ug/ml); PE/Cyanine7 anti-CD3 (BioLegend, Clone 17A2,
2.7 ug/ml); BV421 anti-CD8 (BioLegend, Clone 53-6.7, 2 ug/ml); PE
anti-CD25 (BioLegend, Clone PC61, 2 ug/ml). For intracellular stain-
ing, cells are fixed with the eBioscience Fixation/Permeabilization
diluent and concentrate (Thermo Fisher Scientific, #00-5223-56,

#00-5123-43), then stained with FITC anti-mouse Foxp3 (Tonbo
Biosciences, Clone 3G3, 10 ug/ml) in 0.5% saponin for 30 min at 4 °C.
If intracellular staining was required, viability was measured by
staining the cells with LIVE/DEAD™ Fixable Aqua Dead Cell Stain Kit,
for 405nm excitation (Thermo Fisher Scientific, #L34957, 1:500)
prior to surface staining. Otherwise, viability was detected with 1 ug/
ml of DAPI or Propidium iodide (PI) (Thermo Fisher Scientific,
#P3566). Myeloid cells in the heart were stained with the following
anti-mouse antibodies for 30 min at 4 °C in FACS buffer: BV711, PE
and APC-Fire750 anti-CD11b (BioLegend, Clone M1/70, 2 ug/ml); PE
and BV711 anti-F4/80 (BioLegend, Clone BM8, 8 ug/ml); PE/Cyanine7
anti-CD206 (BioLegend, Clone C068C2, 2 ug/ml); BV421, BV711 and
PerCP/Cyanine5.5 anti-Ly6G (BioLegend, Clone 1A8, 2 ug/ml); FITC
anti-Ly6C (BioLegend, Clone HK1.4, 6.7 pg/ml); BV421 anti-CCR2
(BioLegend, Clone SA203Gl1, 2 ug/ml), PerCP/Cyanine5.5 anti-Siglec-
F (BioLegend, Clone S17007L, 2pg/ml); PE/Cyanine7 anti-CDI15
(BioLegend, Clone AFS98, 2.7ug/ml). Viability was detected
with 1 ug/ml of DAPI or Propidium iodide (PI). The cells were analysed
using the BD Fortessa flow cytometer and the FlowJo application.

Sorting of exogenous Tregs post-delivery

Cell sorting of RFP* exogenous Tregs: Three days post-MI, each mouse
that had been injected with RFP* Tregs was used to recover the exo-
genous RFP* Tregs from the infarcted heart, spleen and MLN. Cell
surface staining was performed according to standard procedures
using the following anti-mouse antibodies: APC anti-CD4 (BioLegend,
Clone GKL.5, 2 ug/ml); PE/Cyanine7 anti-CD3 (BioLegend, Clone 17A2,
2.7 ug/ml); BV711 anti-CD11b (BioLegend, Clone M1/70, 2 ug/ml); BV711
anti-F4/80 (BioLegend, Clone BMS8, 8 ug/ml). Viability was detected
with 1 pg/ml of DAPI. Tregs were sorted as CD3*, CD11b', Ly6G, F4/80",
CD4", RFP* cells, on the BD FACSAria™ Fusion flow cytometer (BD
Biosciences), through a 70 um nozzle. Triplicate wells (of 50 cells per
well) were sorted for each of the 3 tissues, per individual animal. The
cells were directly sorted into a chilled 384-well PCR plate (Greiner,
785290), containing 1.2 uL of primer/lysis mix in each well [20 nM
indexed polydT primer (custom made, IDT), 1:6.000.000 dilution of
ERCC RNA spike-in mix (Ambion - 4456740), 1mM dNTPs (NEB—
N0446S), 1.2 units SUPERaseIN Rnase Inhibitor (Thermo Fisher Scien-
tific- AM2696), 0.2 % Triton X-100 solution (Sigma Aldrich - 93443-
100 ml), DEPC water (Thermo Fisher Scientific- AM9920)]. Sorted
plates were sealed, centrifuged for 1 min at 3000 rpm and immediately
frozen upside down at —80 °C until further processing for mini-bulk
RNA sequencing.

Sorting of cardiac Mo/M®

Cell surface staining was performed according to standard procedures
using the following anti-mouse antibodies: PerCP/Cyanine5.5 anti—
Siglec-F (BioLegend, Clone S17007L, 2 ug/ml); PerCP/Cyanine5.5 anti-
Ly6G (BioLegend, Clone 1A8, 2 ug/ml); APC-Fire750 anti-CD11b (Bio-
Legend, Clone M1/70, 2 ug/ml); PE anti-F4/80 (BioLegend, Clone BMS,
8 ug/ml). Viability was detected with 1ug/ml of DAPL. Mo/M® were
sorted on the BD Influx™ cell sorter through a 100 um nozzle.

