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In situ maturated early-stage human induced pluripotent stem cell-derived
cardiomyocytes improve cardiac function by enhancing segmentary
contraction in infarcted rats
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Abstract

The scant ability of cardiomyocytes to proliferate makes heart regeneration one of the biggest
challenges of science. Current therapies do not contemplate heart re-muscularization. In this
scenario, stem cell-based approaches have been proposed to overcome the lack of regeneration.
We hypothesize PluriCell hiPSC-derived cardiomyocytes (hiPSC-CMs) could enhance rat's
cardiac function after myocardial infarction (MI). Animals were subjected to permanent occlusion
of the Left-Ventricle (LV) anterior descending coronary artery (LAD). Seven days after M1, Early-
stage hiPSC-CMs were injected intramyocardially. Rats were subjected to Echocardiography pre-
and post-treatment. Thirty days after injections, treated rats displayed 6.2% human cardiac grafts,
which were characterized molecularly. Left ventricle ejection fraction (LVEF) was improved by
7.8% in cell-injected rats, while placebo controls showed an 18.2% deterioration. Also, cell-treated
rats displayed a 92% and 56% increase in radial and circumferential strains, respectively. Human
cardiac grafts maturate in situ, preserving proliferation with 10% Ki67 and 3% PHH3 positive
nuclei. Grafts were perfused by host vasculature with no evidence for immune rejection nor ectopic
tissue formations. Our findings support PluriCell hiPSC-CMs as an alternative therapy to treat MI.
The next steps of preclinical development include efficacy studies in large animals on the path to

clinical-grade regenerative therapy targeting human patients.
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1. Introduction

Cardiovascular diseases, in particular myocardial infarction (MI), are the leading cause of
morbi-mortality worldwide [1,2]. The adult heart displays a limited regenerative capacity due to
cardiomyocytes' scant proliferation ability [3.,4]. Therapies currently available partially preserve
the heart's structure and function without any sign of muscle regeneration. In this scenario, patients
with decompensated outcomes ultimately will end up in severe heart failure condition requiring
heart transplantation [5].

Alternatively, stem cell-based therapies have been proposed to overcome the lack of heart
re-muscularization within the available therapeutics [5]. Remarkably, multipotent stem cells
isolated from adult tissues such as bone marrow [6—-10] and adipose tissue [11,12] have
demonstrated unsatisfactory heart regeneration performance. Conversely, human pluripotent stem
cells such as embryonic stem cells (hESCs) [13] and induced pluripotent stem cells (hiPSCs)
[14,15] are promising sources for generating cardiomyocytes (hPSC-CMs) in vitro [16,17].
Contractile hPSC-CMs are immature compared with adult cardiomyocytes [18—-20] a double-
edged characteristic for cell therapy. These cells display proliferation capacity, which is gradually
lost as maturation level increases over time in vitro and in vivo [18,21,22]. Nevertheless, hPSC-
CMs reaching adult cardiomyocyte level have never been reported yet.

Independently of this limitation, several groups demonstrated the transplantation of hPSC-
CMs enhances cardiac function through human cardiac tissue engraftment [21,23,32-34 24-31].
Despite promising results, the perfect interaction between host and graft (e.g., the mitigation of
arrythmias), satisfactory graft maturation levels over time in vivo, and other fundamental questions

such as cell dose, initial age of cells for injection, delivery method, and the degree of importance
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of each of these factors for an extensive and sustained structural and functional improvement
remain elusive.

In the last decades our group has worked to developing stem cell-based therapies to treat
myocardial infarction building tools [35-38] and testing trending therapies [9,11,12,39,40] always
aiming patients [6—8]. Adult stem cell approaches to treat MI have yet to yield relevant results
clinically [41] and it is generally accepted that other approaches are needed [42]. Here, we
demonstrated that PluriCell hiPSC-CMs enhanced the overall cardiac function on infarcted rats
under immunosuppression. Treated rats had their cardiac function improved due to human cardiac
cells' efficient engraftment into the fibrotic tissue. Moreover, human cardiac grafts showed
enhanced maturation in situ, preserving some degree of proliferation capacity. Furthermore, our
grafts were vascularized by host vessels and did not elicit significant immune rejection. These
findings support further studies in larger animal models to conquer the limitations inherently
present in a rodent cardiovascular system with the aim to develop scalable and efficient

regenerative stem cell-based therapies for humans.

2. Results

2.1.Descriptive analysis of mortality and echocardiography-based randomization
Forty-two female rats were used in this study. Thirty-eight animals were subjected to a
surgical thoracotomy for MI-induction (33 MIs and 5 sham-operated rats), four rats were used as
healthy controls. Notably, only one rat died during MI induction and two others within the first six
days after the procedure (Table 1). From forty-eight hours after MI until the end of the protocol
(37 days after MI), SHAM and MI-induced rats received two daily doses of cyclosporine A (CsA).
CsA toxicity was assessed by monitoring animals' body mass weekly. Body mass changes were

similar between groups over time (Figure S1A). Six days after MI induction, 39 rats (4 CTRLs, 5


https://doi.org/10.1101/2021.03.09.434658
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.09.434658; this version posted March 10, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

SHAMs, and 30 MlIs) were subjected to baseline echocardiography to assess left ventricle (LV)
cardiac function. Two infarcted animals died due to anesthetic overload during the
echocardiography (Table 1). The LV ejection fraction (LVEF) of each animal was estimated.
LVEF values were used to randomize infarcted animals into two balanced groups: (1) PSC
(placebo received injections of Pro-survival cocktail supplemented vehicle, 14 animals) and (2)
CELL (PSC vehicle + approx. 10 million hiPSC-CMs, 14 animals) (Table S1).

