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Abstract

Background: Mesenchymal stem cell (MSC)-derived exosomes are well recognized
immunomodulating agents for cardiac repair, while the detailed mechanisms remain elusive.
The pericardial drainage pathway provides the heart with immunosurveillance and establishes
a simplified model for studying the mechanisms underlying the immunomodulating effects of
therapeutic exosomes.

Methods: Myocardial infarction (MI) models with and without pericardiectomy (corresponding
to Tomy MI and NonTomy MI) were established to study the functions of pericardial drainage
pathway in immune activation in cardiac-draining mediastinal lymph node (MLN). Using the
NonTomy MI model, MSC exosomes or vehicle PBS was intrapericardially injected for Ml
treatment. Via cell sorting and RNA-sequencing (RNA-seq) analysis, the differentially expressed
genes were acquired for integrated pathway analysis to identify responsible mechansims. Further
through functional knockdown/inhibition studies, application of cytokines and neutralizing
antibodies, western blot, flow cytometry and cytokine array, the molecular mechanisms were
studied. In addition, the therapeutic efficacy of intrapericardially injected exosomes for Ml
treatment was evaluated through functional and histological analyses.

Results: We show that the pericardial draining pathway promoted immune activation in the
MLN following MI. Intrapericardially injected exosomes accumulated in the MLN and induced
regulatory T cell differentiation to promote cardiac repair. Mechanistcally, uptake of exosomes by
major histocompatibility complex (MHC)-11* antigen-presenting cells (APCs) induced forkhead
box O3 (Foxo3) activation via the protein phosphatase (PP)-2A/p-Akt/Foxo3 pathway. Foxo3
dominated APC cytokines (IL-10, IL-33, IL-34) expression and built up a Treg-inducing niche in
the MLN. The differentiation of Tregs as well as their cardiac deployment were elevated, which
contributed to cardiac inflammation resolution and cardiac repair.
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Conclusions: This study reveals a novel mechanism underlying the immunomodulation effects
of MSC-exosomes and provides a promising candidate (PP2A/p-Akt/Foxo3 signaling pathway)
with a preferred delivery route (intrapericardial injection) for cardiac repai.

exosomes; immunomodulation; mesenchymal stem cell; myocardial infaction; regulatory T cell
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Introduction

Myocardial infarction (MI) is one of the leading causes of death worldwidel. After MI,
blood-borne leukocytes infiltrate the necrotic myocardium and release various kinds of
inflammatory cytokines causing myocardial inflammation? 3. On the one hand, post-Ml
inflammation promotes necrotic debris clearance and accelerates reparative progress®.

On the other hand, post-MI inflammation amplifies cardiac injury and deteriorates

cardiac function?, meanwhile contributes to adverse remodeling and heart failure3: 5. Anti-
inflammatory therapy has been cardioprotective by salvaging cardiomyocytes and reducing
infarct size® 7. Of note, mesenchymal stem cell (MSC) and MSC-exosomes are well
recognized immunomodulation agents that promote cardiac inflammation resolution and
cardiac repair®-10, Previous studies employing intravenous (IV), intracoronary (IC) and
intramyocardial (IM) injection of MSC-exosomes showed the immunomodulating effects
on proinflammatory cytokines secretionll: 12, macrophage polarization3, in particularly
the induction of Tregs® 1416, which are intrinsic immunosuppressive cells that dampen
excessive immune response and benefit to cardiac recoveryl’. However, the detailed
mechanisms underlying the induction of Tregs by MSC-exosomes remain elusive.

iPC injection is a novel approach that takes the pericardial cavity as the target for
therapeutics infusionl8. iPC injection has multiple advantages over the 1V, IC and IM
injections in terms of the feasibility, cost, invasiveness, and therapeutics retentionl8,

Even though IV and IC injection can be easily performed, there is ultra-low retention

of therapeutics to the heart18. Direct IM injection and application of cardiac patch

will increase retention of therapeutics in the heart!®, However, these methods require a
complicated NOGA system or open chest surgery that are expensive and invasive. In
contrast, iPC injection can be implemented via a minimally invasive procedure solely by
using an introducing catheter and yet yield prolonged retention and myocardial distribution
of therapeutics® 20. 21 Additionally, pericardial cavity contains pericardial fluid and
immune cells that monitor cardiac homeostasis and migrate to MLN in reaction to cardiac
injuries?2: 23, Given the cascades of innate and adaptive immune activation happening in
the pericardial draining pathway, we postulate that the pericardial draining trajectory would
serve as a simplified and more straightforward model to study the mechanisms underlying
the immunomodulating effects of therapeutic agents.
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We hypothesize that iPC injection of MSC-exosomes promotes cardiac repair via
modulating adaptive immune activation in the cardiac-draining MLN. Rat model of Ml

was established with preserved pericardium (NonTomy M), followed by iPC injection

of MSC-exosomes. We found that the exosomes were taken up by MHC-II* antigen-
presenting cells (APCs). By sorting MHC-11* APCs for RNA-seq analysis, the data revealed
increased dephosphorylation of transcription factor Foxo3, which ignites the transcription

of interleukin (IL)-10, IL-33, IL-34 and builds up a Treg-inducing niche in the MLN.
Consequently, the ratio of Tregs in MLN as well as their myocardial deployment were
significantly increased. Tregs coordinate inflammation resolution and cardiac repair by
inducing neutrophils apoptosis and macrophage polarization. Cardiac function and histology
were improved at a long term follow up. Taken together, this study revealed key functions of
Foxo3 underlies the Treg induction by MSC-exosomes for cardiac repair.