Sorting of endogenous heart Tregs

GFP* endogenous heart Tregs were sorted from the infarcted hearts of
Foxp3™" mice one week post-MI. Cell surface staining was per-
formed according to standard procedures using the following anti-
mouse antibodies: APC anti-CD4 (BioLegend, Clone GK1.5, 2 ug/ml);
PE/Cyanine7 anti-CD3 (BioLegend, Clone 17A2, 2.7 ug/ml); BV711 anti-
F4/80 (BioLegend, Clone BMS, 8 ug/ml). Viability was detected with
1pg/ml of DAPI. Endogenous heart Tregs were sorted using a two-step
process that included enrichment of CD3*, CD11b", F4/80™ cells and
purity sort of CD4", GFP" cells. Tregs were sorted on the BD Influx™ cell
sorter through a 100 um nozzle.
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RNA isolation

Total RNA was isolated from the sorted endogenous Mo/M® and
endogenous Tregs (from uninjured spleen and infarcted heart) using
the RNeasy Plus Micro Kit (Qiagen, #74034) according to the manu-
facturer’s instructions. RNA concentration was measured using a Qubit
Fluorometer (Invitrogen) and RNA quality was assessed using the
Bioanalyzer 2100 system (Agilent Technologies).

Mini-bulk RNA sequencing of exogenous Tregs and
endogenous Mo/M®

Mini-bulk RNA sequencing was performed using a modified CEL-Seq2
protocol®, which allowed us to perform RNA sequencing with limited
numbers of cells obtained after sorting recovered (exogenous) Tregs
from the heart, spleen and MLN of each mouse. For consistency, the
same technique was used to perform RNA-seq on Mo/M® sorted from
the infarcted heart after Treg treatment (wherein we sorted cells from
one mouse heart per biological replicate and extracted RNA from each
biological replicate for RNA-seq). For the recovered exogenous Tregs,
mini-bulk RNA-sequencing was performed on 27 wells of sorted sam-
ples in a 384-well plate (3 tissues from 3 individual animals, each sorted
as 3 technical replicates), containing 50 cells/well. For the endogenous
Mo/M® from infarcted heart tissue, 1.1l of purified Mo/M® RNA
(6 ng/ pl) from each sample was added to a well of a 384-well PCR plate
(Greiner, 785290) containing 20 nM of an air dried indexed polydT
primer (custom made, IDT). First strand cDNA synthesis was per-
formed by using a reverse transcription reaction mix (Invitrogen —
18064-014) according to the manufacturer’s instructions. The recov-
ered Treg samples were then pooled into 1.5 ml Eppendorf LoBind
microcentrifuge tubes, while the individual Mo/M® samples were
transferred separately to other 1.5 ml tubes. These samples were then
treated with Exonuclease | [NEB—MO0293L; 20 U/ul] for 30 minutes at
37 °C, followed by 80 °C for 10 minutes, followed by a 1.2 X bead clean-
up. The eluted cDNA was then used for second strand synthesis per-
formed with the NEBNext Second Strand Synthesis module (NEB
#E6111S) in a final reaction volume of 20 pl to generate double stran-
ded cDNA followed by a 1.2X bead clean-up. All DNA purification and
size selection steps were done using the NucleoMag NGS Clean-up and
Size select magnetic beads (Macherey-Nagel — 7449970.5), according
to manufacturer’s instructions. In vitro transcription (IVT) was then
performed on the eluted cDNA using the T7 enzyme (MEGAscript T7
Transcription Kit—Ambion AM1334) incubated at 37 °C for 13 h, after
which left-over primers were removed using the ExoSAP-IT For PCR
Product Clean-Up kit (Affymetrix —78200). The sample was then sub-
jected to RNA fragmentation by chemical heat incubation with RNA
fragmentation reagents—Ambion AM8740) and subsequent purifica-
tion using 1.8X RNAClean XP beads (Beckman coulter—A63987)
according to the manufacturer’s instructions. The fragmented RNA
was transcribed into cDNA using 5’-tagged random hexamer primers
(GCCTTGGCACCCGAGAATTCCANNNNNN) introducing a partial Illu-
mina adapter as also described in the CEL-Seq2 protocol® to perform
the 5-tagged-random-hexamer reverse transcription (ranhexRT). PCR
was performed using half of the ranhexRT sample as a template [1X
KAPA HiFi HotStart ReadyMix (KapaBiosystems KK2602), 400 nM
each primer]. Then the final PCR-amplified library was submitted to
two consecutive 1X bead clean-up steps and then used for sequencing
on the Illumina NextSeq2000 instrument (50 cycle kit) including 5%
PhiX in the sequencing run.

