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Background and Objectives: Systemic lupus erythematosus (SLE) is a chronic autoimmune disease mainly affecting
young women of childbearing age. SLE affects the skin, joints, muscles, kidneys, lungs, and heart. Cardiovascular com-
plications are common causes of death in patients with SLE. However, the complexity of the cardiovascular system
and the rarity of SLE make it difficult to investigate these morbidities. Patient-derived induced pluripotent stem cells
(iPSCs) serve as a novel tool for drug screening and pathophysiological studies in the absence of patient samples.
Methods and Results: We differentiated CMs from HC- and SLE-iPSCs using 2D culture platforms. SLE-CMs showed
decreased proliferation and increased levels of fibrosis and hypertrophy marker expression; however, HC-and SLE-mon-
olayer CMs reacted differently to SLE serum treatment. HC-iPSCs were also differentiated into CMs using 3D spheroid
culture and anti-Ro autoantibody was treated along with SLE serum. 3D-HC-CMs generated more mature CMs com-
pared to the CMs generated using 2D culture. The treatment of anti-Ro autoantibody rapidly increased the gene ex-
pression of fibrosis, hypertrophy, and apoptosis markers, and altered the calcium signaling in the CMs.
Conclusions: iPSC derived cardiomyocytes with patient-derived serum, and anti-Ro antibody treatment could serve
in effective autoimmune disease modeling including SLE. We believe that the present study might briefly provide
possibilities on the application of a combination of patient-derived materials and iPSCs in disease modeling of auto-
immune diseases.
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Systemic lupus erythematosus (SLE) is a chronic auto-
immune disease characterized by inflammation of the
skin, lungs, joints, kidney, and heart (1). Cardiopathy is
a common complication in patients with SLE. Lupus my-
ocarditis occurs in 5~10% of all patients with SLE. Heart
failure (HF) of SLE can be resulted from various compli-
cations involving heart valves, myocardium, and coronary
vessels (2). SLE morbidity and mortality are attributed
mainly to cardiopathy. Premature death in patients with
SLE is caused mainly by cardiovascular events (3).
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Though knowledge of the mechanisms and treatments for
SLE are improving, the causes of cardiovascular mortality
associated with it are poorly understood (4). Abnormal
chronic immune responses might increase the risks of car-
diovascular risk factors and atherosclerosis, and eventually
induce HF in patients with SLE (5). Prevention of irrever-
sible tissue damage is now considered a critical ther-
apeutic goal in patients with SLE. Hence, an effective
modeling platform will be required for future research on
SLE (6).

Many systemic autoimmune diseases are characterized
by the formation of autoantibodies against intracellular
autoantigens (7). In SLE, increases in the levels of auto-
antibodies and autoantibody-derived immune complexes
depositing in various tissues increase the risk of SLE
pathogenesis and might eventually induce HF (8). Anti-Ro
autoantibodies are among the most detected autoanti-
bodies against extractable nuclear antigens closely asso-
ciated with SLE (9, 10). Anti-La and anti-Sm antibodies
are also prevalent in patients with SLE (11). Anti-Ro auto-
antibodies affect the hearts of patients with SLE. Cardiac
damage may also be caused by Ro antigens in fetal heart
tissue between weeks 18 and 24 (12, 13). A previous study
suggested that anti-Ro antibodies bind apoptotic car-
diomyocytes (CMs) and prevent their removal by healthy
CMs during cell deletion in embryogenesis (14). Adult pa-
tients with connective tissue disease who are positive for
anti-Ro antibodies present with abnormal cardiac repolari-
zation (7). However, SLE is a heterogeneous autoimmune
disease and these biomarkers do not fully explain its activ-
ity (15). Patients with SLE may exhibit active symptoms
in the presence or absence of autoantibodies, which sug-
gest that other biochemical pathways are involved (16).
Nevertheless, anti-Ro autoantibodies are closely associated
with cardiac tissue damage in patients with SLE, and re-
search on this mechanism may help demystify this disease.