Data Availability

Animals

Detailed Materials and Methods are available in the Supplemental Materials. Additional
data, analytical methods and materials supporting the conclusions of the study will be
available from the corresponding author with reasonable request.

All animal studies complied with the ethical regulations of NC State University, under the
approval of IACUC at NC State University (Protocol#19-811-B). Male Sprague-Dawley
(SD) rats, strain code 400, at 8-weeks of age, were used in this study. Rats were housed with
12h light/12h dark cycle at the temperature of 25 °C with 40-60% humidity. Please see the
Major Resources Table in the Supplemental Materials.

MSC culture, exosome isolation and characterization

Human umbilical cord derived MSCs were purchased from the American Type Culture
Collection (ATCC, VA, USA)?4. After four passages, serum-free Iscove’s modified
Dulbecco’s medium (IMDM) was changed for conditioned medium collection. The
conditioned medium was filtrated through a 0.22um filter, followed by exosomes isolation
using the KrosFlo® KR2i Tangential Flow Filtration (TFF) System (Repligen, United
States). Exosome size was characterized by Nanosight?> 26: protein concentration and
expression of miR-21-5p were measured to indicate the consistency of exosome contents. To
trace the distribution of exosomes, DiD (10uM) was added to incubate exosomes at room
temperature (RT) for 30 min.

Rat Ml model and iPC injection

NonTomy MI models were established by ligating pericardium together with the left anterior
descending artery (LAD). Briefly, rats were anesthetized via isoflurane inhalation (2% in
oxygen), followed by intubation, thoracotomy, and heart exposure. The LAD was ligated
using 6-0 suture. A Hamilton gastight syringe equipped with a 22G needle was used for

iPC injection, the volume is 100 pL. To establish Tomy-MI model, bilateral pericardium

was removed via pericardiectomy, followed by LAD ligation. The chest wall was closed, the
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rats were allowed to recovery. After surgery, the rats were given continuous 3 injections of
buprenex (0.01mg/kg) and carpofen (5mg/kg) intraperitoneally for pain management. The
models with obvious pale color change in the cardiac apex were randomly deployed to
groups and received corresponding treatment. No animals were excluded from the study.

To visualize the pericardial fluid drainage pathway, rats were anesthetized by 2% isoflurane
inhalation. Then the heart was exposed. Methylene blue (10mg/mL, 100uL) was injected to
the pericardial cavity. The rats were sedated and ventilated for 1 hour. Then the distribution
of the blue dye was observed.

Cytokines and neutralizing antibodies

The neutralizing antibody of anti-CD25 (OX-39, Ab00552-1.1) was purchased from the
Absolute Antibody company. Anti-CD25 antibody (100pug) was intrapericardially injected
to deplete Tregs. To study the functions of IL-10, IL-33 and IL-34, the cytokines and the
corresponding neutralizing antibodies were iPC injected with a dose of 2ug and 100ug
respectively.

Flow cytometry

At indicated time points, the MLN was collected and macerated through a 40 pm strainer to
prepare single cell suspension. After lysis of red blood cells, the cell pellet was resuspended
and used for antibody incubation. The antibody information was listed in Supplementary
Table 2. After staining, the cells were fixed with 1 % PFA and the samples were analyzed
using the Becton Dickinson LSRII flow cytometer (BD Bioscience). Fluorescence-activated
cell sorting (FACS) was performed immediately after staining, by using Beckman Coulter
MoFlo XDP. Flow cytometry analysis and FACS were accomplished in the Flow Cytometry
and Cell Sorting Facility at the College of Veterinary Medicine of NC State University.

RNA-seq and qRT-PCR

The RNA samples (n=3 for each group) extracted from cells of fluorescence-activated cell
sorting were used for RNA-seq. To proceed with qRT-PCR, total RNA was extracted using
TRIzol reagent (Invitrogen, 15596026). After quantification, 1 pg total RNA template was
used for cDNA synthesis using iScript cDNA Synthesis Kit (Bio-Rad, 1708891). gRT-PCR
was performed with SsoAdvanced Universal SYBR Green Supermix (Bio-Rad, 1725271).
The relative expression was calculated by comparative Ct method. The primer sequences can
be acquired in Supplementary Table 1.

Cytokine array

Rat cytokine array was performed by using commercially available kit (Rat cytokine array
panel A, R&D systems). The MLN was collected and homogenized in PBS supplemented
with protease inhibitor (LmM PMSF). After homogenization, Triton X-100 was added to a
final concentration of 1%. Then the samples were store at —=80°C. After thaw and centrifuge
at 10000g for 5 min, the supernatant was collected for cytokines detection.
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The samples were lysed in RIPA buffer supplemented with proteinase inhibitor (0.1mM
PMSF, ThermoFisher, Catalog#36978), followed by protein extraction and quantification
via BCA assay (ThermoFisher, Catalog#23225). After denaturing and separation on Mini-
PROTEAN TGX Stain-Free Precast Gels (Bio-Rad), the samples were transferred to PVDF
membranes, which was blocked with 5% milk in TBST (w/v) at room temperature (RT) for
1 hour, followed by primary antibodies incubation at 4 °C on a shaking platform. After three
washes, the membranes were incubated with horseradish peroxidase-conjugated secondary
antibodies for 1 hour at RT. Then the enhanced chemiluminescence (ECL) kit (Bio-Rad,
catalog#1705061) was used for colorization and images were acquired using ChemiDoc
Imaging System (Bio-Rad).