Seven days after MI induction, PSC and CELL rats were subjected to a second surgical
thoracotomy for cell transplantation (or placebo). Six rats (3 PSC and 3 CELL) died during the
intramyocardial injection surgery (Table 1). The thirty-one remaining rats were followed 30 days
after injections (Figure 1A). Throughout the four weeks, 1 SHAM animal died on day 19, 3 PSC
rats died on days 14, 20, and 22, and 2 CELL animals died on days 16 and 26 after injection
procedure (Table 1). Mortality rates were not significantly different between groups after treatment
(Figure S1B). Finally, 2 PSC and 2 CELL rats were excluded from further comparative analyzes
since they displayed less than 20% impairment of LVEF compared to healthy animals at baseline.
Thus, all analyzes were performed comparing 4 CTRL, 4 SHAM, 6 PSC, and 7 CELL animals.

The therapeutic protocol adopted was graphically represented in the Figure 1A.
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Table 1: Overall mortality and excluded animals by phase and group.

Status | Phase N# | % (from | Cause Group | N# | % (from
total) total)
dead | MI induction 1 2.4% irreversible fibrillation | MI 1 2.4%
1-6 days after MI 2 4.8% anesthetic overload MI 1 2.4%
induction (pre- sudden death * ML |1 | 24%
echocardiography)
Baseline echocardiogram 2 4.8% anesthetic overload MI 2 4.8%
(day 6)
Injection”s procedure 6 14.3% cardiorespiratory arrest | PSC 3 71%
CELL |3 7.1%
1-30 days after injection 6 14.3% sudden death * SHAM | 1 2.4%
(pre-final P 3 71
echocardiography) 5¢ 1%
CELL |2 4.8%
Final echocardiogram (day | O 0.0% - 0 0.0%
37)
live LVEEF cutoff (based on 4 %% 1 95% 20% impairment PSC 2 4.8%
CTRLs) versus CTRL animals CELL |2 2.8%
at baseline
Completed follow-up & 21 50.0% - CTRL | 4 9.5%
used for further analysis . SHAM | 4 95%
- PSC 6 14.2%
- CELL | 7 16.7%
total 42 100% 42 100%

* These animals were found dead in their cages. ** These animals were excluded from subsequent
analysis.
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Figure 1: Therapeutic study design and molecular characterization of the early-stage PluriCell
hiPSC-CMs. A) On day zero, myocardial infarctions were induced by permanent occlusion of the
proximal-AD coronary artery. Forty-eight hours after MI (day 2), the immunosuppression protocol
was started. CsA was administered twice a day intraperitoneally until the end of the protocol (on
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day 37). Six days after MI induction (day 6), all animals were subjected to baseline
echocardiography and randomized. On day 7, animals from placebo (pro-survival cocktail - PSC)
and CELL groups were subjected to a second surgical thoracotomy followed by intramyocardial
injection of hiPSC-CMs. Thirty days after injections (on day 37), all survivors were subjected to
final echocardiography and then were euthanized, necropsied, and had their hearts and other organs
collected and stored for further analysis. B) Representative scatterplots of the injected hiPSC-CM
population on day 11-15. C) The number of positive cells expressing cardiac markers such as
TNNT2, TNNI1, TNNI3, MLC2A, MLC2V, and NKX2-5 was obtained by flow cytometry,
expressed in percentage, and plotted in bar charts (mean + SD). D) Representative
immunofluorescence demonstrating the expression of cardiac markers in hiPSC-CMs on day 13
(TNNT2, NKX2-5 and Nuclei). Except for two cells in the image (white arrows), all the TNNT2
positive cells were also NKX2-5 positive. E) MLC2a, MLC2v, Nuclei, and Merged image. Note
that the expression of MLC2v seems to be nuclear/perinuclear, strongly corroborating the lack of
maturation of early-stage hiPSC-CMs. Scale bars: 100pum

2.2. Early-stage human iPSC-CMs are predominantly MLC2a positive (atrial-like
cardiomyocytes) at the time of injection

Seven days after MI induction, 10 million early-stage hiPSC-CMs on the range of 11-15
days of differentiation were subjected to heat-shock priming [23,24], and intramyocardially
injected (from epi- to myocardium) in 3 different points into the cardiac scar on MI-induced rats.
Aliquots of the injections were collected and characterized by flow cytometry and
immunofluorescence (Figure 1B-K). All animals received at least 70% of NK2 Homeobox 5
(NKX2-5) / Troponin T2 (TNNT?2) positive cells (70.6% + 5.7% and 81% + 8.4%, Figure 1B-G).
Furthermore, these cells expressed Troponin I1 (TNNI1, 77.8% + 19.6) and Myosin light chain 2,
atrial isoform (MLC2a, 74.6% + 7.7%), both markers characteristic of early-stage hiPSC-CMs
(Figure 1B-C). Despite their intrinsic immaturity, these cardiomyocytes also expressed Troponin
I3 (TNNI3, 74% + 14.7%) (Figure 1B-C). As expected, MLC2v (ventricular myosin light chain 2)
was detected in a relatively small percentage of the population (5.1% + 4%) (Figure 1B-C), also
evidenced by immunofluorescence imaging (Figure 1H-K). Altogether, these findings
demonstrated that all the animals were treated with a homogeneous population of hiPSC-CMs with

low ranges of non-myocyte cells.
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2.3. Early-stage human iPSC-CM therapy significantly improves the overall cardiac
Jfunction of immunosuppressed infarcted rats

Four weeks after injections, grafts of human cardiac tissue were found in the LV of animals
treated with hiPSC-CM therapy (Figure 2A). The mean percentage of the human graft was 6.23%
+ 2.29% (human Ku80 (hKu80) / TNNT2 positive cells vs. fibrotic tissue, Figure 2B and Table
S2). Interestingly, hiPSC-CM treated rats displayed significantly thicker MI-affected walls (*
P<0.05 vs. PSC, Figure 2C, left bars). Conversely, we did not find any difference in thickness at
free walls (Figure 2C, right bars). However, the percentage of injured area did not change on CELL
group (vs. PSC rats, p=0.47, Figure S2A).

