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Predicted risk of heart failure pandemic
due to persistent SARS-CoV-2 infection using
a three-dimensional cardiac model

Kozue Murata,1,3 Akiko Makino,2 Keizo Tomonaga,2,* and Hidetoshi Masumoto1,3,4,*
SUMMARY

Patients with chronic cardiomyopathy may have persistent viral infections in their hearts, particularly with
SARS-CoV-2, which targets the ACE2 receptor highly expressed in human hearts. This raises concerns about
apotentialglobal heart failurepandemic stemming fromCOVID-19, anSARS-CoV-2pandemic innear future.
Although facedwith this healthcare caveat, there is limited research on persistent viral heart infections, and
nomodels have been established. In this study, we created an SARS-CoV-2 persistent infectionmodel using
human iPS cell-derived cardiac microtissues (CMTs). Mild infections sustained viral presence without signif-
icantdysfunction for amonth, indicatingpersistent infection.However,whenexposed tohypoxic conditions
mimicking ischemic heart diseases, cardiac function deteriorated alongside intracellular SARS-CoV-2 reacti-
vation in cardiomyocytes and disrupted vascular network formation. This study demonstrates that SARS-
CoV-2 persistently infects the heart opportunistically causing cardiac dysfunction triggered by detrimental
stimuli such as ischemia, potentially predicting a post COVID-19 era heart failure pandemic.

INTRODUCTION

The cumulative number of people infected with the novel coronavirus (SARS-CoV-2) has exceeded 754 million and the number of deaths has

reached 6.8 million as of February 2023. The dominant SARS-CoV-2 mutant strain continues to be the BA.5 strain (omicron strain) worldwide

(WHO, Edition 130).1 Case fatality risk and hospitalization is reduced in the delta and omicron strains compared to earlier strains due to several

factors such as a reduction in the inherent severity of the virus, an increase in spontaneous outbreaks, vaccination and the use of therapeutic

agents (UKHSA, 2022).2 The trend has moved from ‘‘COVID-19 pandemic’’ to the ‘‘post COVID-19’’ which encourages us to focus not only on

acute phase symptoms, but on chronic health problems.3

The expression of ACE2 in the heart is reported to be higher than in other organs.4 In addition, several literatures reported that ACE2

expression in cardiomyocyte is higher in patients with heart failure than in healthy controls.5–7 This suggests that the heart is susceptible

to SARS-CoV-2 infection, which is more pronounced under detrimental conditions such as heart failure. More than 10 years before the

COVID-19 pandemic, several researches revealed the detection of viral genomes in samples of endocardial biopsies from patients with idio-

pathic chronic cardiomyopathy suggesting that viral infection is deeply involved in the pathogenesis of the disease. These researches also

suggest that chronic viral infection impairs cardiac function.8,9 Even though the persistent viral infection was recognized to be associated

with the onset and the progress of chronic cardiomyopathy at that time, very limited research focusing on persistent viral heart infection

had been reported before 2019, possibly because of the unawareness of its significance in healthcare. COVID-19 pandemic may have dras-

tically changed the situation as the population at risk of future heart failure due to persistent infection of SARS-CoV-2 is expected to expo-

nentially increase. Even though conclusive clinical evidence that persistent SARS-CoV-2 infection is associated with declined cardiac function

has not been reported so far, the proof-of-concept study of the possibility of SARS-CoV-2 persistent infection of the heart and the potential

risk of opportunistic progression of heart failure should be validated by a three-dimensional human cardiac tissuemodel which would serve as

the alarm bell for a global healthcare risk.
RESULT

Establishment of SARS-COV-2 persistent infection model using human iPS cell-derived cardiac microtissues

In the present study, we experimentally demonstrated persistent heart infection with SARS-CoV-2 and cardiac dysfunction triggered by

ischemic injury using human iPS cell-derived cardiac microtissues (CMTs) (Figure 1A, Video S1). The CMTs are composed of cardiomyocytes
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Figure 1. Persistent infection model of SARS-CoV-2

(A) Conceptual schema of the SARS-CoV-2 persistent infection model.

(B) Vascular network-like structure of the CMT. (Left) Macroscopic observation of CMT. (Right) immunofluorescence analysis (IFA) of CMT for cTnT (green) and

CD31 (red) after 7 days of rocking culture.

(C) Assessment of cardiac function over time during persistent infection. PIPM: Pulsatile index per minute. Light lines indicate individual values; dark lines indicate

average values. MOCK (no infection, blue: n = 4), Mild (orange: n = 5), Moderate (green: n = 3), High (dashed line: n = 3).

