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Figure 2. Cryoinjury induces CM DNA synthesis without cell division: (a—c) quantification of EdU™, Ki67*, and pH3"CMs in
rEHTSs 2, 4, 6, 8, and 10days after cryoinjury (n=4per group). EJU was supplemented to the medium for a pulse of 48h, every
timepoints represents the proliferative window of the previous 2 days (data shown as mean *+ SD), (d and e) representative images
with merged immunofluorescence staining for nuclei (blue), troponin | (green), EdU (red), and pH3 (white) of rEHTSs (scale bar:
100 um). EdU*CMs are highlighted with white arrows and pH3"CMs with white stars, (f) representative images with merged
immunofluorescence staining for nuclei (blue) and troponin | (green) of rEHTSs at day 10 after cryoinjury (scale bar: 50 pm), and (g)
relative quantification. EdU™, pH3™, Ki67*, and binucleated CMs are highlighted with white arrows.

the injured part of the tissue. Their identification is levels of the pivotal genes involved in this process. In
ongoing. vivo, after MI, cardiac fibroblasts secrete cytokines and

To further investigate whether our model of cryoinjury chemokines such as IL-1 and CCL2 to recruit and activate
may recapitulate in vivo fibroblast response to MI, gene leukocytes'®!® and trigger the chemical activation of the
expression analysis was performed measuring mRNA  injured area, characterized by the secretion of matrix
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Figure 3. Cryoinjury induces focal collagen deposition in rEHTSs: (a) quantification of Collagen | area over total area (data

shown as mean = SD), (b) representative images of immunofluorescence staining for Collagen | (white) and images with merged
immunofluorescence staining for nuclei (blue), troponin | (green) and Collagen | (white; Scale bar: 300 um), (c and d) relative mRNA
levels of Fibronectin (Fnl) and Collagen | (Collal) over GAPDH in rEHTSs at different timepoints after cryoinjury. (n=4per group).
(Data shown as mean = SEM), (e) on the left, representative image of a collagen accumulation (white) characterized by the presence
of vimentin positive fibroblasts (red; scale bar:300 um). Higher magnification on the right (scale bar:100 um).

metalloproteinases (MMPs), promoting extracellular
matrix degradation and release of pro-inflammatory matrix
fragments.?’ In rats, MMP2 and MMP12 are two of the most
relevant metalloproteinases involved in this process.>*!' To
modulate the process and initiate an autoregulatory feed-
back loop, following the tissue activation, fibroblasts
express inhibitors of metalloproteases, such as Timpl,
migrate to the MI borderzone, proliferate and undergo
myofibroblast differentiation, incorporating alpha-SMA
into cytoskeletal stress fibers.!* Mature rEHTs were

subjected to cryoinjury, harvested every 48h (N=4per
group), and gene expression analysis was performed by
RT-PCR. As shown in Figure 4(d), 48h after injury, we
observed a sudden and significant increase of pro-inflam-
matory molecules like CCL2 and IL-1 ((3.9-and 2.3-fold
change, respectively, when compared to uninjured con-
trols), suggesting that damage-associated molecular pat-
terns (DAMPs) deriving from dying cells stimulated
fibroblasts to secrete cytokines and chemokines.
Interestingly, CCI2 mRNA levels decreased over time,
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Figure 4. Cryoinjury induces fibroblast proliferation and activation: (a) quantification of EQU* Vimentin™ cells in rEHTSs from 2 to
10days after cryoinjury. EdU was supplemented in 48 h pulses to the medium starting from the 2 days before the injury until day 10,

(b) representative images of proliferative vimentin positive fibroblasts (white) at day 4 after injury (scale bar: 50 um), (c) representative
images with merged immunofluorescence staining for nuclei (blue), troponin | (green), EdU (red), and pH3 (white) of control rEHT
(top), and injured rEHT (bottom). Dashed line highlights the borderzone. (Data shown as mean = SD), and (d) relative mRNA levels of
chemokine (C-C motif) ligand 2 (CCL2), interleukin | beta (IL-1f) metalloproteinases 2 and 12 (MMP2 and MMP12), metalloproteinase
inhibitor | (Timpl) and a-SMA (Acta2) in rEHTSs at different timepoints after cryoinjury (data shown as mean = SEM).
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returning to pre-injury levels at day 4, while IL-13 mRNA
levels remained stable for all the subsequent timepoints.
MMP2 and MMP12, early markers of matrix remodeling
in vivo, significantly increased at day 2—3 post injury and
decreased to baseline levels afterward (Figure 4(d)), sug-
gesting a specific gene expression program driving the cel-
lular response and matrix remodeling after injury, parallel
to what happens in vivo.