Moreover, infarcted rats (PSC and CELL) showed significant impairment of their cardiac
function at baseline, as evidenced by lower values of LVEF (vs. CTRL and SHAM animals, Figure
S2B). In addition, PSC and CELL groups exhibited similar LVEF pre-treatment (Figure S2B).
Nevertheless, 30 days after treatment, rats from the CELL group showed higher LVEF (vs. PSC
group; Figure 2D-E). Indeed, most of the rats treated with placebo had significant deterioration of
their cardiac function (Figure 2F; # p<0.05 vs. pre-treatment, and Figure S2C). Conversely, hiPSC-
CM-treated animals had their LVEF preserved over time (Figure 2F; ** p<0.05 vs. PSC, and
Figure S2D). The cell therapy's benefit was evidenced through the positive LVEF delta calculated
by pre-, and post-treatment LVEF values (* p<0.05, Figure 2G).

Besides the improvement in LVEF, the Radial (* p<0.05, Figure 2H) and Circumferential (*
p<0.05, Figure 2J) strain time-to-peak (AVG PK), calculated by the average of 6 segments
measured in short-axis images at papillary-level, were significantly higher on hiPSC-CM-treated
rats than in the PSC group (and individual curves for each animal in Figure S3). In addition, both
radial and circumferential strain time-to-peak deltas (* p<0.05, Figures 2I and K respectively) and

global circumferential strain (Figure 2L) were significantly positive on CELL-treated animals.
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Conversely, none of the previous parameters changed significantly for radial and longitudinal
strain calculated using long-axis images (Figure 2M and Figure S4). Overall, the speckle tracking
analysis corroborates LVEF improvement, strongly suggesting enhancements in segmentary

contraction supporting active human graft presence into the mid-portion of the rat's LV walls.
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Figure 2: Early-stage hiPSC-CM-based therapy improves segmentary contraction resulting in
overall LV cardiac function preservation on infarcted rats. Echocardiography was performed on
days 6 (1-day prior injections) and 37 (30 days after injection) to evaluate the cell therapy effects.
A) Representative panel of histological images from animal 29 (CELL group). Al) Papillary-level
cross-section stained with picrosirius red evidencing "live" cardiac tissue (yellow) and fibrosis
(red). "Live" cardiac tissue was found in the scar (Blue box). AII) Subsequent cross-section
subjected to an immunohistochemical reaction against human Ku80 (brown nuclei) and Troponin
T2 (red) evidencing human cells into the rat heart (Blue box). AIII) The human cardiac graft is
taken from positive cells for both markers (brown nuclei — hKu80 and red fibers — Troponin T2).
B) Percentage of the area covered by hKu80 positive cells into the scar tissue was quantified in 3-
5 cross-sections at papillary level. The human graft areas were expressed in percentage relative to
the scar area. All the CELL-treated rats displayed hKu80/Troponin T2 positive areas. C) Wall
thickness at diastole was measured at papillary level using low magnification images. MI (left
chart) and Free (right chart) wall values were calculated as a mean of three measurements covering
the whole scar extension and expressed as mm. D) Representative short-axis of M-mode images
pre-(day 6) and post-injection (day 37). E) LVEF was calculated using short-axis images at four
LV deeps by a Modified Simpson Algorithm. CELL-treated rats showed improved LVEF 30 days
post-treatment (vs. PSC, * P<0.05). Furthermore, MI-induced animals showed significantly lower
LVEF than CTRL and SHAM groups (** p<0.01). Also, CTRL and SHAM displayed different
LVEF (* p<0.05). F) LVEF of PSC and CELL rats were normalized by their respective pre-
treatment values and plotted over time. CELL-treated rats show higher LVEF values than PSCs
post-treatment (** p <0.01). PSCs showed a significant deterioration of LVEF 37 days after MI-
induction (# p = 0.0145), whereas CELL rats had their LVEF preserved (p = 0.2162). G) LVEF
delta reinforcing the cardiac function's preservation on the CELL group (* p = 0.0117 vs. PSC).
H) Radial Strain time-to-peak (AVG PK) of PSC and CELL rats were normalized by their
respective pre-treatment values. CELL group display higher Radial strain AVG PK post-treatment
(* p = 0.0441). Pre- vs. post-treatment analysis revealed no significant differences on PSC nor
CELL group, as demonstrated by the p-values printed into the image. I) Radial Strain time-to-peak
delta was also significantly different (* p <0.0371). J) Circumferential Strain time-to-peak (AVG
PK) of PSC and CELL rats were normalized by their respective pre-treatment values. CELL group
displays higher Circumferential strain AVG PK post-treatment (* p = 0.0494). Pre- vs. post-
treatment analysis revealed no significant differences on PSC nor CELL group, as demonstrated
by the p-values printed into the image. K) Circumferential Strain time-to-peak delta was also
significantly different (* p = 0.0465). L) The Global Circumferential Strain delta was significantly
positive for CELL-treated animals (p = 0.0324 vs. PSC), but M) The Global Longitudinal Strain
delta did not display changes (data positively normalized; p=0.6767 CELL vs. PSC). Data showed
as mean + SE.