Analysis of mini-bulk RNA sequencing data

Mini-bulk reads for both sequencing experiments were mapped to
the Mus musculus GRCm38.p6 genome and ERCC spike-in sequences
using the Subread aligner (v2.10.5)"* and assigned to genes using
scPipe (v1.18.0)” with GENCODE M25 primary assembly annotation.
Gene-based annotations were obtained from the ‘EnsDb.Mmuscu-
lus.v79" R/Bioconductor package’™, which was used to map the

GENCODE/Ensembl gene IDs to gene symbols and to other info (e.g.,
gene biotype, chromosome location). Gene counts were exported as
a matrix by scPipe with UMI-aware counting. For the Treg samples,
technical replicates were aggregated by summing the UMI counts, to
generate pseudobulked data containing three biological replicates
for each of the three tissues (spleen, MLN and heart). The UMI-
deduplicated read count files containing this Treg pseudobulked
data (combining all technical replicates for each sample into one)
was uploaded to Degust web tool” for further processing. For the
endogenous Mo/M® samples, since there were no technical repli-
cates, the original UMI-deduplicated read count files were uploaded
to Degust. Degust performs normalisation using trimmed mean of M
values (TMM)’¢, and differential gene expression analysis using
limma/voom”’. Genes with a false-discovery rate (FDR) < 0.05 were
considered significantly differentially expressed (DE). The heat map
was generated using the pheatmap function from the pheatmap
package (version 1.0.12)’%, along with the RColorBrewer package
(version 1.1-3)”° in R (version 4.2.2). Functional enrichment analysis
for GO Biological Processes was performed for the differentially up-
regulated genes for Tregs, or up-regulated and down-regulated
genes for macrophages, using enrichGO function from the cluster-
Profiler package (version 3.0.4), and the Benjamini-Hochberg FDR
method for multiple testing correction, with the significance
threshold of g-value (adjusted p-value) < 0.01) using a minimum gene
set size of 4 and maximum of 100. Gene-concept network plots were
made using the cnetplot function under the Enrichplot package
(version 1.22.0)*° and the ClusterProfiler package (version 3.0.4)*' to
visualise the network of differentially expressed genes contributing
to each GO biological process term.

Bulk RNA sequencing

Bulk RNA sequencing was performed for endogenous heart Tregs and
healthy spleen controls, as well as for Mo/M® from Treg-depleted
mice. For Tregs, RNA quantity/quality assessment, library preparation
and sequencing were performed at the Medical Genomics Facility,
Monash Health Translation Precinct (MHTP) and at Micromon Geno-
mics (Monash University). Libraries were constructed using the Tecan/
Nugen Ovation Solo Library prep kit, starting with 1 ng of input total
RNA. Libraries were quantified and quality assessed by Qubit, Bioana-
lyser and qPCR, and one equimolar pool was prepared based upon
size-corrected qPCR quantitation. This library pool was loaded for on-
board denaturation and clustering into one lane of the Illumina Next-
Seq 2000 platform for sequencing (at MHTP) and into one lane of the
MGITech MGISEQ2000RS hardware (at Micromon), to generate
100 bp paired-end reads, with a depth of minimum 30 million reads
per sample. For Mo/M®, RNA quantity/quality assessment, library
preparation and sequencing were performed at MHTP. Libraries were
constructed starting with 20 ng of input total RNA. Individual first
strand synthesis was performed to add the Illumina P7 primer con-
taining an 8 bp sample index and 10 bp unique molecular identifier
(UMI) and standard i7/R2 primer during the initial polyA priming.
Samples were processed as 3 pools which were amplified using P7 and
atemplate switching oligonucleotide that had been added to the 5’ end
of RNA. Three different i5 indexes were used to distinguish the
3 sample pools. The lllumina P5 was added by tagmentation by Nextera
transposase during amplification. Libraries were quantified and quality
assessed by Qubit, Bioanalyser and qPCR, and one equimolar pool was
prepared based upon size-corrected qPCR quantitation. This library
pool was loaded for on-board denaturation and clustering into one
lane of the Illumina NextSeq 2000 platform for sequencing (at MHTP)
using the P3 cycle kit, to generate 60 bp single-end 3’ end reads, with a
depth of minimum 15 million reads per sample, or into one lane of the
MGITech MGISEQ2000RS hardware (Micromon, Monash University),
to generate 100 bp paired-end reads, with a depth of minimum 30
million reads per sample.
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Analysis of bulk RNA sequencing data