The proliferative asset of CM in rEHT is crucial
for the proliferative response after cryoinjury

The proliferative potential of rodent CMs is retained dur-
ing a brief post-natal window and can produce an almost
complete restitutio ad integrum after myocardial injury.!-?
This ability is lost after a week of post-natal life and in
adults in case of injury, the contractile tissue is substituted
by a fibrotic scar.2*2*

In order to better understand whether our cryoinjury
model was able to resemble the CM responses upon car-
diac injury at different stages of CM maturation, we first
characterized the maturation process of EHTs, generally
lasting two weeks to be completed. We subjected them to a
48h pulse of BrdU at different time points between casting
and the end of the window frame of interest (28 days post-
casting) to evaluate CM proliferation. As shown in
Supplemental Figure S2A, we observed that after an initial
increase in the percentage of BrdU* CMs early after rEHT
casting (18% of BrdU* CM at day 6), DNA synthesis pro-
gressively decreased, becoming almost negligible at day
28 (2% of BrdU* CM). Interestingly, the decrease of
BrdU* CMs was paralleled by a progressive increase of
binucleation, which is absent until day 4 post casting, ris-
ing to almost 20% in the latest phase of maturation (days
26-28; Supplemental Figure S2A-B). During the early
stages of rEHT maturation, CMs beat independently, due
to the lack of a functional syncytium, thus the displace-
ment of the silicone posts is not detectable. Approximately
between days 8 and 10, CMs develop a functional syncyt-
ium leading to spontaneous and coherent beating of the
whole rEHT. As expected, the contractile strength increases
during tissue maturation, reaching a plateau around day 22
(Supplemental Figure S2A-B). Indeed, on day 8 the per-
centage of BrdU"CMs is significantly higher compared to
day 20 while for binucleated CMs we observed an oppo-
site trend. Considering that the “in vivo-like” CM organi-
zation in rEHTs is reached when the functional syncytium
is developed, we arbitrarily defined “Day 8” as the refer-
ence time point for the “immature phase”, while “Day 20”
will be stating for a “mature phase”. Gene expression anal-
ysis of some known markers of cardiac maturation con-
firmed our observations: as shown in Figure 5(a) and (b),
the ratio between o and B myosin heavy chain (myh6/
myh7)® gene expression levels and levels of sarcoplas-
mic/endoplasmic reticulum Ca** ATPase 2 (SERCA2a)

are significantly lower in immature rEHTs compared to
mature ones (1.2 £ 0.2% vs 2.1 £0.5% and 1.2 £ 0.2% vs
2.1£0.5 %).

Therefore, we performed cryoinjury in “immature”
rEHT the day after the onset of coherent beating, when a
functional syncytium has just formed and DNA synthesis
in CMs reached its peak (Supplemental Figure S2A), and
we cryoinjured mature EHTs as a control group. As before,
EdU was administered as a pulse of 48h at day 4. As
shown in Figure 5(c) we observed a significant increase of
EdU* CMs in immature tTEHTs when compared to their
controls (6.3+1.9% vs 10.1=1.6 % and 2.1 1.3 vs
6.02+1.5 EAU" CMs respectively for immature and
mature rEHTS). As expected, the number of Ki67 and pH3
positive CMs was not significantly increased in mature
rEHT after cryoinjury. Interestingly, CMs increased DNA
synthesis after cryoinjury in immature rEHTs was associ-
ated to a significant increase of Ki67* and pH3" CMs
(1.1=0.3% and 1.3 +0.3% vs 0.4 £ 0.1% and 0.3 =0.3%
of their age-matched control (Figure 5(d) and (e)), indicat-
ing that the degree of CM maturation plays a crucial role in
the proliferative response after cryoinjury. We did not
observe a significant change in binucleated CMs after cry-
oinjury in immature EHTs suggesting that the activation of
the mitotic players led to cytokinesis events (Figure 5(f)).

We also characterized fibroblast response to cryoinjury
in immature EHTSs at day 4 post injury. As shown in Figure
S3A, a not significant trend of increase in collagen deposi-
tion was observed in injured EHTs compared to control
confirmed by the expression of collagen-1 and fibronec-
tin-1 genes (Supplemental Figure S3C-D). Conversely, we
observed a significant increase of EQU* fibroblasts upon
cryoinjury compared to control (21.5%£2.4% vs
32.5+1.7%; Supplemental Figure S3E-F), whereas no
significant changes were observed in gene expression of
early markers of fibroblast activation and ECM remode-
ling (Supplemental Figure S3G-K). Taken together, these
results indicate that cryoinjury induces an incomplete
fibrotic response in immature EHTs suggesting that the
mature environment, represented by mature CMs with
higher contractile activity, is important for a proper fibro-
blast activation.