Despite the improvement in cardiac function observed in the CELL group, the LVEF of the
treated rats is still significantly smaller than non-infarcted animals (CTRLs and SHAM) (Figure

2E).
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2.4. The human graft is a cardiac tissue that preserves levels of cell cycling activity

Since the animals treated with early-stage hiPSC-CMs showed a significant improvement in
their cardiac function, we assessed the human cardiac grafts cellular composition (Figure 3), cell
cycle characteristics (Figure 4), and maturation levels (Figure 5 and 6).

Overall, all the grafts identified were found in the myocardium, most of them in the scar area
(Figure 3A). These human tissues displayed a highly compact structure and very distinct
morphology compared to the host tissue (Figure 3B). Off notes, even using standard staining
methods alone (e.g., Hematoxylin and Eosin - H&E), large grafts could be identified due to their
distinct morphology. Besides the hKu80/TNNT?2 expression (Figure 2A and Table 2), the human
grafts massively expressed human TNNI3 (Figure 3A-C, Figure S5A and S5C). Also, structured
sarcomeres were found in most of the grafts (Figure 3C-D and Figure S5B). Furthermore, we did
not find evidence for human cells trans-differentiation into other cell types such as endothelial
(human Platelet endothelial cell adhesion molecule (PECAM-1 or CD31) positive, Figure 3E-F
and Figure S5D) or epithelial cells (human Cytokeratin-1 — CK, positive, Figure 3G-H and Figure
S3E).

Adult cardiomyocytes display scant capacity of proliferation [43,44]. On the other hand,
previous reports demonstrated that hiPSC-CMs could proliferate in vitro and in vivo [21,31]. Ki67
and Phosphohistone H3 (PHH3) are widespread proxies of active cell cycle [45]. We used
sequential slides of hKu80 positive grafts (Figure 31) to assess Ki67 (Figure 3J) and PHH3 (Figure
3K) expression into the human grafts. The percentage of Ki67 positive nuclei into the hKu80 grafts

was 9.52% + 5.02% (mean + SD) (Figure 3J and L). In addition, the percentage of PHH3 positive

nuclei into the hKu80 grafts was 3.24% + 1.64% (mean + SD) (Figure 3K and L).
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Figure 3: Representative image from human graft shown cardiac cellular composition
A) Panoramic immunofluorescence staining for TNNT2 (green) + human TNNI3 (Red), arrows
are indicating grafts. B) Amplified view of largest graft region. C) Higher magnification of
figure B showing sarcomere structure organization. D) Shows the evidence that hiPSC-CMs are
following cardiac structure organization, TNNT2 (green) and hKu80 (pink) by overlap for hKu80
(red) and nuclei (blue). E-H) shows no evidence of hiPSC-CMs trans-differentiation into other
cell types rather than cardiomyocytes. Subsequent slices were labeled for hKu80 (E) and human
CD31 (F). The same strategy was used to label hKu80 (G) and human Cytokeratin-1 (H). I-
L) Ki67 and PHH3 markers evidenced that human cardiac grafts are composed by hiPSC-CMs
with an active cell cycle. I) Subsequent slides were labeled by TNNT2 (green) and hKu80
(pink), J) TNNT?2 (green) and Ki67 (pink), and K) TNNT2 (green) and PHH3 (pink). The color
pink represents the overlap of red and blue (nuclei). L) Quantification for cell-cycle markers
present a percentage of Ki67 positive cells and PHH3 positive cells (versus the total number of
hKu80 positive nuclei for each image analyzed). Ki67: n=3 and PHH3: n=5. Scale bars: 50pm.
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2.5. The human cardiac grafts maturate in situ after injection

hiPSC-CMs are immature compared to adult cardiomyocytes [19,20]. Previous reports
account for protein expression shifts (e.g., TNNI1 to TNNI3, MLC2a to MLC2v) to monitor
growing levels of maturation of hiPSC-CMs in vitro and in vivo [22,31]. We used sequential slides
of human TNNI3 (hTNNI3) / TNNT?2 positive tissues (Figure 4A-D) to evaluate MLC2a (Figure
4E-F) and MLC2v (Figure 5G-H) expression in the human grafts. Approximately 30 days after the
cell transplantation, the expression of MLC2a, highly expressed in the cells on days 11-15 (Figure
IH and K), was almost undetectable in vivo (Figure 4E-F and Figure S6A). Conversely, the
expression of MLC2v was highly enhanced in vivo (Figure 4G-H vs. Figure 11 and K, and Figure

S6B).

A TNNT2 MLC2a Nuclei B TNNT2 C D Nuclei

‘ -
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E TNNT2 MLC2a Nuclei F hMLC2a G TNNT2 MLC2v Nuclei H MLC2v

5 oy
. 9,
’
1 3 >
»
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Figure 4: Immunofluorescence staining for hKu80 + MLC2v and MLC2a demonstrated
maturation in the graft. A) Panoramic immunofluorescence staining for TNNT2 + human
TNNI3. B to D shows a single channel for each marker. B) TNNT2 (green), C) human TNNI3
(orange) and D) nuclei (blue). E) Merged for TNNT2 (green), MLC2a (red) and nuclei
(blue). F) Human MLC2a (red) showing poor labeling into the graft. G) Merged image for TNNT2
(green), MLC2v (red) and nuclei (blue). H) MLC2v showing massive labeling, compared with
MLC2a. Scale bars: 100pm.

Additionally, the expression of N-Cadherin was identified in the human cardiac grafts,

supporting cell-cell interactions in the grafted tissue (Figure SA-B and Figure S6C). Despite the
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evidence of maturation and interactions between hiPSC-CMs in vivo, the expression of connexin
43 (Figure 5C) and Caveolin 3 (Figure 5D) proteins, other two crucial markers that support higher
levels of cardiac-tissue maturation, were scant in the hKu80 positive grafts (Figure 5A, C-D and
Figure S6D and SO6E). Besides the expression of these markers, host-specific von Willebrand factor
(VWF) positive blood vessels were found into the human cardiac grafts and surrounding

boundaries, strongly suggesting an active perfusion of these grafts (Figure SE-F and Figure S6F).