The sequenced raw FASTQ files for the endogenous Tregs were analysed
with the RNASik pipeline® using STAR aligner®® with Mus musculus
GRCm38 reference. For the macrophages, the analysis was performed
using the nfcore/rnaseq 3.3 pipeline (forward-stranded), using STAR
aligner® with the Mus musculus GRCm39 reference, including “with_umi”
flag for UMI-deduplication. Reads were quantified using featureCounts®*
producing the raw genes count matrix and various quality control
metrics. Raw counts (forward stranded reads) were then analysed with
Degust web tool” which performs normalisation using trimmed mean of
M values (TMM)” and differential expression analysis using limma/
voom”’. Samples were batched corrected to account for variation
between two different sequencing facilities across replicates. This was
done within Degust by adding a covariate to the linear model for each
sequencing batch which reduced the noise and improved the power of
the test. Genes with a false-discovery rate (FDR) < 0.05 were considered
significantly differentially expressed (DE). The MA-plot was generated
using GGPlot2® in R (version 4.2.2).

CCR2* cell depletion

To systemically deplete CCR2" cells, we used anti-CCR2 monoclonal
antibody, Mouse IgG2a, Fc Silent, clone MC21 (Absolute Antibody,
Ab02444-2.3), as has been previously established*°. Mice were injected
with 20 pg anti-CCR2 antibody intraperitoneally on the day of surgery,
as well as on days 2 and 4 post-surgery. Blood from the tail vein was
collected on day 6 to confirm CCR2" systemic depletion.

Ex vivo culture of cardiac Mo/M® and CD8" T cells isolated
post-MI

Mo/M® and CDS8" T cells were sorted from infarcted hearts on day 3
post-MI, and were centrifuged at 500 xg for 10 min at 4 °C. Both cell
types were resuspended in an appropriate volume of RPMI 1640 plus 5%
heat-inactivated FBS, with 100 units/ml penicillin/ streptomycin and
recombinant mouse M-CSF (10 ng/ml, R&D Systems, #416-ML) for sub-
sequent seeding. For CD8" T cell and Mo/M® co-culture, 10,000 Mo/M®
were added to ultra-low binding 96-well plates (Sigma-Aldrich), along
with either no CD8" T cells, or with 1000 (low), or 2,000 (high) CD8"
T cells, representing a CD8" T cells:Mo/M® ratio of 1:10 and 15,
respectively. The suspension of CD8" T cells and Mo/M® was cultured at
37°C with 5% CO, for 48h before collecting them for subsequent
staining steps. For the Treg-derived factors, 20,000 Mo/M® were added
per well of a 96 well plate, with or without interferon IFN-y (0.1 ng/ml,
Sino Biological, #50709-MNAH), in the presence of Recombinant Mouse
annexin-Al (50 ng/ml, Abcam, #ab202184), Recombinant Mouse
galectin-1 (50 ng/ml, R&D Systems, #1245-GA), Recombinant Mouse
galectin-3 (50 ng/ml, R&D Systems, #1197-GA), Recombinant Human
nidogen-1 (50 ng/ml, R&D Systems, #2570-ND), or Recombinant Mouse
IL-10 (10 ng/ml, R&D Systems, #417-ML) treatment. The cells were cul-
tured at 37 °C with 5% CO, for 48 h before detaching them with TrypLE
(Thermo Fisher Scientific) containing 3mM EDTA before collecting
them for subsequent staining steps.

Statistical analysis

Statistical analyses were performed using GraphPad Prism 9 statistical
software (GraphPad, USA). Significant differences were calculated with
Student’s t-test for pairwise comparisons, or by analysis of variance
(ANOVA) for three or more groups, followed by Bonferroni post hoc
test when performing multiple comparisons between groups. p < 0.05
was considered statistically significant. The P values are indicated and
n.s. indicates not significant.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data associated with this study are present in the main text or the
supplementary materials. Source data are provided with this paper. All
RNA sequencing data presented were generated for this study and
have been deposited in NCBI's Gene Expression Omnibus (GEO)
database under accession code GSE228871 for bulk RNA-seq of endo-
genous Tregs, GSE230173 for mini-bulk RNA-seq of macrophages from
Treg-treated mice, GSE230177 for mini-bulk RNA-seq of recovered
exogenous Tregs and GSE268828 for bulk RNA-seq of macrophages
from Treg-depleted mice. Source data are provided with this paper.
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