Discussion

One of the major limitations in performing high-through-
put studies to fully characterize at a molecular level car-
diac regeneration is the lack of reliable in vitro tissue-like
models reliably mimicking what happens in vivo, after
injury.? Recently proposed in vitro models take advantage
of human iPSC-derived CMs, which allow a higher trans-
latability of the findings, despite the immature phenotype
of cells, aspect that reduces the robustness of the findings
focused on characterize cardiac regeneration after MI in
the adult.>*® Cryoinjury has shown to induce tissue
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regeneration in human cardiac organoids, which, however,
show a robust proliferative response after injury typical of
embryonic cells they are derived from, inevitably lost in
adulthood. Conversely, rTEHTs have the advantage of being
an unpurified, native heart cell mix, which includes fibro-
blasts and endothelial cells, organized in an in vivo-like
beating structure, recapitulating in part the tissue biology
of the adult rodent heart, thus representing an exciting can-
didate to evaluate the response of myocardial injury at a
molecular level. In our study, we used rEHTSs as a model to
characterize in vitro the cellular and molecular response to
ischemic injury in an asset of adult rodent cells. In vivo, it
has been shown that cryoinjury induces a necrotic wound
of consistent size and shape that resolves into a scar of
uniform size, shape, and organization, generating an
extended injury border zone that exhibits classic markers
of remodeling found in surviving animals.®’ Thus, we set
up a cryoinjury protocol with a custom-made system to
deliver a discrete injury in rEHTs. Our system is feasible
and reproducible, allowing to induce injuries of different
sizes in localized areas of the engineered tissue. We estab-
lished that cryoinjury produces a localized and reproduci-
ble injury in rEHTs, leading to a selective loss of contractile
activity accompanied by electrical isolation.

We also tested the robustness of rEHTs as a model to
investigate CM proliferation in EHT during the process of
in vitro maturation. Similar to what has been shown in
mice and rats early after birth,'® we demonstrated for the
first time that in the rEHTs neonatal CMs preserve their
proliferative capacity in the first week of tissue develop-
ment, while the functional syncytium is not formed yet. As
soon as CMs start to beat coherently, DNA synthesis pro-
gressively decreases in parallel to the increase of binuclea-
tion of CMs, resembling the switch from a neonatal to a
more mature phenotype that occurs in vivo. A key concept
in cardiac regenerative medicine is the strong correlation
between regeneration and development. Wound healing of
neonatal cardiac tissue after MI is characterized by an
almost complete regeneration of the lost tissue, with barely
detectable scar tissue. Conversely, adult cardiac tissue fails
to regenerate CM loss after injury, resulting in scar forma-
tion.'®?” In a similar way, we demonstrate that cryoinjury
induces DNA synthesis in CMs in immature rEHTS, while
mature EHTs lack a proper proliferative response. Our
results, therefore, strengthen rEHTSs as a model mimicking
in vivo post-natal CM maturation and cardiac regeneration
upon injury in different stages of heart development. We
also investigated the role of cardiac fibroblast in these set-
tings. Cardiac fibroblasts are indeed one of the most abun-
dant cell populations in TEHTS, besides CMs.'? Fibroblasts
have a pivotal role in tuning the cardiac tissue response
and outcome after MI. One of the most important func-
tions of fibroblasts is the formation of fibrotic tissue, char-
acterized by a sustained secretion of ECM, mostly formed
by collagen-1. Fibroblasts are activated by the ischemic
event, mainly by molecules released by dead CMs, and are

induced to proliferate and undergo to maturation through
anti-inflammatory and pro-fibrotic mediators to promote
the deposition of ECM.' In our study, we show that cryo-
injury in tEHTs induces fibroblast temporary activation
and proliferation, together with ECM deposition, overall
mimicking only the early fibroblast cellular and molecular
response occurring upon injury in the in vivo adult injured
myocardium. The lack in our model of a persistent fibrotic
response that in the injured myocardium produces a stable
fibrotic scar may be related to the absence of the immune
system, representing an important limitation that could be
overcome by introducing cytokines and immune cells in
the system. While we acknowledge that this represents a
major limitation, we believe that the absence of the
immune system contribution could facilitate the under-
standing of the cellular response of fibroblasts and CMs to
injury. In conclusion, this is the first study that character-
izes the regenerative response of rEHT after injury in the
different phases of tissue maturation, when assembled
cells are similar either similar to neonatal or adult CMs.
Moreover, this system represents a robust and reproduci-
ble novel model to investigate some critical aspects of MI
biology. Considering that the mechanism behind the dis-
cordant response to injury of neonatal and adult myocar-
dium is still unclear, we argue that our model provides a
unique opportunity to unravel the molecular and cellular
mechanisms regulating the regenerative process. Indeed,
the absence of a specific role driven by the inflammatory
response upon injury and by the host immune system,
major players in the cellular and molecular response after
injury, may be seen as an advantage of rEHTs, in order to
specifically dissect the peculiar role of either CM or fibro-
blasts after the ischemic damage.
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