(D) Histological analysis of CMT after 28 days of infection with SARS-CoV-2 in mild titers. HE: hematoxylin-eosin staining, cTnT: cardiac isoform of troponin-T,

TUNEL: TdT-mediated dUTP nick-end labeling.

(E) IFA of CMT for cTnT (green) and S protein (red) after 28 days of infection with SARS-CoV-2 in mild titers.

(F) SARS-CoV-2 titers in culturemedium supernatant from 7 to 28 d.p.i. n = 4, Error bars show S.D. Scale bars: 1cm in B (Left), 200 mm in B (Right), 100 mm inD and E.

Nuclei were stained with 40,6-diamidino-2-phenylindole (DAPI; blue).
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and other cardiac component cells (vascular endothelial cells and vascular mural cells) differentiated from human iPS cells10 and yield a

vascular network-like structure that morphologically and functionally mimics the human heart11 (Figure 1B). The CMTs were infected with

SARS-CoV-2 (SARS-CoV-2/UT-NCGM02/Human/2020/Tokyo), and the cardiac function was evaluated by a video-based method to evaluate

tissue contractility.12 At 7 days post-infection (d.p.i), mild, moderate, and high titers showed functional deterioration compared to that in the

non-infected group (MOCK) (Figure 1C); indicating that viral infection can lead to the reduction of tissue contractility in the acute phase of viral

infection. Intriguingly, mild andmoderate titers showed a recovery trend in cardiac function at 28 d.p.i., whereas high titers showed a sustain-

able decrease of contractility without recovery which may indicate a clinical case of the deterioration of cardiac function during the acute

phase of COVID-19 requiring heart transplantation.13 Histological analysis and Immunofluorescent analysis (IFA) for CMTs infected with

mild titers revealed the expression of SARS-CoV-2-derived spike protein (S protein; recognized by the host receptor) which was co-localizing

with cardiomyocytes at 28 d.p.i. (Figures 1D and 1E). Nevertheless, the apoptosis of cardiomyocytes was the same level as that in MOCK and

the structure of cardiac isoform of troponin T (cTnT), the troponin complex of cardiomyocytes, was maintained (Figure 1D). Measurement of
2 iScience --, 108641, --, 2023
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Figure 2. Deterioration of the tissue function of persistent infection model of SARS-CoV-2 triggered by hypoxic stress

(A and B) Assessment of cardiac function. ‘‘SARS-CoV-2’’ indicates persistent infection model of SARS-CoV-2. (A) Beats per minute (BPM) at pre-treatment and

after 48h of reperfusion condition (n = 6 each). Error bars show S.D. B, PIPM over time (n = 6 each).

(C and D) IFA for persistent infection model of SARS-CoV-2 before treatment (Pre-treatment), 18h of hypoxia treatment (Hypoxia) or Normoxia followed by 48h

reperfusion treatment. (C) cTnT (Green) and ACE2 (Red). (D) cTnT (Green) and S protein (Red). (E) CD31 (Green). Scale bars: C,D,100 mm. (E) 500 mm. Nuclei were

stained with DAPI (Blue).
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viral titer using VeroE6 cells showed high viral titers up to 28 d.p.i., suggesting that persistently infected viruses retained their amplification

ability and maintained infectivity to adjacent tissues (Figure 1F). IFA revealed that this persistent infection is partly present in endothelial cells

as well as in cardiomyocytes, while vascular network formation was slightly disrupted only where strong co-localization with S protein and

CD31, a maker of cardiac endothelial cells,14 was detected (Figure S1). These results indicate that mild infection can cause persistent

SARS-CoV-2 infection of cardiac tissue without causing functional impairment.

Hypoxic stress under persistent SARS-COV-2 infection causes cardiac dysfunction

The persistent infection model experimentally indicated that a group of patients with history of mild SARS-CoV-2 infection who developed

slight cardiac dysfunction may exist, and that global cardiac function is compensated for and may superficially be maintained without devel-

oping heart failure. However, such patients would be at marginal risk of heart failure and could opportunistically develop cardiac dysfunction

and eventually heart failure under additional cardiac stress (Figure 1A). To experimentally validate this hypothesis, both the CMTmodel with