In recent years, stem cell-based research has been com-
monly used in disease modeling. Human-induced pluri-
potent stem cells (iPSCs) are generated from various pa-
tient-derived somatic cells including skin fibroblasts and
blood cells (17). The development of iPSCs has provided
an innovative tool for disease modeling, drug screening,
and regenerative medicine research (18). Human iPSCs
and embryonic stem cells (ESCs) have similar character-
istics such as self-renewal, pluripotency, and unlimited
proliferation. However, use of the former bypasses the eth-
ical issues associated with the use of the latter. Therefore,
it is anticipated that patient-derived iPSCs will be more
broadly used in various fields in the future. As iPSCs can
be generated from virtually any cell type in any in-

dividual, they can be applied towards research on hetero-
geneous diseases such as SLE (19). Also, iPSCs may differ-
entiate into various cell types including those too difficult
to harvest for research purposes. Therefore, they might be
effective tools for autoimmune disease and cardiac research.

In the present study, we generated and applied healthy
control (HC) and SLE patient-derived iPSCs to differ-
entiate CMs. Using a two-dimensional (2D) differentiation
platform, we compared the characteristics of HC-iPSC-de-
rived CMs and SLE-iPSC-derived CMs. We treated the
differentiated CMs with serum obtained from patients
with SLE and analyzed the differences among the latter.
Three-dimensional (3D) platforms for cardiac differentia-
tion were applied using HC-iPSCs. The impact of SLE se-
rum and anti-Ro autoantibodies on HC-iPSC-derived CMs
was confirmed by the altered expression of fibrosis and
apoptosis markers. The aims of the present study were to
develop and test a proof-of-concept disease-in-a-dish plat-
form using iPSCs and determine the effects of SLE serum
and anti-Ro antibodies on CMs. It is hoped that the sug-
gested platform might be helpful in studying the con-
ditions of cardiomyocytes in SLE patients.

Materials and Methods

Patient consent and ethical procedures

Written informed consent was obtained from all partici-
pants. The study was approved by the Institutional Review
Board/Ethics Committee of the Catholic University of
Korea, Seoul, Republic of Korea (No. KC19SNSI0819).

Human iPSC generation using sendai viral vector
To generate iPSCs, peripheral blood mononuclear cells
(PBMCs) were obtained from HC and patients with SLE.
Blood was delivered in heparin tubes. Fresh blood was di-
luted with phosphate buffered saline (PBS) and placed on-
to Ficoll-paque reagent. The samples were centrifuged for
30 minutes at 2,000 rpm. Isolated PBMCs were transferred
to a new tube and washed with PBS. Human iPSCs were
generated using the method described by Rim et al. (17).
PBMCs were cultured for 5 d in StemSpan medium
(StemCell Technologies, Vancouver, BC, Canada) to a
density of 3x10°/well. The cells were then added with
Sendai viral vector (Thermo Fisher Scientific, Waltham,
MA, USA) and centrifuged at 1,160Xg for 30 min. The
Sendai viral vector contains Yamanaka factors including
OCT4, SOX2, cMyc, and Klf4 to induced reprogramming.
The transduced cells were transferred to a 24-well coated
with vitronectin (Thermo Fisher Scientific), and centri-
fuged at 1,160xg for 10 min. The media was changed with
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Essential 8 media (E8 media, Thermo Fisher Scientific) dai-
ly, and attached cells were expanded. Colony forming
iPSCs were purified by colony picking. The purified final
form of iPSCs were maintained in vitronectin-coated
dishes with daily change of E8 media.

2D CM differentiation from iPSCs

CMs were differentiated according to a previously re-
ported method (20). HC-iPSCs and SLE-iPSCs were sub-
cultured in vitronectin-coated plates at 37°C and under a
10% CO2 atmosphere. Human iPSCs at 90% confluency
were incubated for 2 d in differentiation cardiomyocyte
differentiation media 3 (CDM3) medium supplemented
with 6 «M CHIR99021 (Biogems, CA, USA) also contain-
ing 213 g/ml L-ascorbic acid-2-phosphate and 500 /g/ml
human albumin (Sigma-Aldrich, Darmstadt, Germany). On
day 3, the Wnt C-59 inhibitor (Selleck Chemicals LLC,
Houston, TX, USA) in the medium was replaced with dif-
ferentiation basal medium for 2 d. After 48 h (day 15 of
differentiation), the medium was replaced with in-
hibitor-free basal medium.

3D CM differentiation from iPSCs

The first 4 days of 3D CM differentiation were identical
to those of 2D CM differentiation. Beating in differ-
entiated CMs was observed between days 6 and 8 of
differentiation. On day 10, beating cells were dissociated
with CM dissociation medium (StemCell Technologies,
Vancouver, BC, Canada). A 2 : 1 mixture of CDM3 and
Aggrewell media (StemCell Technologies, Vancouver, BC,
Canada) was added to each well containing 4x10* CMs.
Spheroids were formed and maintained in a U-bottom
96-well plate (TPP, Schaffhausen, Switzerland) for 24 h.
Then 10 «M Rho-associated kinase (ROCK) inhibitor
(ROCKi) was added. The next day and the medium were
replaced with CDM3 medium every 2 days for 10 days.