Measurement of cardiac function

Histological

Transthoracic echocardiograph was performed by using Phillips CX30 equipped with a
15MHz probe. The rat was anesthetized with inhalation of 2% isoflurane mixed with
oxygen. B-mode image was first acquired, followed by long-axis M-mode imaging, left
ventricular (LV) internal diameter at the end diastole (LVIDd) and systole (LVIDs), LV
volume at end-diastole (LV-EDV), end-systole (LV-ESV), and LV ejection fraction (LV-EF)
were measured. All measurements were acquired from three continuous cardiac cycles.

analysis

At indicated time points, rats were anesthetized by intraperitoneal injection of Ketamin-
Xylazine. Following intracardiac perfusion of chilled PBS, the heart and MLN were
collected and fixed with 10% NBF for 24 hours. After washing with PBS for 2 hours, the
tissues were transferred to 30% (w/v) sucrose and incubated for 24 hours before embedding
with OCT compound. A series of cryosections, 5um-in-thickness, were cut and stored at
—20°C for use.

Trichrome Masson staining was performed by following the user manual using commercial
kit (Sigma, HT15-1KT). Picrosirius red staining was performed according to the manual
(Abcam, ab150681). To perform immunostaining, cryosections were washed with PBS

and balanced with blocking serum at RT for 1 hour, followed by incubation of primary
antibodies at 4°C overnight. After three washes with PBS, the corresponding secondary
antibodies were added for incubation at RT for 2 hours. DAPI-containing Fluoromount-G
(Southern Biotech, 0100-20) was used for nucleus staining. TUNEL staining was performed
by referring to the user manual (Promega, G3250). The antibodies used in this study were
listed in Supplementary Table 2. Imaging was performed using the Olympus FLUOVIEW
FV3000 confocal laser scanning microscope or ECHO Revolve microscope.

Statistical analysis

Data acquisition and analysis were performed by investigators blind to the groups. Images
with quantitative values closest to the mean values were selected as representatives.
Statistical analysis was performed using GraphPad Prism software (Version 9.4.1), and only
within-test corrections were made. Data are expressed as mean + SD. Normal distribution
was evaluated by Shapiro-Wilk test (when sample size (n) = 6). For normally distributed
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datasets, unpaired 2-tailed Student #test (two groups) or one-way ANOVA (three or more
groups) with Tukey’s correction was performed. For data with a small sample size (n<6),
nonparametric test was applied. Comparison between two groups (both single and multiple
comparisons for data acquired from different time points in Fig.1G, Fig. 3H, I) was
performed using unpaired 2-tailed nonparametric Mann-Whitney test. Comparison for more
than two groups was performed using Kruskal-Wallis’s test with Dunn’s correction. As for
data with two or more subcategories (Fig. 3G), two-way ANOVA with Tukey’s correction
was performed. £<0.05 was accepted as significant difference.

Pericardial fluid drainage into mediastinal lymph node

Pericardial fluid drainage into lymphatic circulation provides critical immunosurveillance
for cardiac homeostasis?2. To clearly show the pericardial draining trajectory, we injected a
blue dye into the pericardial cavity (Fig. S1). After 1h drainage, the diffusion of blue dye
into the cardiac-draining MLN was observed (Fig. S1). The afferent lymph vessels that are
organized in the pericardium aided in the fluid transition (Fig. S1). With this method, we
clearly showed the pericardial drainage trajectory.

Pericardial drainage accelerates immune activation in MLN following Ml

During the establishment of MI model, pericardiectomy is commonly performed to visualize
LAD. To investigate the influence of pericardiectomy on immune activation in the MLN,

we introduced NonTomy-MI model, in which the LAD ligation was performed without
pericardiectomy (Fig. 1A). The responses in MLN were compared to Tomy-MI models

that were established following pericardiectomy (Fig. 1A). The MLN of NonTomy rats
enlarged rapidly following MI (Fig. 1B), accompanied with significantly increased cell
counts (Fig. 1C, Fig. S2A). Next by detecting MHC-11 expression, we found that the
CD45*MHC-II* APCs were significantly increased in the MLN of NonTomy rats compared
to Tomy rats (Fig. 1D, E, Fig. S2B, C). Upon the migration of APCs into the lymph node,
the proliferating cells were robustly elevated in NonTomy-MI rats (Day 1-2, Fig. 1F-H).
Flow cytometric analysis indicated increased CD4™ T cells proliferation in the MLN of
NonTomy Ml rats (Fig. S2D, E and Fig. S3), which benefit to necrotic clearance?’. The ratio
of ki67* proliferating cells in NonTomy rats was decreased at day 3 (Fig. 1F-H), suggesting
regional amelioration of acute myocardial inflammation. However, the proliferation ratio in
Tomy-MI rats had persistent increase (Fig. 1F, G), showing features of chronic inflammation
that is associated with adverse remodeling® 28. In addition, histological analysis showed
protective roles of pericardium in Ml hearts (Fig. S4). In normal rats (without LAD ligation),
removal of pericardium caused epicardial hyperplasia, accompanied by inflammatory
infiltration in both the epicardial and myocardial layers (Fig. S4A). Under the setting of Ml,
pericardiectomy resulted in persistent cardiac edema (Fig. S4B) and necrotic stacks (Fig.
S4C), suggesting compromised clearance of debris that contributes to chronic inflammation.