(SARS-CoV-2) and without (MOCK) persistent infection were exposed to hypoxic stress mimicking ischemic heart disease. The hypoxic con-

dition used in this study was a low-oxygen environment (<0.1% oxygen concentration) created by a hypoxic cultivation system. The treatment

with hypoxic stress for 18 h and subsequent normoxic condition for 48 h resulted in increased pulsating frequency and contractile functional

recovery in the MOCK. However, the persistently infected CMTs with SARS-CoV-2 exhibited no increase in pulsating frequency and showed

further deterioration of the contractile function (Figures 2A and 2B Videos S2 and S3). IFA revealed that intracellular ACE2 expression in car-

diomyocytes was upregulatedby the hypoxia and reperfusion (Figure 2C). Accordingly, co-localization of cTnT and S proteinwas facilitatedby

the hypoxia, indicating intracellular reactivation of SARS-CoV-2 (Figure 2D). Nevertheless, the viral titer was not increased by the hypoxia

which may imply the manner of the reactivation of SARS-CoV-2 which would not increase infectivity to other tissue but boost intracellular ac-

tivity of SARS-CoV-2 (Figure S2). IFA for CD31 revealed that vascular network formation was globally fragmented in persistent infectionmodel

with SARS-CoV-2 after ischemia and reperfusion, whereas it was maintained in MOCK (Figure 2E). These results indicate that the hypoxic

stress disrupted vascular network formation possibly because of the reactivation of SARS-CoV-2 and conferred functional deterioration of

the infected CMTs.

The hypoxic stress under persistent SARS-CoV-2 infection does not cause the upregulation of inflammatory cytokines

To investigate whether the upregulation of inflammatory cytokines plays a role in the decreased cardiac function when additional hypoxic

stress is applied to the SARS-CoV-2 persistent infection model, we quantified cytokine levels in the culture supernatant before and after sub-

jecting them to hypoxic stress using enzyme-linked immunosorbent assay (ELISA).We specifically focused on interleukin (IL)-6, tumor necrosis

factor (TNF)-a, IL-1b, and interferon (IFN)-g as representative cytokines associated with cytokine storms in COVID-19.15,16 Our findings re-

vealed that the expression levels of IL-6, TNF-a and IL-1b did not increase under hypoxic stress in the context of persistent infection (Figure 3).

Additionally, most samples exhibited values near or below the detection limit for IFN-g, regardless of the presence of persistent SARS-CoV-2

infection, and showed no increase under hypoxic stress in persistently infected tissues (Figure S3). These results suggest that the reduced

cardiac function observed under hypoxic stress in the context of persistent infection, as shown in Figures 2A and 2B, is not dependent on

the expression level of cytokines.

DISCUSSION

The human iPS cell-based cardiac tissuemodel established in the present study is the first report to experimentally demonstrate SARS-CoV-2

persistent infection of the human heart exhibiting functional deterioration caused by the opportunistic intracellular reactivation of viral infec-

tion. We experimentally demonstrated that cardiac tissues under persistent infections with SARS-CoV-2 are at high risk of cardiac dysfunction

with additional hypoxic stress (Figure 2B). In other words, the explosive increase in the number of virus-infected patients due to the COVID-19

pandemic may have led to an enormous increase in the number of patients at potential risk for future heart failure. These patients would be

predicted to maintain cardiac function superficially despite being at marginal risk. In clinical practices, such high-risk patients should be iden-

tified by detecting the virus itself or the viral genome in endocardial biopsy tissue or by monitoring blood troponin levels. According to our

study, cardiac dysfunction associated with persistent infection was the result of increased ACE2 expression in cardiomyocytes in response to

additional stress (Figure 2D), reactivation of SARS-CoV-2 in cardiomyocyte (Figure 2C), and disruption of the vascular network-like structure

(Figure 2E). Hence, apart from viral clearance from the heart, strategies that can inhibit these processes are being considered as potential

therapeutic approaches.

In COVID-19, a common factor contributing to severe outcomes is the occurrence of a ’cytokine storm’, characterized by an abnormal in-

crease in inflammatory cytokines like IL-6, TNF-a, IL-1b, and IFN-g.15,16 However, the established persistent SARS-CoV-2 infection model in

this study, which lacks immune-related cells, could not fully replicate the impact of cytokine storms typically mediated through immune cells.
4 iScience --, 108641, --, 2023
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Figure 3. Measurement of cytokine levels in the culture supernatant before and after hypoxia-reperfusion treatment in cardiac microtissues by ELISA