A TNNT2 hKu80 Nuclei B TNNTZ2 Pan Cadh Nuclei C TNNT2 CX43 Nuclei

Figure 5: Histological evaluation of hiPSC-CMs myocardial grafis. A) Colocahzatlon of hKu80
(red) and nuclei (blue), and TNNT2 (green). B) N-Cadherin expression represent a high cell-to-
cell interaction. C) No evidence of Cx43 (red) nor D) Caveolin3 (red) was found in the grafted
human tissues, suggesting hiPSC-CMs limited maturation. The amplified view evidenced
insufficient labeling for Cx43 and Caveolin3 to be detectable into the grafts. Arrows shows Cx43
(C) and Caveolin 3 (D) labeled in the host cardiac tissue. The boxes show longitudinal sections in
which the expected patterns of labeling for these proteins can be observed in the host tissue. E-F)
Besides, rat vVWF-positive blood vessels (red) perfusing the human cardiac grafts were observed
in abundance in all the animals tested. F) Magnification of E, white arrow heads show individual
vWF-positive vessels (red stain). Scale bars: S50um.
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Altogether, the shift between MLC2a and MLC2v strongly suggests that (1) immature
hiPSC-CMs injected matured over time in vivo; (2) the expression of N-Cadherin suggests active
interaction between hiPSC-CMs composing the grafts, but (3) the scant expression of Connexin-
43 (Cx43) and Caveolin-3 (Cav3) is strong evidence that the cells in the grafts, during the time
frame of analysis, did not reach desired maturation levels to equalize the adult cardiac tissue.
Furthermore, despite the limited maturation on the grafted tissues, (4) these xenografts were
incorporated into the infarcted heart receiving perfusion from host blood vessels.

2.6. Immunosuppression confidently preserves human cardiac grafts from rejection or
ectopic cellular formations

In addition to the presence of human cardiac tissue into infarcted hearts and the functional
improvements observed in these rats, we evaluated whether inflammatory cells could surround
human grafts as an additional metric to estimate human graft losses due to immunological
rejection, despite active immunosuppressive protocol.

A histopathological analysis using H&E stained slides was performed to assess cellular
inflammatory infiltrate incidence, distribution, and severity [12,46]. As expected, frequency of
observation for inflammatory cells into the myocardium was high in both infarcted groups (PSC
and CELL, Figure 6A-D). Notably, inflammatory infiltrates were also observed in SHAM animals,
but in lower frequency than in infarcted rats (Figure 6A-D). Overall, the most frequent infiltrates
were diffuse, where sparse cells can be observed solely or in very small groups (5-10 cells, Figure
6A red arrows), usually near to blood vessels (Figure 6A-B). Patches of cell infiltrates, where
inflammatory cells can be seen in larger grouped, were also observed but in less frequency (Figure
6A, green-dashed areas, and C). Despite the incidence of inflammatory infiltrates, the degree of
severity of these infiltrates was not significantly high (most of them classified as grades O and 1,

Figure 6D). Statistical differences were observed between CTRL and CELL groups for the
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percentage of incidence of Grade O and 1 infiltrate, but no differences were observed comparing

CELL-treated animals with SHAM or PSC rats (Figure 6D). Besides the histopathological

assessment, we performed immunohistochemistry reactions using antibodies specific-against

cluster of differentiation 3, 45 and 20 (CD3, CD45 and CD20, respectively) in 3-5 papillary-level

cross-sections. As expected only scant diffuse cells or very small patches could be found into the

heart of some of the SHAM (CD3: 2/4, CD45: 1/4, CD20: 2/3), PSC (CD3: 1/6, CD45: 2/6, CD20:

3/6) and CELL (CD3: 0/7,CD45: 5/7, CD20: 4/7) animals (Figure S7).
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Figure 6: Immune-rejection against human cardiac grafts and the biodistribution of hiPSC-CMs
over the body. A) pathological assessments were performed through H&E stained slides to qualify
the incidence, distribution, and severity of inflammatory infiltrates. Representative images of heart
sections for A) CTRL, SHAM, PSC and CELL rats (left to right, upper to bottom). Red arrows
indicate sparse diffuse inflammatory cells, and the blue dashed forms indicate small patches of
inflammatory cells (Scale bar: 100 um). The frequency of (B) diffuse and (C) patchy infiltrates
was qualitatively measured and expressed in the observation percentage. D) The severity of the
inflammatory infiltrate was estimated using a well-established Grade system by observing the size
and spread of inflammatory cells in the sections assessed. Grades were transformed in the
percentage of severity per image and so per animal and plotted as stacked percentage bars. Grade
2 areas were observed only in infarcted animals. Grade 0 and 1 estimation were significantly
different between CTRL and CELL groups (* p<0.05, and ** P<0.01, respectively). E) PCR
results for human mitochondrial DNA indicate human material in rat 15 (lung), rat 39 (lung), rat
45 (spleen), and rat 49 (kidney) showed by the red arrows.

Finally, the biodistribution of hiPSC-CMs to the kidney, lung, spleen and brain, was
evaluated to estimate harmful outcomes related to the presence of these cells out of their target
organ and potential tumorigenic outcomes. Human mitochondrial DNA presence was assessed by
a two-steps approach [34]. In the first screening using an end-point PCR, most of the samples were
negative to human DNA contamination, except for lungs from animals 15 and 39, spleen from
animal 45, and kidney from animal 49 (Figure 6E). The contaminated samples and two additional
samples from different pieces of each tissue were subjected to a quantitative PCR. This analysis
revealed minimal amounts of human DNA into two lung samples from animal 15 (0,02267% and
0,00195% human DNA to the total DNA, standard curve in the Figure S8). Additionally, no
abnormal cell mass formations were found in these tissues (Figure S9).