Next, we sorted MHC-I1* cells from transgenic GFP rats and injected them into the
pericardial cavity of wild type rats with Ml injury. The distribution of GFP*MHC-II* cells
in the MLN of wild type rats was detected (Fig. S5). The results indicated that pericardial
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drainage trajectory served as a direct path for APCs migration towards the cardiac-draining
MLN. To investigate whether APC migration towards MLN would lead to improvement in
cardiac remodeling, we intrapericardially injected CCR7 inhibitor (cmp2105) to block APC
trafficking. The number of CD45"MHC-11* APCs in MLN and the cardiac histology after
4-week follow up were analyzed (Fig. S6). These results showed that a high dose of CCR7
inhibitor effectively abolished the migration of CD45"MHC-11* APCs into the MLN (Fig.
S6A, B), following which the Treg ratios in the MLN were reduced (Fig. S6C). In addition,
CCRY inhibition exacerbated cardiac remodeling as shown by increased infarct size (Fig.
S6D), decreased scar thickness (Fig. S6E), and reduced values of left ventricular ejection
fraction (LV-EF) and fractional shortening (LV-FS) (Fig. S6F, G), suggesting that blocking
APC trafficking to MLN decreased Treg generation and worsened cardiac remodeling.
Taken overall, the above data elucidated the protective roles of pericardial drainage
trajectory in promoting adaptive immune activation after MI. These data also make the
pericardial drainage trajectory a simplified model for investigating the immunomodulation
effects of therapeutics following cardiac injury.

iPC injection of MSC-exosomes for MI treatment

We employed NonTomy MI models to explore the mechanisms underlying the
immunomodulation effects of MSC-exosomes. Characterization of exosomes acquired from
different batches revealed consistency (Fig. S7). After establishing NonTomy-MI models,
MSC-exosomes were intrapericardially injected (iPC-Exo) (Fig. 2A). Control rats received
sterile PBS (iPC-PBS) (Fig. 2A). DiD labelling was performed to trace the distribution

of exosomes. The enrichment of exosomes into the MLN was observed under a stereo
fluorescent microscope (Fig. 2B). Immunofluorescence staining indicated epicardial and
pericardial uptake of exosomes after intrapericardial injection (Fig. S8). However, due to the
efficient drainage of pericardial fluid into the MLLN22, lymphatic circulation would be the
primary pathway of exosomes diffusion (Fig. 2B). Flow cytometry analysis revealed that the
injected exosomes were majorly taken up by MHC-11* cells (Fig. 2Cand Fig. S9). These
results implied that the immunomodulating effects of MSC-exosomes are intermediated by
MHC-11* APCs.

Uptake of exosomes promotes Foxo3 activation in APCs

We sorted MHC-I1" APCs for RNA-seq analysis (Fig. 2D) and identified 2336 differentially
expressed genes (1227 upregulated genes and 1109 downregulated genes). Through KEGG
pathway enrichment and pathway integration analysis (Fig. 2E, F), we found that these
pathways confluent on the transcription factor Foxo3 (Fig. 2F). The expression of Foxo3

in APCs was increased after MSC exosome treatment (Fig. 2G). Intracellular activities of
Foxo3 are determined by phosphorylation and dephosphorylation modifications2®. Protein
kinase B (Akt) is a key upstream modulator that inhibits the transcriptional activities of
Foxo3 by Ser253 phosphorylation?®. In reverse, protein phosphatase 2 (PP2A) counteracts
as kinase inhibitor quenches target protein phosphorylation by Akt30. The mRNA level of
PppZca (PP2A) was increased after MSC exosome treatment (Fig. 2G). To gain insights
into the protein levels, western-blot was performed to detect PP2A, p-Akt, total Akt as

well as the phosphorylation status of Foxo3 (Fig. 2H, Fig. S10). The protein levels of

PP2A and Foxo3 were increased after MSC-exosomes treatment, companied with decreased
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volume of p-Akt and Foxo3-p253 (p-Foxo3) (Fig. 2H, Fig. S10). Application of LB-100

(a PP2A inhibitor) abolished the effects of MSC-exosomes on Foxo3 dephosphorylation
(Fig. 2H, Fig. S10). These results suggested that PP2A could be a critical upstream

effector to activate Foxo3. Next, we confirmed the expression of Foxo3 in APCs by flow
cytometry (Fig. S11A-C). Foxo3* cell counts in mediastinal lymph node were increased
after exosomes treatment (Fig. S11B), MHC-11* cells constituted >80% of Foxo3* cells
(Fig. S11C). DiD-labeled exosome colocalized with Foxo3™ cells (Fig. S11D). Furthermore,
immunofluorescent staining revealed increased Foxo3 expression in APCs after exosome
treatment; however, the level of Foxo3-p253 was significantly decreased in iPC-Exo group
(Fig. 21, Fig. S11E). Taken together, above results suggested that MSC-exosomes treatment
promoted Foxo3 activation in APCs.

Foxo3 dominates APC cytokine expression to establish Treg-inducing niche

To figure out the downstream target genes of Foxo3, we performed online prediction by
using CHEA and TRSNSFAC datasets3!(Fig. 3A). Of note, the predicted genes involve
major histocompatibility complex (MHC-1, MHC-II), costimulatory molecules (SLAMS,
TNFSF8, TNFSF18) as well as a series of cytokines (IL-10, 1L-15, IL-33, IL-34) (Fig.