Left:Measurement of IL-6 in supernatant.Middle:Measurement of TNF-a in supernatant. Right:Measurement of IL-1b in supernatant. N = 3–5. Gray dashed lines

represent the detection limits (IL-6: 0.7 pg/mL, TNF-a: 0.049 pg/mL, IL-1b: 1 pg/mL). The values under the detection limits are not shown.
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This limitation emphasizes the need for further research to validate these aspects once a persistent infectionmodel involving immune factors

is developed in the future. On the other hand, as shown in Figure 3, we observed that hypoxic stress did not lead to the upregulation of repre-

sentative inflammatory cytokines associated with cytokine storms in our persistently infected model, despite hypoxic stress causing cardiac

functional deterioration (Figures 2A and 2B). These results suggest that the functional decline was not driven by cytokines involved in inflam-

matory responses, and it may indicate the potential for SARS-CoV-2 infection to directly affect cardiac function. Intriguingly, we observed that

the level of IL-6 was higher in cases of persistent SARS-CoV-2 infection compared to the non-infected control group prior to the initiation of

hypoxic treatment (Figure 3), whereas other measured cytokines did not show an upregulation due to the persistent infection. In animal

models, such as mice and hamsters, SARS-CoV-2 infection or the introduction of viral proteins led to increased expression of INF-g, IL-6,

TNF-a, and IL-1b.17,18 Furthermore, large cohort studies have revealed elevated levels of IL-1b, IL-6, and TNF in the serum of clinical patients

with an average period of 8 months after infection.19 Our findingsmay suggest that the persistent SARS-CoV-2 infectionmodel established in

this study partially replicates certain aspects of the immune response in vivo, even though it is not complete, possibly due to the lack of in-

flammatory immune cells. In the future, it is conceivable that addressing this incompleteness in replicating the pathological condition could

be achieved through co-culturing with immune cells, leading to a more comprehensive understanding of cardiac dysfunction induced by

SARS-CoV-2.

Furthermore, this system poses challenges when considering the route of viral infection in heart tissue, as it requires considering the com-

plex interaction between multiple organs. Currently, organoid research is progressing rapidly aiming for the recapitulation of the structure

and function of various organs, including the heart, nerves, lungs, and liver.20 The development of a multi-organ model, such as MultiCUBE

platform,21 which reproduces the biological processes that occur in the human body as organ-on-a-chip would greatly aid in the investigation

of interactions between different organs and potentially help unravel the possible route of SARS-CoV-2 infection to the heart in the future.

In conclusion, this report may serve as a warning for the possibility of a heart failure pandemic in the post COVID-19 era. As a countermea-

sure against this global healthcare risk, this model would serve as a useful tool to investigate the mechanism of the onset and the progression

of SARS-CoV-2 cardiomyopathy and to develop therapeutic options.
Limitations of the study

While this study provides valuable insights into SARS-CoV-2 persistent infection in cardiac tissues, it is crucial to acknowledge specific limi-

tations that may affect the interpretation of our findings. The findings are derived from in vitromodel created from human iPS cells, offering

significant insights but potentially not fully representing the diverse factors within the human body. Phenomena observed under hypoxic

stress may be influenced by intricate interactions among different tissues and organs, necessitating further investigation. Furthermore, the

necessity to conduct the entire series of experiments in a P3 level safety laboratory resulted in a relatively small sample size, potentially limiting

the generalizability of our results. These limitations underscore the importance of future research endeavors to validate and further extend our

findings.
STAR+METHODS
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B Lead contact

B Materials availability

B Data and code availability

d EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

B Cell lines

d METHOD DETAILS

B Data reporting

B Maintenance of human iPS cells (iPSCs) and differentiation of cardiovascular cell lines

B Generation of cardiac microtissues (CMT)

B Virus preparation

B Development of persistent infection model

B Hypoxic stress treatment

B Flow cytometry

B Histological analysis and immunohistochemical staining

B Immunofluorescence analysis (IFA)

B MUSCLEMOTION analysis (video-based method to evaluate tissue contractility)

B Enzyme-linked immunosorbent assay (ELISA)

d QUANTIFICATION AND STATISTICAL ANALYSIS

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.isci.2023.108641.
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STAR+METHODS

KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-CD144, R-PE, Clone: 55-7H1, BD Biosciences Catalog # 560410; RRID:AB_1645502

anti-CD140b, R-PE, Clone: 28D4 BD Biosciences Catalog # 558821; RRID:AB_397132

anti-Troponin T, Cardiac Isoform Ab-1, Clone: 13-11 Thermo Fisher Scientific Catalog # MS-295-P0; RRID:AB_61807