These findings (1) corroborate the efficiency of the immunosuppression using cyclosporine
A (CsA) and (2) suggest that the injection of hiPSC-CMs into the heart is safe since no abnormal

formations nor (3) substantial human DNA were found in other organs rather than the heart.

3. Discussion

A rising number of pluripotent stem-cell-based therapies to treat myocardial infarction

have been proposed. However, only marginal improvements in cardiac function have been
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reported from rodents to large animal models [47-49]. Here, we demonstrated (1) that the
intramyocardial injection of 10 million early-stage hiPSC-CMs seven days after MI improved LV
segmentary performance on infarcted rats. In addition, our findings show that (2) the human grafts
massively expressed cardiomyocyte-related proteins, (3) with special emphases to the accentuated
shift between MCL2a and MLC2v suggesting robust maturation in situ, (4) host/graft interactions
and perfusion, (5) in the absence of substantial immune rejection.

Adult cardiomyocytes display a minimal regenerative capacity [43,44]. Conversely,
hiPSC-CMs are immature compared to adult myocytes [19,20], preserving their capacity to
proliferate in vitro and in vivo [21]. This ability is remarkably reduced over time as increasing
levels of cellular maturation occur [21,31,50,51]. Furthermore, previous reports already
demonstrated that larger human cardiac grafts were found into the heart of infarcted mice injected
with day 20 cells than hiPSCs (day 0), mesoderm progenitors (day 4), cardiac progenitors (day 8),
or later-stage hiPSC-CMs (day 30). Based on these previous findings and inspired by the
successful work developed by Charles Murry’s group in the last decades [23-27,29,34], we
intramyocardially injected PluriCell early-stage hiPSC-CMs (on days 11-15), heat-shock-primed
[23], and diluted into a pro-survival cocktail [24] supplemented with GelTrex, seven days after the
MI-induction.

In contrast to previous reports which injected cells in very acute (minutes-to-4 days after
MI) [21,22,24,28,29,51] or chronic phases (4 -weeks later MI) [25] of the MI healing, here we
tested hiPSC-CM therapy in a less inflammatory but still proliferative healing phase (7 days after
MI). Endogenous repair mechanisms such as angiogenesis are active at this stage, favoring cells’
engraftment and viability [52-54]. On days 11-15, PluriCell hiPSC-CMs mainly expressed

progenitor (e.g., NKX2-5) and early-stage cardiomyocyte markers (e.g., TNNI1, MLC2a) but did
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not express MLC2v, a proxy of more mature ventricular-like cells. Thirty days later, we found
human cardiac grafts in all the injected rats averaging 6.23% + 2.29% of the scar, with a maximum
size of approximately 20%, twice more than demonstrated by Laflamme et al. 2007 [24] and
similar to Fernandes et al. 2010 in a chronic model of ischemia/reperfusion [25].

Our rats were subjected to echocardiography pre- and 30 days post-injections. We
demonstrated that human cardiac grafts positively affect the LV function of CELL-treated rats by
increasing 7.8% LVEF at the end of the protocol. In contrast, the PSC group displayed 18.2%
deterioration over time. Previous authors reported functional improvements using hESC-CMs and
hiPSC-CMs acutely (minute-to-4 days after MI) in rodent models. Laflamme et al. demonstrated
that the LV fractional shortening (LVSF) of rats treated with hRESC-CMs was preserved four weeks
after treatment [24]. Fernandes et al. showed an enhancement of approximately 28% on LVSF
after a 4-week treatment of infarcted rats with hESC-CMs [29]. Furthermore, in mice models of
MI, Citro et al. showed a 100% increase of LVSF and LVEF after four weeks of treatment
compared to placebo [28], and Saludas et al. showed approximately 25% increase on LVEF 2
months after cell injection [51]. On the other hand, hESC-CM therapy to treat chronic MIs
(injections 1-month after MI induction) seems ineffective in improving LV function in rodents
[25].

Despite these exciting results, MI often affects specific heart segments resulting in
hyperactivity of adjacent walls to compensate for muscle deterioration [43]. Measuring LV
function simply by linear features may result in misinterpretation. All the reports discussed above
provided echocardiographic results based on linear measurements. To avoid misinterpretation, we
calculated LVEF using a Modified Simpson Algorithm, which considers four cross-sections of the

LV to estimate volumetric changes pre-and post-treatment. Due to the higher quality of our
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analysis, we can conclude that our treatment resulted in a more realistic improvement of cardiac
performance than previous reports.

In our study, human grafts were predominantly found in the lateral and anterior walls of
LV, mostly at the papillary level. This observation prompted us to investigate whether the overall
cardiac performance enhancement is associated with segmentary improvement due to human
grafts. We assessed segmentary contraction by speckle tracking echocardiographic. Radial and
circumferential strain calculated at the papillary-level in B-dimensional dynamic short-axis images
were increased by 92% and 56%, respectively, in the CELL group. Conversely, PSC rats displayed
22% and 17% deterioration of those parameters. Nevertheless, radial, and longitudinal strain,
which is calculated through long-axis images incorporating segments where human grafts were
not found, did not change after treatment. Altogether, these data corroborate the segmentary
improvement due to the presence of human cardiac grafts into the mid-portion of the myocardium
on CELL-treated rats.