3A). All of these molecules are implicated in antigen specific T cell priming and activation,
especially the released cytokines can direct the differentiation of effector T cells into specific
subtypes32. We next acquired the DNA binding motif of Foxo3 from online database
JASPAR (Fig. 3B) and analyzed the potential binding sites of Foxo3 in the promoter
sequence of above cytokine genes (Fig. 3C). Analysis of cytokines expression from RNA-
seq data indicated increased IL-10, 1L-33 and IL-34 levels in MSC-exosomes treated APCs
(Fig. S12A). These results showed that Foxo3 could serve as a potent transcription factor for
starting the expression of IL-10, IL-33 and IL-34, which have been reported to induce Treg
differentiation33-36,

Therefore, we performed loss-of-function studies to investigate the roles of Foxo3 in IL-10,
IL-33, and IL-34 expression. Firstly, we confirmed that Foxo3 is necessary for inducing
IL-10, IL-33, and IL-34 expression in APCs. Knockdown of Foxo3 by siRNA resulted in
decreased 1L-10, I1L-33, and IL-34 expression in MHC-I1* cells (treated with infarct lysate
and exosomes) (Fig. 3D-F). Moreover, intrapericardial injection of PP2A inhibitor LB100
abolished the induction of IL-10, IL-33, and IL-34 expressions by exosomes in APCs (Fig.
3G). These results indicated that Foxo3 is a potent upstream regulator of IL-10, I1L-33, and
IL-34. Afterwards, we investigated the functions of IL-10, IL-33, and IL-34 in inducing
Treg cell differentiation. The number of CD4"Foxp3* Treg cells in the MLN increased with
iPC-Exo treatment (Fig. 3H, I). Intrapericardial injection of neutralizing antibodies targeting
IL-10, IL-33 and IL-34 abolished the increase of Treg cells caused by exosomes injection
(Fig. 3 J, K). Whereas infusion of the indicated cytokines significantly elevated Treg counts
in the MLN of iPC-PBS treated rats (Fig. 3L). Taken together, these results showed that
Foxo3 played a critical role in Treg induction by upregulating IL-10, IL-33, and IL-34
expression.

We next performed cytokine array using the tissue lysates made from the whole MLN (Fig.
S12B-D). The quantitative data showed obvious change in the cytokine profiles of APCs, in
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which the volume of Treg-specific IL-10 was increased, whereas the levels of Thl-specific
IFN-y and Th17-specific IL-17 were decreased (Fig. S12B-D). These changes were further
confirmed by immunostaining (Fig. S13A-C). In addition, flowcytometric analysis showed
decreased ratios of IFN-y* Thl and IL-17* Th17 cells in the MLN of exosomes treated
rats (Fig. S13D, E). Taken overall, these results illustrated that activation of Foxo3 in
CD45"MHC-11* APCs boosted the Treg-inductive cytokines secretion and established a
Treg-inducing niche in the MLN.

MHC-11* APCs are a compilation of myeloid cells (macrophages and dendritic cells) and

B cells3’. To analyze which subtype of the cells taking up exosomes contributed to Treg
expansion, we performed co-culture studies (Fig. S14). Macrophages (CD68%), dendritic
cells (CD11c*), and B cells (B220*) were acquired through magnetic-activated cell sorting
(MACS) from the MLN of iPC-Exo treated Ml rats, and then the cells were cocultured

with CD4* T cells. Treg differentiation was detected by flow cytometry (Fig. S14A, B). The
results showed that CD11c* dendritic cells had the most robust effect on Treg induction
(Fig. S14C, D). However, detection of Foxo3 expression by immunofluorescence staining
(Fig. S14E) indicated that Foxo3 could be involved in all three cell types to induce Treg
differentiation.

iPC exosome treatment promotes cardiac deployment of Tregs

Following the increased Treg differentiation in the MLN of iPC-Exo treated rats, myocardial
deployment of CD4*Foxp3* Tregs was increased as detected by immunostaining (Fig.

4A, B) and flowcytometric analysis (Fig. 4C-F). Further by detecting the expression of
Treg-specific cytokines (IL-35, IL-33, IL-13, and IL-10) in the myocardium (Fig. 4G), these
datasets suggested that iPC injection of MSC-exosomes promoted Tregs differentiation and
their myocardial deployment.

To test whether cytokines (IL-10, 1L-33, and IL-34) modulation could affect the infiltration
of Tregs in the heart, we detected cardiac infiltration of Tregs after cytokine mix or
neutralizing antibody cocktail infusion. The results showed that neutralizing 1L-10, IL-33,
and IL-34 reduced the cardiac infiltration of Tregs, whereas injection of the cytokines
increased Treg counts in the heart (Fig. S15).

Tregs orchestrate myocardial inflammation resolution

Neutrophils and monocytes/macrophages are the primary immune cells infiltrate

the infarcted myocardium to cause post-MI inflammation?: 38, These cells release
proinflammatory cytokines to enlarge immune cascades, meanwhile, exacerbate the
apoptosis of cardiomyocytes3® 39, In contrast, Tregs exert immunosuppressive functions
to extinguish the proinflammatory responses of innate immune cells following M112, To
investigate the influence of Tregs deployment on cardiac inflammation, we first performed
TUNEL assay to detect apoptosis. By using myeloperoxidase (MPO) as a marker of
neutrophils, the myocardial infiltration of MPO™ neutrophils were decreased because of
increased apoptosis in iPC-Exo group (Fig. 5A-C), and the apoptotic cardiomyocytes were
reduced after exosomes treatment (Fig. 5D). Next, we analyzed macrophage polarization
by employing SOCS3 and CD206 as the markers (Fig. 5E-1). Treatment with exosomes
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decreased SOCS3™* pro-inflammatory macrophages (Fig. 5E, G), whereas the number of
CD206™ pro-reparative macrophages (Fig. 5F, H) and the ratio of CD206* macrophage