SARS-CoV-2 spike glycoprotein (S protein)

monoclonal mouse antibody

Osaka University N/A

Human CD31/PECAM-1 Antibody; CD31

(monoclonal mouse IgG1, clone 9G11)

R&D Catalog # BBA7; RRID:AB_356960

Anti-ACE2 Polyclonal Antibody Bioss Catalog # bs-1004R; RRID:AB_10856553

Anti-SARS-CoV-2 spike glycoprotein antibody Abcam Catalog # ab272504; RRID:AB_2847845

Goat anti-Rabbit IgG (H+L) Cross-Adsorbed

Secondary Antibody, Alexa Fluor 488

Thermo Fisher Scientific Catalog # A-11008; RRID:AB_143165

Goat anti-Mouse IgG (H+L) Cross-Adsorbed

Secondary Antibody, Alexa Fluor 546

Thermo Fisher Scientific Catalog # A- 11003; RRID:AB_2534071

Goat anti-Mouse IgG (H+L) Cross-Adsorbed

Secondary Antibody, Alexa Fluo 488

Thermo Fisher Scientific Catalog # A-11001; RRID:AB_2534069

Bacterial and virus strains

SARS-CoV-2/UT-NCGM02/Human/2020/Tokyo

(EPI_ISL_418809)

The University of Tokyo N/A

Chemicals, peptides, and recombinant proteins

StemFit AK02N medium AJINOMOTO Catalog #AK02N

iMatrix-511 silk FUJIFILM Wako Catalog # 387-10131

CultureSure (R) Y-27632 (25mg) FUJIFILM Wako Catalog #034-24024

Recombinant human bFGF 100ug FUJIFILM Wako Catalog # 060-04543

Human recombinant VEGF 10ug FUJIFILM Wako Catalog # 223-01311

Growth factor reduced Matrigel Corning Catalog # 356231

Fetal Bovine Serum (FBS) Corning Catalog # 35-079-CV

RPMI 1640 Thermo Fisher Scientific Catalog # 21870092

TrypLE Select Thermo Fisher Scientific Catalog # A1285901

B27 supplement minus insulin 10ml Thermo Fisher Scientific Catalog # A1895601

Alpha minimum essential medium Thermo Fisher Scientific Catalog # 11900024

DAPI (4‘,6-diamidino-2-phenylindole) Thermo Fisher Scientific Catalog # D1306

Dulbecco’s modified Eagle’s medium (DMEM) Thermo Fisher Scientific Catalog # 11885084

Fetal calf serum (FCS) Thermo Fisher Scientific Catalog # A5256701

Recombinant Human/Mouse/Rat ActivinA (50mg) R&D Catalog # 338-AC-050

BMP4, recombinant (10mg) R&D Catalog # 314-BP-010

CHIR99021 10mg TOCRIS Catalog # 4423/10

IWP-4 2mg REPROCELL Catalog # 04-0036-base

XAV939 10mg Merck Catalog # 575545-10MGCN

Accutase Nacalai Tesque Catalog # 1267954

Saponin Nacalai Tesque Catalog # 30502-42

Penicillin-Streptomycin Mixed Solution Nacalai Tesque Catalog # 26253-84

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Critical commercial assays

BIO-NIX system SUGIYAMA-GEN CO. Catalog # nBIONIX-3

LIVE/DEAD fixable Aqua dead cell staining kit Thermo Fisher Scientific Catalog # L34957

Zenon� APC Mouse IgG1 Labeling Kit Thermo Fisher Scientific Catalog # Z25051

in situ Apoptosis Detection Kit Takara Bio Inc Catalog # MK500

Avidin-biotin-peroxidase complex (ABC) Vector Labotarories Catalog # PK-6103

Human IL-6 Quantikine ELISA Kit R&D Catalog # D6050

Human TNF-alpha Quantikine HS ELISA R&D Catalog #HSTA00E

Human IL-1 beta/IL-1F2 Quantikine ELISA Kit R&D Catalog # DLB50

Human IFN-gamma Quantikine ELISA Kit R&D Catalog # DIF50C

Experimental models: Cell lines

Human iPSCs lines 201B6 the Center for iPS Cell Research

and Application (CiRA),

Kyoto University, Kyoto, Japan

N/A

VeroE6/TMPRSS2 National Institutes of Biomedical

Innovation, Health and Nutrition,

Osaka, Japan

Catalog # JCRB1819

Software and algorithms

CytExpert software Beckman Coulter, N/A

BZ-X800E sectioning functions Keyence N/A

MUSCLEMOTION Open source N/A

Image J Open source N/A

Prism 9 GraphPad N/A

Other

UpCell plate CellSeed Catalog # CS3003

Compact Digital Rocker DLAB Catalog # 3-7044-09

iP-TEC� live cell transportation system SANPLATEC CO Catalog # 28460

CytoFLEX S Beckman Coulter, N/A
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Hidetoshi Masu-