Additionally, we investigate the composition, proliferation capacity, maturation, and
graft/host tissue interactions using immunofluorescence analysis. One month after the injection,
PluriCell hiPSC-CM grafts identified by hKu80 or hTNNI3 expression solely displayed cardiac
markers' expression (e.g., TNNT2, TNNI3, MLC2v). Indeed, neither human CD31 nor cytokeratin
positive cells were found in the grafts. Our data is corroborated by previous reports in different
species [25,29,33,34]. Furthermore, we indirectly assess hiPSC-CM proliferation in situ by
calculating the percentage of Ki67 and PHH3 positive cells in the grafts. These proxies are limited
approximations which do not guarantee that cells in the active cell cycle will complete the
cytokinesis [45]. Despite the technical limitation, approximately 10% of the hKu80 positive cells

were also Ki67 positive (data obtained from 3 rats), and 3% were also PHH3 positive (data
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obtained from 5 rats), very similar to observed in previous reports [31,55]. In addition, Funakoshi
et al. demonstrated in vitro that day 10 cells are twice more proliferative than day 20 and five times
more proliferative than day 30 cells. These authors also tracked hiPSC-CM proliferation by Ki67
expression in situ up to 6 months after cell injection in a mice model of MI. hiPSC-CM
proliferation was sharply reduced after three months of injection [21]. We believe that PluriCell
hiPSC-CM-derived grafts might be growing in vivo. However, it is worth mentioning that,
regardless of their proliferation capacity, the percentage of engrafted cells achieved in our study
and others is still far from being translated into massive structural and functional improvements
able to change myocardial infarction outcome completely.

Our grafts displayed remarkable maturation in situ, demonstrated by the shift between
MCL2a and MLC2v expression. On days 11-15 (day of injections), our cells did not express
MLC2v, a proxy for ventricular-like cell maturation. Thirty days later (41-45 days old cells), the
expression of MLC2a was almost abolished, whereas MLC2v expression raised virtuously. Human
grafts expressed substantial amounts of N-cadherin, but the expression of Cx43 and Cav3 was
rarely observed compared to the host tissue. Furthermore, the human cardiac tissue was
vascularized by the host blood vessels vVWF positive. These data are corroborated by previous
reports in different species [22,30,31,33,34]. Based on previous reports which assessed cardiac
grafts up to 6 months after injection [21,22,30], we believe that more prolonged periods of post-
treatment would also enhance the PluriCell hiPSC-CM grafts' maturation in vivo.

Although we strove to work with clinically relevant conditions, it is worth listing few
limitations to guide our result's interpretation. Although PluriCell Biotech disposes of other well-
characterized hiPSC lines in its portfolio, we used only one cell line showing superior

reproducibility regarding cardiac differentiation [37]. We cannot exclude the possibility that other

22


https://doi.org/10.1101/2021.03.09.434658
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.09.434658; this version posted March 10, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

cell lines behave slightly differently in this context. On the other hand, future clinical applications
might incorporate the concept of off-the-shelf therapy where a Universal non-immunogenic cell
would be desirable. Second, a xenotransplant always imposes additional immunogenic
complexities. We implemented a very standard cyclosporine A protocol to mitigate human cells'
rejection. Blood samples for dosing CsA were collected during the study. Due to transportation
issues, these samples were lost, precluding an acceptable dosage of CsA over time. CsA can affect
cardiac function through various mechanisms [56,57]. One of our SHAM animals suddenly died
with clear signs of intoxication (e.g., cachexia, necrosis of abdominal skin and muscle). Also, the
SHAM group displayed impaired LVEF compared to healthy rats (which did not receive
immunosuppressants). We cannot exclude that survivors also had some degree of CsA-related
compromising affecting overall cardiac function. In addition, our histopathological evaluation of
immune rejection shows slight trends towards higher inflammatory infiltration into the heart of
CELL-treated rats. Others similarly report this trend in different species and treatments
[12,27,30,33,58,59].

Notably, our rats were exclusively treated with hiPSC-CMs without concurrent well-
established drug-treatments such as beta-blockers and angiotensin-converting enzyme inhibitors,
which can be a beneficial combination to use with a cell-therapy [12]. Importantly, our 30 days
follow-up is short to observe more sustained improvements in cardiac function and graft
maturation. Finally, based on the previous well-established reports regarding graft-related
arrhythmias [26,27,30,31,33,34] and the rat model's intrinsic limitations to access such a complex
interplay between host and graft, we deliberately avoid assessing functional coupling of PluriCell
hiPSC-CM grafts in this study. To overcome this limitation, we are already working with pig

models of MI. We will study the cell's coupling with the host tissue in this model that displays
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anatomopathological, metabolic, and even cellular conditions roughly similar to humans
[12,32,33].

Altogether, our findings support the use of PluriCell early-stage hiPSC-CMs as an
alternative therapy to regenerate segments of the myocardium on infarcted rats. The present work
demonstrated that day 11-15 cells, injected seven days after the MI induction, (1) ameliorate
overall cardiac function through segmental contraction enhancement; (2) display clear signs of
maturation in vivo toward a ventricular-like phenotype (3) preserving some proliferation capacity.
Moreover, our human grafts expressed interactive proteins corroborating the possibility of
host/graft interaction. Finally, (4) we found the host circulation into human grafts in all the
animals, and (5) we did not find significant immune rejection response nor abnormal tissue
formations in or out of the heart. This proof-of-concept article is an additional resource in the
endeavor towards developing a clinical-grade regenerative cell-based therapy to treat patients

affected by degenerative cardiac diseases such as myocardial infarction.

4. Experimental Procedures

All procedures and analyses were carried by operators blinded for experimental groups.