Real time-polymerase chain reaction (RT-PCR)

Cells or spheroids were harvested, snap-frozen at —80°C
in liquid nitrogen, and ground in a mortar. The samples
were incubated with TRIzol reagent (Thermo Fisher
Scientific). Their mRNA was extracted according to the
manufacturer’s instructions. A RevertAid First Strand
c¢DNA Synthesis Kit (Thermo Fisher Scientific) was used
for cDNA synthesis. Approximately 2 xg extracted total
RNA was used to synthesize ¢cDNA. RT-PCR was per-
formed using a LightCycler® 480 Instrument II (Roche
Diagnostics, Basel, Switzerland). GAPDH was the internal
control for normalization of gene expression and the rela-
tive quantification results are shown as 27" -(delta CT)

values. Primer sequences are listed in Table 1.

Immunofluorescence staining of iPSCs and 2D CMs

For hiPSC colony formation, 2x10° iPSCs were seeded
in a single well of a vitronectin-coated six-well plate. The
cells were expanded with E8 medium for 5~7 d and the
medium were replaced daily. The cells were washed with
phosphate-buffered saline (PBS) and fixed with 4% (v/v)
paraformaldehyde (PFA; Biosesang, Seongnam, Republic
of Korea). After another PBS wash, the cells were per-
meabilized with 0.1% Triton X-100 (Biosesang, Seongnam,
Republic of Korea) for 10 min. The cells were then
blocked at room temperature (RT) for 30 min using PBS
supplemented with 2% (v/v) bovine serum albumin (BSA;
Sigma-Aldrich Corp., St. Louis, MO, USA). Primary anti-
bodies were diluted with a mixture of PBS plus BSA
(PBA) and incubated at room temperature for 2 h. The
following dilution ratios were used: 1/200 anti-SSEA4
(EMD Millipore, Billerica, MA, USA), 1/100 anti-TRA-
1-60 (EMD Millipore, Billerica, MA, USA), 1/100 an-
ti-TRA-1-81 (EMD Millipore, Billerica, MA, USA), 1/100
anti-OCT4 (Santa Cruz Biotechnology, Dallas, TX, USA),
1/100 anti-SOX2 (BioLegend, San Diego, CA, USA), and
1/250 anti-KLF4 (Abcam, Cambridge, UK). After washing
the cells, 1/400 Alexa Fluor 594 (Life Technologies,
Carlsbad, CA, USA) and 1/400 Alexa Fluor 488 (Life
Technologies, Carlsbad, CA, USA) conjugated secondary
antibodies were diluted in PBA and incubated at RT in
the dark for 1 h. The cells were washed and mounted with
ProLong Antifade Mounting Reagent (Thermo Fisher
Scientific, Waltham, MA, USA). Colonies were detected
by immunofluorescence microscopy.

Immunofluorescence staining was performed with anti-
troponin T cardiac isoform (TNNT2) antibody (Invitrogen,
Carlsbad, CA, USA) to detect cardiogenic cell markers in
the 2D CMs.

Histological analysis of 3D CMs and EB

The 3D CMs and EB (Embryonic Body) of negative
control were washed with PBS and fixed in 4% (v/v) par-
aformaldehyde (PFA) at room temperature for 2 h. The
samples were dehydrated with an ethanol gradient series
(Biosesang, Seongnam, Republic of Korea). Samples were
cleared with sequential ethanol-xylene mixtures and the
spheroids were infiltrated with paraffin overnight. The
paraffin blocks were fixed and 5- #m sections were pre-
pared with a microtome. The slides were heated in an
oven at 60°C for at least 10 min before staining. The 3D
CMs sections were incubated with 10% (v/v) normal goat
serum containing 1% PBA to remove any nonspecific
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Table 1. Primers used for RT-PCR of pluripotent and CM markers