moto (hidetoshi.masumoto@riken.jp).
Materials availability

This study did not generate new unique reagents.
Data and code availability

� Date: Data reported in this paper will be shared by the lead contact upon request.
� Code: This paper does not report original code.

� All other requests: Any additional information required to reanalyze the data reported will be shared by the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines

Human iPSCs lines 201B6 was established at the Center for iPS Cell Research and Application (CiRA), Kyoto University, Kyoto, Japan from skin

fibroblasts of a female human.22 Detailed culture methods are described in Method details. The VeroE6/TMPRSS2 cell line (JCRB1819) was

obtained from the JCRB cell bank of the National Institute of Biomedical Innovation, Health and Nutrition, Osaka, Japan, and was cultured in
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Dulbecco’s modified Eagle’s medium (DMEM) (Thermo Fisher Scientific) containing 10% fetal calf serum (FCS) (Thermo Fisher Scientific) and

1% penicillin-streptomycin (Nacalai tesque, Kyoto, Japan) in 5% CO2 atmosphere at 37�C.
METHOD DETAILS

Data reporting

No statistical methods were used to predetermine sample size because of rather limited number of experiments with P3 biosafety level using

SARS-CoV-2. All results were confirmed with >2 repetitive independent experiments.
Maintenance of human iPS cells (iPSCs) and differentiation of cardiovascular cell lines

The present study used Human iPSCs lines 201B6 established at the Center for iPS Cell Research and Application (CiRA), Kyoto University,

Kyoto, Japan.22 The maintenance of human iPSCs and differentiation of cardiovascular cells was conducted in accordance with our previous

studies10,11,23 with modifications. In brief, iPSCs were expanded and maintained with StemFit AK02Nmedium (AJINOMOTO, Tokyo, Japan).

At confluence, the cells were dissociated with TrypLE Select (Thermo Fisher Scientific, Waltham, MA, USA), dissolved in 0.5 mM ethylenedia-

minetetraacetic acid in PBS (1:1) and passaged as single cells (5,000 – 8,000 cells/cm2) every 7 days in AK02N containing iMatrix-511 silk

(FUJIFILM Wako Pure Chemical Corp., Osaka, Japan) (0.125 mg/cm2) (uncoated laminin fragment24) and ROCK inhibitor (Y-27632, 10 mM,

FUJIFILM Wako). For cardiovascular cell differentiation, single iPSCs were seeded onto Matrigel-coated plates (1:60 dilution) at a density

of 300,000–400,000 cells/cm2 in AK02N with Y-27632 (10 mM). At confluence, the cells were covered with Matrigel (Corning, Corning, NY,

USA) (1:60 dilution in AK02N) one day before induction. We replaced the AK02N medium with RPMI + B27 medium (RPMI 1640, Thermo

Fisher; 2 mM L-glutamine, Thermo Fisher; 13 B27 supplement without insulin, Thermo Fisher) supplemented with 100 ng/mL Activin A

(R&D, Minneapolis, MN, USA) (differentiation day 0; d0) and 5 mM CHIR99021 (Tocris Bioscience, Bristol, UK) was added for 24h, which

was followed with supplementation with 10 ng/mL bone morphogenetic protein 4 (BMP4; R&D) and 10 ng/mL basic fibroblast growth factor

(bFGF; FUJIFILMWako) (d1) for 4 days without culture medium change. At d5, the culture mediumwas replaced with RPMI1640medium sup-

plemented with 50 ng/ml of vascular endothelial cell growth factor (VEGF)165 (FUJIFILM Wako), 2.5 mM IWP4 (REPROCELL, Beltsville, MD,

USA) and 5 mM XAV939 (Merck, Kenilworth, NJ, USA). The culture medium was refreshed with RPMI1640 supplemented with 50 ng/ml