in total macrophages (Fig. 51) were increased. Further by evaluating the expression of
macrophage associated cytokines in the infarct (Fig. S16), these data confirmed the
inflammation resolution in iPC-Exo treated MI hearts. However, depletion of Tregs using
anti-CD25 antibody aggravated cardiac inflammation in iPC-PBS treated rats and abrogated
the protective actions of exosomes (Fig. 5A-I, Fig. S17). These results indicated protective
roles of Tregs in post-MI inflammation resolution, meanwhile suggested Treg dependent
effects of exosomes. Taken together, above results showed that Tregs deployment in the
injured myocardium promoted post-MI inflammation resolution.

Improved cardiac repair by iPC injection of exosomes

Beside the myocardial inflammation resolution, there were increased vascular regeneration
in MSC-exosomes treated hearts (Fig. S18). TTC staining confirmed the comparable initial
infarct area between groups (Fig. S19). To gain insights of long-term outcomes of Ml
following iPC-Exo treatment, Masson’s trichrome staining was performed to measure
infarct size (Fig. 6A, B). Exosomes treatment ameliorated cardiac remodeling as indicated
by decreased infarct size (Fig. 6B) and increased scar thickness (Fig. 6C). Further by
performing picrosirius red staining (Fig. S20), we found that the deposition of type

1 collagen was significantly reduced by exosomes treatment, whereas levels of type 3
collagen were elevated (Fig. 6D, E). Depletion of Tregs expanded infarct size and worsened
cardiac remodeling in both iPC-PBS and iPC-Exo treated MI hearts (Fig. 6A-E). Next,

we performed echocardiography to analysis cardiac functions (Fig. 6F). The LV-EF was
improved by exosomes injection (Fig. 6G), and LV dimensions were well preserved by
exosomes treatment (Fig. 6H-K), whereas the LV dimensions of iPC-PBS treated hearts
showed obvious enlargement that indicating dilated cardiomyopathy (Fig. 6H-K). Moreover,
Treg depletion caused deterioration of cardiac morphology and function, and compromised
the therapeutic effects of exosomes (Fig. 6). Taken together, these data further confirmed the
Treg dependent effects of exosomes to modulate the immune response for heart repair (Fig.
7).

Discussion

MSC-exosomes have been reported to modulate post-MI inflammation and benefit to
cardiac recovery9-42_ In previous studies, the immunomodulating effects of exosomes were
investigated via IM, 1C and 1V infusion of exosomes*3 44, and in particularly, the induction
of Tregs by MSC-exosomes has drawn lots of interests in treatment of heart diseases*>: 46.
In this study, we used a pericardial draining model and investigated the mechanisms of
immunomodulation by MSC-exosomes. Our data showed that iPC injected exosomes are
absorbed by MHC-11* APCs, and induced Foxo3 activation via modulating PP2A/p-Akt/
Foxo3 pathway. Foxo3 promoted expression and secretion of 1L-10, IL-33, IL-34 by APCs
to establish a Treg-inducing niche in the MLN. Following myocardial deployment, Tregs
orchestrate inflammation resolution and cardiac reparation.
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Pericardial draining trajectory is a simplified model for studying the mechanisms of
immunomodulating agents#’: 48, The drainage of pericardial fluid by MLN established
direct immunosurveillance for the heart?2: 26. 48, Pericardial fluid dissolves cardiomyocyte
metabolites that are critical cues for immune response, especially in the setting of
myocardial injuries®8. Previous studies reported that dendritic cells migrate to MLN
following MI23. In our study, the APCs migration accelerated the activation of adaptive
immune responses in the MLN. APCs play critical roles in the activation of specific subtype
of T cells, in particular, the cytokines released by APCs direct T cells differentiation32.

In this study, we found that the activation of Foxo3 following exosomes uptake potently
enhanced the expression and secretion of Treg-inducing cytokines by APCs (Fig. 3). Foxo3
is a transcription factor. Its downstream target genes involve major histocompatibility
complex, co-stimulatory molecules as well as a series of interleukins. This gene set contains
the complicated signal molecules that are needed for T cell activation and implies the
potential roles of Foxo3 in dominating T cell activation32. The cytokine profiles of APCs
were changed to exhibit Treg-inducing characteristics after exosome treatment (Fig. S12A).
For example, IL-10, IL-15 and IL-18 drive Treg differentiation*®: 50, CXCL9, CXCL10,
and CCL20 have been reported to promote Treg migration®1-53, while the expression of
chemokines (CCL3, CCL4, CCL5) associated with Th1, Th17, and CD8* T cells that
exacerbate cardiac injuries®#-56 were downregulated. Consequently, the generation of Treg
was elevated. Whereas the cell counts of Thl and Th17 were decreased, in consistent with
decreased levels of IFN-y and IL-17a. There are also changes in the other cytokines and
chemokines that may be involved in the self-modulation of APCs functions®’. For example,
IL-1 was expected to drive inflammatory response, it can also promote the expression of
co-stimulation molecules and MHC complex, which are critical for Tregs priming®’. From
these data, we can conclude that Foxo3 activation promoted to establish a Treg-inducing
niche in the MLN.