Description Gene name REPSEQ 1D Sequence Product size (bp)
Pluripotency marker OCT4 NM 203289.5 F ACCCCTGGTGCCGTGAA 190
R GGCTGAATACCTTCCCAAATA
Nanog NM_024865.2 F AAAGGCAAACAACCCACT 270
R GCTATTCTTCGGCCAGTT
SOX2 NM_003106.3 F GGGAAATGGGAGGGGTGCAAAAGAGG 151
R TTGCGTGAGTGTGGATGGGATTGGTG
TDGF1 NM_003212.3 F TCCTTCTACGGACGGAACTG 140
R AGAAATGCCTGAGGAAAGCA
Cardiogenic marker ISL1 NM_002202.2 F GAGGGTTTCTCCGGATTTGG 101
R TCCCATCCCTAACAAAGCATGT
NKX2-5 NM_004387.3 F TTCCCGCCGCCCCCGCCTTCTAT 139
R CGCTCCGCGTTGTCCGCCTCTGT
TNNT2 NM 001001430.2 F TTCACCAAAGATCTGCTCCTCGCT 166
R TTATTACTGGTGTGGAGTGGGTGTGG
MYH6 NM_002471.3 F TCTCCGACAACGCCTATCAGTAC 140
R GTCACCTATGGCTGCAATGCT
Apoptosis, hypertrophy,  ANP NM _006172.4 F CAGGATGGACAGGATTGGA 79
and fibrosis markers R TGTCCTCCCTGGCTGTTATC
BNP NM _002521.3 F TTGGAAACGTCCGGGTTAC 126
R GGACTTCCAGACACCTGTGG
COL2AT NM_001844 F GGCAATAGCAGGTTCACGTACA 79
R CGATAACAGTCTTGCCCCACTTA
BAX NM 138761.4 F TTCCGACGGCAACTTCAACT 204
R GGTGACCCAAAGTCGGAGAG
Bcl2 NM_000633.2 F TCATGTGTGTGGAGAGCGTCAA 179
R CAGCCAGGAGAAATCAAACAGAGG
Housekeeping gene CAPDH NM 002046.5 F ACCCACTCCTCCACCTTTGA 101

background staining. Anti-TNNT2 antibody was diluted
in 5% (v/v) normal goat serum containing 1% PBA and
incubated at 4°C overnight. The specimens were in-
cubated with 1/200 Alexa Fluor 488 goat anti-mouse IgG
antibody (Life Technologies, Carlsbad, CA, USA) in PBS
at RT for 40 min. Nuclear staining was performed with
4,6-diamidino-2-phenylindole (DAPI).

Autoantibody and human SLE serum treatment

Human serum was collected from two patients with
SLE who had provided informed consent (Table 2). We
selected the serum of patients that showed a relatively
high SLEDAI-2K score (above 6 points). Since the activity
of SLE disease varies between individual patients, the sera
of the two patients were mixed and used for treatment.
CMs differentiated in the presence of small molecules
were treated with 10% (v/v) activated SLE serum for 2
d. Each group was treated with 50 xg/ml normal IgG
(Santa Cruz Biotechnology, Dallas, TX, USA) or an-
ti-Ro-antibody (Santa Cruz Biotechnology, Dallas, TX,
USA) for 2 d.

Cell viability and proliferation assays

To confirm 3D CM spheroid viability, two-color fluo-
rescence analysis and a Live/Dead Viability/Cytotoxicity
Assay Kit (Molecular Probes LLC, Eugene, OR, USA)
were used according to the manufacturer’s instructions.
Proliferation assays were performed on serum-treated dif-
ferentiated CMs using Cell Counting Kit-8 (CCK-8;
Dojindo Molecular Technologies, Inc., Rockville, MD,
USA).

Simultaneous measurement of cytosolic and internal
stored Ca®*

The 2D CMs and 3D CMs were washed with PBS
and stained with CDM3 medium containing Fluo-4 AM
(10 xg/ml; Invitrogen, Carlsbad, CA, USA) in an in-
cubator at 37°C for 30 min. Then the 2D CMs and 3D
CMs were washed with PBS and the CDM3 medium
was replaced. The calcium was then measured with a
Live Cell Imaging System (Biotek Instruments, Winooski,
VT, USA).
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Table 2. Information of SLE active serum

Serum 1 Serum 2
SLE Visceral involvement Renal, Renal
Cardiorespiratory,
Gastrointestinal,
Ophthalmic