VEGF every other day. Beating cells appeared at d11 to d15. In this protocol, we could exclusively induce cardiomyocytes (CMs) and vascular

endothelial cells (ECs). To control the percentages of vascular mural cells (MCs) sufficient to form cell sheets, we used a part of differentiation

culture for MC differentiation and induced the differentiation of MCs as required; after d3, the culture mediumwas replaced with RPMI + FBS

medium [RPMI1640, 2 mM of L-glutamine, 10% fetal bovine serum (FBS)] and was refreshed every other day.
Generation of cardiac microtissues (CMT)

After differentiation (d13), cells were dissociated by incubation with Accutase (Nacalai Tesque, Kyoto, Japan), and the cell population was

measured by flow cytometry of the mixture of cells. The cell mixture was plated onto an FBS-coated 12-well Multi-well UpCell plate

(CellSeed, Tokyo, Japan) at 3,600,000 cells/well with 2 mL of attachment medium [AM; alpha minimum essential medium (aMEM) (Thermo

Fisher) supplemented with 10% FBS and 5 3 10�5 M of 2-mercaptoethanol] containing 25 ng/ml VEGF and 10 mM of Y-27632. After two

days in culture, 25 ng/ml VEGF was added to the culture medium. After twomore days in culture, the cells were moved to room temperature.

Within 15 min, the cells detached and floated in the media as monolayer cardiac tissue sheets.10 The collected cardiac tissue sheets were

allowed to reattach to Matrigel-coated dishes and incubated with AM containing 50 ng/ml Y-27632 for 24h to culture on a Compact Digital

Rocker (DLAB, Beijing, China) at 60 rpm and 13 degrees for 14-28 days.11
Virus preparation

The CMTs were prepared at RIKEN, Kobe, Japan and transferred to Kyoto University, Kyoto, Japan using iP-TEC� live cell transportation

system (SANPLATEC CO., Ldd., Osaka, Japan) within 2h. SARS-CoV-2 strain used in this study, SARS-CoV-2/UT-NCGM02/Human/2020/

Tokyo (EPI_ISL_418809), was isolated from a mild case at the University of Tokyo.25 The virus was propagated in VeroE6/TMPRSS2 cells

and purified through ultracentrifugation with 20% sucrose at 27,000 rpm for 2h at 4�C. The pellets were suspended in Tris-EDTA buffer

(pH 8.0) and centrifuged at 3,000 rpm for 10 min at 4�C. SARS-CoV-2 titer was determined by 50% tissue culture infectious dose (TCID50)

of VeroE6/TMPRSS2. All experiments using SARS-CoV-2 were performed in biosafety level 3 containment laboratory at Kyoto University,

Japan which was registered to use to the Ministry of Agriculture Forestry and Fisheries, Japan.
Development of persistent infection model

For the establishment of persistent infection with SARS-CoV-2, we used a dynamic rocking culture as previously reported.3 We infected the

CMTs with SARS-CoV-2 at titers MOI-30 (Mild), MOI-100 (Moderate), andMOI-300 (High) measured in VeroE6/TMPRSS2 cells and cultured on

a Compact Digital Rocker (Thermo Fisher) at 60 rpm and 13 degrees for 14-28 days. The medium was refreshed with AM once every 4 days.

The non-infected group was described as MOCK in which AM without viruses was used for the treatment.
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Hypoxic stress treatment

The CMT model, including one group with persistent infection of SARS-CoV-2 (referred to as SARS-CoV-2) and another group without infec-

tion (referred to as MOCK), was subjected to a hypoxic condition with <0.1% oxygen concentration monitoring with an O2 meter included in

the BIO-NIX system (nBIONIX-3, SUGIYAMA-GEN CO., Tokyo, Japan) for 18 hours, which will be referred to as Hypoxia. The control group

was maintained under normal oxygen concentration, described as Normoxia. Following the hypoxic/normoxic treatment, both groups were

returned to a normal oxygen concentration and incubated for 48 hours under rocking culture.
Flow cytometry

Flow cytometry was conducted in accordance with our previous study with modifications.1 Differentiated cardiovascular cells and cardiac

tissue sheets were dissociated by incubation with Accutase and stained with one or a combination of the following surface markers: anti-

PDGFRb conjugated with phycoerythrin (PE), clone 28d4, 1:100 (BD, Franklin Lakes, NJ, USA) for MCs, and anti-VE-cadherin conjugated

with phycoerythrin (PE), clone 55-7h1, 1:100 (BD) for ECs. To eliminate dead cells, cells were stained with the LIVE/DEAD fixable Aqua dead

cell staining kit (Thermo Fisher). For cell surfacemarkers, staining was carried out in PBSwith 5% FBS. For intracellular proteins, staining was

carried out in cells fixed with 4% paraformaldehyde (PFA) in PBS. Cells were stained with the anti-cardiac isoform of troponin T (cTnT) (clone