Tregs orchestrate myocardial inflammation resolution“®: 58. 59, Following induction in

the MLN, Tregs migration to the infarct is essential to exert the immunomodulating

actions. CXCR4 is a chemokine receptor that directs T cells infiltration into the injured
myocardium from lymph node, along with CXCL12 gradients!®. Previous CT/PET imaging
studies have revealed the existence of MLN-heart axis in M1 patients!®. Given that iPC
injected exosomes promoted Treg generation in the MLN, it would be reasonable to
conclude that CXCR4/CXCL12 axis aided the Tregs migration to the infarct, following
which the neutrophils apoptosis and pro-reparative macrophage polarization were promoted,
suggesting myocardial inflammation resolution. However, Tregs depletion abolished the
immunomodulating effects of iPC-Exo. In consistent with previous studies’: 80, these data
showed that Tregs coordinate post-MI inflammation resolution and cardiac repair.

The detailed mechanisms responsible for PP2A activation by exosomes treatment remain
unclear. However, our data confirmed that PP2A is a potent upstream factor for Foxo3
dephosphorylation. RNA-seq data revealed increased PP2A expression in iPC-Exo treated
APCs (Fig. 2G). Application of LB-100 (PP2A inhibitor) reduced Foxo3 activation by
82.6% (Fig. 5H, Fig. S10). In addition, online database predicted that Foxo3 could be a
transcription factor for PP2A expression (Fig. 3A). These data established an interactive
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loop between PP2A and Foxo3, while the detailed interaction mechanisms need to be further
studied.

MHC-11* APCs are a complex group of different cell types including monocytes,
macrophages, dendritic cells, and B cells. One limitation of the present study is that the
identity of the specific subtype of MHC-II* APCs taking up exosomes and trafficking to
MLN is not fully defined. Given the results from the co-culture (Fig. S14) and CCR7
inhibition studies (Fig. S6), we postulate that dendritic cells and B cells played critical
roles in inducing Tregs as well in improving cardiac remodeling after exosomes treatment.
After all, this study revealed novel mechanisms underlying the immunomodulation effects
of MSC-exosomes to induce Tregs for post-MI repair, in which the activation of Foxo3 in
APCs played critical roles (Fig. 7).
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Refer to Web version on PubMed Central for supplementary material.
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Nonstandard Abbreviations and Acronyms

MSC Mesenchymal stem cell

MLN Mediastinal lymph node

iPC Intrapericardial

Treg Regulatory T cell

APC Antigen presenting cell

Ml Myocardial infarction

LAD Left anterior descending artery
PP2A Protein phosphatase 2A

LV-EF left ventricular ejection fraction
LV-FS left ventricular fractional shortening
LV-EDV left ventricular volume at end diastole
LV-ESV left ventricular volume at end systole
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Nolvety and Significance
What is Known?

. Mesenchymal stem cell (MSC) derived exosomes promote cardiac repair after
myocardial infarction (Ml).

. Regulatory T cells (Tregs) orchestrate cardiac inflammation resolution and
cardiac repai.

. MSC exosomes suppress post-MI inflammation and improve cardiac
remodeling via priming Tregs, while the mechanisms remain elusive.

What New Information Does This Article Contribute?

. The pericardial draining trajectory provides a short-cut route for therapeutic
agents that are injected into the pericardial space to impart their
immunomodulating effects.

. Intrapericardially (iPC) injected MSC exosomes are taken up by major
histocompatibility complex (MHC)-I1+ antigen presenting cells (APCs) and
activate PP2A/p-Akt/Foxo3 pathway in APCs.

. Foxo3 dominates Treg induction by APCs to promote cardiac repair.

This study used an intrapericardial draining model to dissect the immunomodulating
mechanisms underlying the therapeutic benefits of MSC exosomes and revealed critical
roles of PP2A/p-Akt/Foxo3 pathway in Tregs induction in MSC exosome-mediated
cardiac repair. Targeting Foxo3 in APCs could be an effective strategy to activate
immunosuppressive Tregs for heart repair. iPC injection can serve as an effective
approach to deliver regenerative therapeutics to the heart.
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Figure 1. Pericardial drainage promotes immune activation in cardiac-draining mediastinal
lymph node (MLN).

(A) Schematic study design. (B) Macroscopic examination of the cardiac-draining MLN.
Scale bar, Imm. (C) Cell counts in each MLN was measured by using hemacytometer. n=8
lymph nodes for Tomy group (Day 1-3) and NonTomy group (Day 1 and Day 3); n=7 lymph
nodes for NonTomy group (Day 2). (D) Flow cytometry detection of APC migration in the
MLN by using MHC-II as a marker. (E) Quantitative data of CD45"MHC-I1* cell counts
in the MLN. n=4 animals for each group. (F) Flow cytometry detection of cell proliferation
in the MLN, and accordingly the percentage of Ki67* cells were plotted (G). n=4 animals
for each group. (H) Immunofluorescent staining of Ki67 to show the cell proliferation in
the MLN. Scale bar, 60pum. Quantitative data was shown as mean + SD. p values were
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determined by one-way ANOVA for C; unpaired 2-tailed nonparametric Mann-Whitney test
for E, G.
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Figure 2. iPC injection of MSC-exosomes promotes Foxo3 activation in APCs.
(A) Schematic illustration of intrapericardial injection of MSC-exosomes for M1 treatment.