SLE disease activity score
SLEDAI-2K 8 12
Auto antibody profiles

ANA (Anti Nuclear Ab) 1:1,280 1:1,280
RNP/Sm Positive (3+) Negative (>0.2)
Sm Positive (+) Negative (>0.2)
Anti SS-A (60 kDa) Positive (3+) Positive (<8.0)
Anti SS-A/Ro-52 (52 kDa) Positive Negative (0.6)
Anti SS-B/La Ab Negative Negative
EKG Normal Normal
Antiphospholipid
Lupus Anticoagulant Ab  Negative Negative
Anti 8 2-Glycoprotein | Ab Negative Negative
Anti Cardiolipin Ab, 1gG  Negative Negative

Statistical analysis

All experiments were repeated 3~5 times using three
clones per cell line. Data are presented as means=SD.
Graphs were generated with GraphPad Prism 5 (GraphPad
Software, La Jolla, CA, USA). Statistical analysis was per-
formed using one-way ANOVA followed by Tukey’s post-
hoc test. T-tests were used for datasets with a normal
distribution. Otherwise, Mann-Whitney tests were applied
to analyze non-parametric quantitative dataset. Two-tailed
p-values were calculated. Statistical significance was in-
dicated as follows: *p<0.05; **p<0.01; ***p<0.001 and
*kx <0.0001.

Results

Generation of iPSC from PBMCs of healthy controls
and patients with SLE

PBMCs from HC and patients with SLE were induced
to form iPSCs with Sendai viral vector. Intact colonies
were identified in transduced PBMC-derived cells, which
is one of the critical characteristics of iPSCs (Fig. 1a).
Pluripotent gene (OCT4, SOX2, NANOG, and TDGFI)
expression was confirmed in HC-iPSCs and SLE-iPSCs
and no significant differences were found between the two
group (Fig. 1b). Among the pluripotent markers, the pro-
tein expression of OCT4 and SOX2 was confirmed (Fig.
1c). The expression of OCT4 ans SOX2 in the iPSC group
of HC and SLE was similar to that of the gene expression.
Pluripotent marker expression (OCT4, Sox2, Klf4, SSEA4,
TRA-1-60, TRA-1-81) was verified in HC-iPSCs and

SLE-iPSCs (Fig. 1d). In conclusion, we confirmed that
both iPSC groups exhibited the characteristics of iPSCs,
which indicates successful reprogramming.

CM differentiation using iPSCs on 2D culture platform

Various CM differentiation protocols have been re-
ported for iPSCs cultured on 2D platforms (21, 22). In
this study, we performed CM differentiation using small
molecules. Full differentiation required 15 d (Fig. 2a).
There were no morphological differences between HC-
iPSCs and SLE-iPSCs in terms of CM morphology at any
stage (Fig. 2b). Beating began on between day 6 and 8 of
differentiation in both groups. We confirmed the ex-
pression of CM-specific markers such as cardiac troponin
T type2 (INNT2) and myosin heavy chain a-isoform
(MYHS6). There were no significant differences in the
mRNA expression of TNNT and MYH6 among the CMs
derived from SLE-iPSCs (SLE-CMs) and HC-iPSCs (HC-
CMs) (Fig. 2¢). On day 15 of differentiation, beating was
verified for both HC-CMs and SLE-CMs (Supplementary
Video S1, S2). When the protein level of the TNNT2
marker was confirmed, it was confirmed similarly to the
gene expression in HC and SLE-CMs (Fig. 2d). The beat-
ing rate was slightly slower in SLE-CMs than in HC-CMs,
but the difference was not significant (Fig. 2e). The car-
diac muscle isoform of troponin T (cTnT) is encoded by
TNNT2. Positive c¢TnT expression was established in
HC-CMs and SLE-CMs (Fig. 2f). Calcium signals were
measured to identify functional activity in the differ-
entiated CMs (Fig. 2g). We determined that the calcium
signal was weaker in the SLE-CMs than in the HC-CMs
(Supplementary Video S3, S4). Filaments are representa-
tive CM structures. Whereas they were present in the
HC-CMs, they were relatively absent in the SLE-CMs
(Fig. 2h). In conclusion, HC-iPSCs and SLE-iPSCs both
exhibited successful CM differentiation. While there were
no significant differences in TNNT and MYH6 expression
between SLE-CMs and HC-CMs, however, the results sug-
gest that they might have differed structurally and
functionally.