Codes were revealed only when all the analyses were completed. Further detailed information
regarding the following experimental procedures and materials is presented in a Supplementary
Information document.
4.1. Ethics statement and animal care
This investigation agrees with the Declaration of Helsinki and the study protocol was
approved by the Ethics Committee for Medical Research on Human Beings of the Institute of

Biomedical Sciences from the University of Sao Paulo (#2.009.562) and the Committee on Animal
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Research and Ethics (CARE) at the Federal University of Rio de Janeiro (UFRJ) protocol #117/18.
Signed informed consent was obtained from the cell donor. Animal experimentation and care
agrees with the ARRIVE (Animals in Research: Reporting In Vivo Experiments) [60].
4.2. hiPSC-CM differentiation
Early-stage hiPSC-CMs (on days 11-15) were derived from the ACPS hiPSC (a Pluricell
Biotech hiPSC line). Briefly, hiPSCs were generated from healthy-donor erythroblasts using an
episomal reprogramming system [37]. Cardiomyocytes were differentiated using a monolayer-
based protocol previously described [37].
4.3. hiPSC-CM characterization: Flow cytometry and immunofluorescence
hiPSC-CMs were characterized by flow cytometry and immunofluorescence assays.
Detailed lists of antibodies (Table S3), reagents (Table S4), and descriptive protocols are in the
Supplementary information document.
4.4. Myocardial infarction induction
Two-month-old adult female Wistar rats (150-200g body weight) were subjected to
surgical procedure to induce myocardial infarction (day 0). The left anterior descending coronary
artery (LAD) was permanently occluded as previously described [38].
4.5. Immunosuppression
Except for the healthy CTRL animals, rats were treated with 20mg/kg of Cyclosporine A
(Sandimmun IV, Novartis, Switzerland) [61-65] daily (2 doses of 10mg/kg every 12 hours), via
intraperitoneal injection from day 2 to euthanasia.
4.6. Early-stage hiPSC-CM priming and intramyocardial injection
hiPSC-CMs were primed by Heat-Shock [23] before the intramyocardial injection. On day

7 of the experimental timeline, 10 million cells (on days 11-15) were suspended in 150uL of a pro-
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survival solution supplemented with approximately 0.4mg of GelTrex (ThermoFisher) [24] and
directly injected into the infarcted rats' left ventricle through a second surgical thoracotomy.
Injections were split into three sites inside of and surrounding the scar tissue. Placebo animals
were injected with pro-survival solution supplemented with GelTrex without cells.
4.7. Echocardiography, randomization, and exclusion criteria
Animals under inhalation anesthesia were subjected to echocardiography on days 6 (pre-)
and 37 (post-injection). Parasternal images were captured using a Vevo® 2100 ultrasound
equipment (VisualSonics, Canada) using a 25 MHz transducer. Analyses were performed using
VevoCQ™ LV Analysis and Vevo LAB - Strain Analysis (VisualSonics, Canada). American
Society of Echocardiography recommendations [66] were followed to data analysis and
interpretation. On day 6, MI-induced rats were randomized by LVEF in two balanced groups.
Moreover, animals (placebo or treated) with less than 20% LVEF impairment (at baseline)
compared to control animals (LVEF above 55%) were excluded from the final analyses (functional
and histopathological).
4.8. Euthanasia and tissues’ sampling
On day 37, after the final echocardiography after deep anesthesia, animals were euthanized
by potassium chloride overdose. Thoracic and abdominal regions were photographed and the
organs of interest (lung, liver, kidney, spleen and left cerebral hemisphere) were collected and
stored at —80°C. Hearts were fixed using 4% paraformaldehyde (PFA) for further histopathological
and molecular analyses.
4.9. Histology, immunohistochemistry (IHC) and immunofluorescent (IF) assays
The hearth was removed from the thoracic region after euthanasia. The tissue was cross-

sectioned in the middle region, washed with 1x PBS, and PFA-fixed for histological,
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immunohistochemistry (IHC) and immunofluorescent (IF) staining (antibodies are listed in table
S1). Details are in the Supplemental material. Immunofluorescence and immunohistochemistry
micrographs were obtained using TissueFAXS slide scanner (TissueGnostics, Austria), confocal
microscope LSM 800 (Zeiss-Germany) and a conventional fluorescence microscope Axio Imager
2 (Zeiss-Germany). The analyses were performed using ImageJ.
4.10. Biodistribution
To evaluate hiPSC-CMs migration and survival in other tissues after injection in the heart
human mitochondrial DNA were searched in kidney, lung, brain, liver, and spleen using RT-PCR
and RT-qPCR as previously described by Liu et al. [34].
4.11. Statistical analysis
Results were expressed as mean + standard error of the mean, expect for different
indication. One- or two-way analysis of variance (ANOVA) with Bonferroni post-hoc test or
unpaired Student’s t-test were utilized to compare groups as appropriate. All statistical analyses
were performed using GraphPad Prism 8.0 (GraphPad Software Inc., CA, USA). P-values < 0.05
were considered significant. For p<0.05 = *; p<0.001 = **; p<0.0005 = *** and p<0.0001 = **#*,

expect for different indication.

Supplementary Materials

Supplementary methods, Tables and Figures were incorporated into a single DOCX file.
Supplementary Tables

Table S1: LVEF distribution in MI-induced rats after randomization

Table S2: Percentage of hKu80 positive versus scar tissue area per animal

Table S3: Antibodies list

Table S4: List of reagents used in this study

Supplementary Figures
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Figure S1: Body weight control and survival rate

Figure S2: MI area and LVEF pre-injections

Figure S3: Short Axis Strain Analysis

Figure S4: Long Axis Strain Analysis

Figure S5: Morphology of the human graft

Figure S6: Maturation and cell-cell interaction

Figure S7: Immunohistochemistry for inflammatory markers

Figure S8: Human mitochondrial DNA were identified in some tissues
Figure S9: Necropsy
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