(B) Macroscopic fluorescent imaging to show the accumulation of MSC-exosomes in the
MLN. (C) Flowcytometric detection of exosomes uptake by cells in the MLN. n=6 animals
for each test. (D) Study design for RNA-seq analysis. (E) KEGG pathway enrichment
analysis. (F) Integrated analysis of the enriched signal pathways. (G) Analysis of Foxo3 and
PP2A(Ppp2ca) expression in RNA-seq data. The values were shown as relative expression
compared to iPC-PBS group. (H) Western-blot detection of PP2A, p-Akt, Foxo3 and
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Foxo3-p253 in APCs. Quantitative data was acquired from three independent tests. (1)
Immunostaining detection of Foxo3 and Foxo3-p253 expression in the MLN. Scale bar,
60um. Quantitative data was shown as mean + SD. p value was determined by Kruskal-
Wallis’s test with Dunn’s correction for H.
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Fig. 3. Foxo3 dominates Treg differentiation by inducing I1L-10, 1L-33, and I1L-34 expression.
(A) Foxo3 downstream target gene prediction. (B) The DNA binding motif of Foxo3. (C)

The potent binding sequence of Foxo3 in the promoter sequence of the indicated genes.

(D) In vitro study design to investigate the functions of Foxo3 in IL-10, IL-33 and 1L-34
expression. (E) Investigation of effective siRNA concentration for Foxo3 knockdown. n=4
repeats for each concentration. (F) gRT-PCR detection of indicated cytokines expression.
n=4 repeats for each detection. The values were shown as relative expression compared

to the mean of control group. (G) gRT-PCR detection of indicated cytokines expression in
sorted MHC-I1* cells. n=4 animals for each detection. The values were shown as relative
expression compared to iPC-PBS group. (H-1) Quantitative data of flow cytometry detection
of CD4*Foxp3™* Tregs in the MLN at indicated time points. n=4 animals for each time point.
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(J) Flow cytometry detection of CD4*Foxp3* Tregs in the mediastinal lymph node. (K)
Quantitative data of flowcytometry indicating that intrapericardial injection of neutralizing
antibody or the mix (anti-Mix) abolished iPC-Exo induced Tregs elevation. n=4 animals for
each test. (L) Quantitative data of flowcytometry indicating that intrapericardial injection of
cytokines (IL-10, IL-33, IL-34 or the Mix) promoted Tregs generation in iPC-PBS treated
rats. n=4 animals for each test. Quantitative data was shown as mean + SD. pvalue was
determined by nonparametric Mann-Whitney test for F, H, | (multiple comparisons); and
Kruskal-Wallis’s test with Dunn’s correction for G, K, L.
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Fig. 4. Intrapericardial injection of exosomes promoted cardiac deployment of Treg cells.
(A) Immunofluorescent detection of Treg distribution in the infarct. Scale bar, 60um. (B)

Quantitative data of Treg infiltration in the infarct. n=4 animals for each group. (C) Gate
strategy for detecting Tregs in the infarct by flowcytometry. (D-F) Quantitative data of

the indicated cells in the infarct. (G) qRT-PCR detection of Treg-associated cytokines
expression in the heart. The values were shown as relative expression compared to iPC-PBS
group. Quantitative data were shown as mean = SD, n=4 animals for each group. pvalue
was determined by unpaired 2-tailed nonparametric Mann-Whitney test for B, D-F and G
(multiple comparisons).
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Figure 5. Tregs orchestrate cardiac inflammation resolution.
(A) Detection of neutrophils apoptosis by TUNEL assay. Scale bar, 60um. (B-C)

Quantitative analysis of neutrophils apoptosis. (D) Detection of cardiomyocyte apoptosis
by TUNEL assay. (E-I) Detection of macrophage polarization, and accordingly, the counts
of SOCS3* and CD206™ macrophages as well as the CD206* macrophage ratio in the total
macrophages was calculated (). Scale bar, 60um. Quantitative data was shown as mean

+ SD, n=4 animals for each group. p value was determined by Kruskal-Wallis’s test with
Dunn’s correction and nonparametric Mann-Whitney test (iPC-PBS v.s. iPC-Exo) for B-D,
G-1.
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Figure 6. iPC injection of MSC-exosomes promotes cardiac repair.
(A) Masson’s trichrome staining to show the histological improvement of the infarct after

intrapericardial exosomes treatment. Scale bar, 1mm. (B-C) Quantitative data of infarct size
(B) and the scar thickness(C). (D-E) Quantitative data showing the deposition of collage 1
and collagen 3 in the infarct scar from Picrosirius red stained sections. (F) Echocardiography
measurement of cardiac function. (G) Quantitative analysis of LV-EF. (H-K) Quantitative
analysis of LV dimensions, internal diameters as well as endo volume at both systole and
diastole (LVIDd, LVIDs, LV-EDV and LV-ESV). Quantitative data was shown as mean +
SD, n=6 animals for each group. o value was determined by two-way ANOVA with Tukey’s
correction for B-E, G-K.
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Figure 7. Schematic illustration of the mechanisms underlying the immunomodulating effects of

MSC-exosomes to induce Tregs for heart repair.

Uptake of exosomes induced Foxo3 activation via modulating PP2A/p-Akt/Foxo3 pathway.

Foxo3 promoted expression and secretion of I1L-10, I1L-33, IL-34 by MHC-11* APCs to
establish a Treg-inducing niche in the MLN. Following myocardial deployment, Tregs
orchestrate inflammation resolution and cardiac reparation.
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