13-11) (Thermo Fisher) labelled with APC using Zenon technology (Thermo Fisher) (1:50) for CMs. The staining was performed in PBS with

5% FBS and 0.75% saponin (Nacalai Tesque). The stained cells were analyzed by CytoFLEX S (Beckman Coulter, Brea, CA, USA). Data was

collected from at least 10,000 events. Data was analyzed with CytExpert software (Beckman Coulter). The percentage of CMs, ECs andMCs

in cardiac tissue sheets used in the present study was as follows: CM, 35.53G10.47 %, EC, 1.86G0.93 %, MC, 37.43G7.07 % (n=6).
Histological analysis and immunohistochemical staining

CMTs were fixed in 4% PFA and embedded in paraffin. Sections (6-mm thickness) were prepared and stainedwith hematoxylin-eosin and TdT-

mediated dUTPNick-End Labeling (TUNEL; in situApoptosis Detection Kit) (Takara Bio Inc., Kusatsu, Japan; according to product protocols).

For immunohistochemical staining, paraffin sections were stained first with antibodies for cTnT (Thermo Fisher) (1:100) and SARS-CoV-2 spike

glycoprotein (S protein) [monoclonal mouse antibody provided by Dr. Hisashi Arase (Osaka University)] (1:50). They were incubated with bio-

tinylated second antibody (1:300) and Avidin-biotin-peroxidase complex (ABC) (ABC-Elite, Vector Labotarories, 1:100). Coloring reaction was

carried out with DAB and nuclei were counterstained with hematoxylin. All results were confirmed with >2 repetitive independent

experiments.
Immunofluorescence analysis (IFA)

For IFA, CMTs were stained with cTnT antibody (Thermo Fisher) (1:250), CD31 (monoclonal mouse IgG1, clone 9G11) (R&D) (1:250), ACE2

(polyclonal antibody) (Bioss, Woburn, MA, USA) (1:250), S protein (ab272504), Abcam (1:250) or monoclonal mouse antibody provided by

Dr. Hisashi Arase (Osaka University) (1:50), with DAPI (4‘,6-diamidino-2-phenylindole) (Thermo Fisher) (1:1000). Anti-mouse Alexa 546 (Thermo

Fisher), anti-rabbit Alexa 488 (Thermo Fisher) and anti-mouse Alexa Fluor 488 (Thermo Fisher) were used as secondary antibodies. The tissues

were photographed with an all-in-one fluorescence microscopic system, BZ-X800E (Keyence, Osaka, Japan) Combined Z-stack and

sectioning functions. All results were confirmed with >2 repetitive independent experiments.
MUSCLEMOTION analysis (video-based method to evaluate tissue contractility)

MUSCLEMOTION is a versatile open-source software with a video-based system used to evaluate contractile function.12 We used the soft-

ware as the provider instructed. In brief, we used ImageJ software and installed MUSCLEMOTION as a plug-in. The motion amplitude was

used for analysis. Pulsatile index per minute (PIPM) represents the change in pulsatile force per minute; calculated using beats per minute

(BPM) and pixel change.
Enzyme-linked immunosorbent assay (ELISA)

Before ELISA, thawed culturemediumwere centrifuged at 3,000 rpm for 5min at 4�C to remove cell debris. The levels of IL-6, TNF-a, IL-1b and

IFN-g in the culture medium supernatant were assessed using Human IL-6 Quantikine ELISA Kit, Human TNF-alpha Quantikine HS ELISA,

Human IL-1 beta/IL-1F2 Quantikine ELISA Kit, and Human IFN-gamma Quantikine ELISA Kit (R&D) following the manufacturer’s instructions.

Absorbance at 450 nm was measured using the iMark microplate Absorbance Spectrophotometer (Bio-Rad, Philadelphia, PA, USA).
QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analysis was performed using Prism 9 (GraphPad, Boston, MA, USA) by one-way ANOVA or Kruskal-Wallis test with two-tailed P

values, assuming parametric data for samplesR 6 and nonparametric data for samples < 6. The multiple comparisons were conducted using

the Bonferroni method. No blinded tests were used to procedure the samples.
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