SLE patient-derived serum treatment in differentiated
CMs

To determine the impact of the SLE environment on
the differentiated CMs, we attempted to induce it by add-
ing serum obtained from patients with SLE. We used fully
differentiated iPSC-derived CMs and treated them with a
mixture of SLE serum obtained from two patients and in-
cubated for 48 hours (Fig. 3a). CCK-8 assay was per-
formed to detect the toxicity of the serum or its impact
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Fig. 1. Generation of iPSC from PBMCs of healthy controls and patients with SLE. (a) Morphology of iPSCs derived from PBMCs of healthy
controls (HC) and patients with SLE. (b) mRNA levels of pluripotency genes in HC and SLE-PBMC and iPSCs (n=3 per group). (c) The
protein expression of OCT4 and SOX2 in HC and SLE-CMs (PBMC) by western blot. (d) Fluorescence microscopy images of iPSCs derived
from HC and patients with SLE. Scale bar=200 sm.

on cell proliferation. Interestingly, SLE-CMs showed low- Fibrosis and hypertrophy is suggested to increase my-
er proliferation rate compared to the HC-CMs even in the ocardial cell proliferation (23). Fibrosis markers such as
absence of serum treatment (Fig. 3b). Treatment with SLE COL2AI and hypertrophy markers such as BNP were ex-
serum increased the proliferation rate of SLE-CMs. The pressed in serum-treated CMs (Fig. 3d and 3e). Both
serum treatment had less effect on HC-CMs. We then COL2Al1 and BNP were upregulated in the untreated
measured the gene expression levels in the serum-treated SLE-CMs compared to that of HC-CMs. SLE serum treat-
CMs. MYH6 and TNNT2 were significantly downregula- ment further upregulated the fibrosis and hypertrophy

ted in serum-treated HC-CMs and SLE-CMs (Fig. 3c). marker expressions in both HC- and SLE-CMs; however,
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CM of HC and SLE. (e) Beating of CMs generated from HC-iPSCs and SLE-iPSCs. (f) Expression levels of cardiac-specific markers in iPSC-de-
rived CMs were assessed by immunofluorescence staining and confocal microscopy. HC-CMs and SLE-CMs showing characteristic sarcomeric
structures and positive staining with anti-TNNT2 antibody and DAPI for nucleic acid. (g) Fluorescence recording of calcium flux from
HC-CMs and SLE-CMs. (h) Sarcomeric structures in HC-CMs and SLE-CMs depicted by high-magnification transmission electron microscopy
(HM-TEM). Scale bar indicates 200 m.

the expression increased in SLE-CMs. We identified cal- HC-CMs and SLE-CMs (Supplementary Video S5, S6).
cium signaling in the serum-treated HC-CMs and SLE- Taken together, our results suggest that SLE-CMs show
CMs (Fig. 3f). Relative to untreated HC-CMs and SLE- difference in cell proliferation and increased expression of
CMs, calcium signaling was delayed in serum-treated fibrosis and hypertrophy-related markers even without se-
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Fig. 3. SLE disease-activated serum treatment in differentiated CMs. (a) Schematic diagram of procedures used in this study. (b) CCK-8
assay of CMs with and without serum treatment. (c) Expression of CM-specific markers TNNT2 and MYHe6. (d) Expression of fibrosis marker,
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rum treatment. Also, those properties reacted differently
to serum treatment compared to that of HC-CMs. However,
based on the results of the HC-CMs, the foregoing results
indicated that fibrosis and hypertrophy can be induced in
2D CMs with SLE disease-activated serum in vitro.
However, we were unable to maintain long-term 2D cul-
tures as the cells detached from the culture dish and died.
Hence, future research should endeavor to develop a plat-
form that can support cell cultures over long periods of
time and effectively represent chronic inflammatory
disease.

3D CM differentiation using HC-iPSCs

We empirically confirmed that 2D layers of CMs rap-
idly detach from the culture dish. Therefore, this config-
uration has limited applicability in disease modeling (Fig.
3). A long-term method was required to model SLE using
iPSCs; therefore, we established a 3D differentiation pro-
tocol that may extend CM viability for prolonged in vitro
culture (Fig. 4a). Cells were differentiated using a 2D
platform until the cells started beating. Then the beating
CMs were isolated into single cells with CM dissociation
medium. The 3D-CMs were prepared by seeding 4x10°*
cells in a 96-well round plate (Fig. 4b). We then compared
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gene expression between 2D-CMs and 3D-CMs (Fig. 4c). markers MYH6 and TNNT2 were higher in the 3D-CMs
The early cardiac marker NXK2-5 expression was sig- than in the 2D-CMs. We then stained 3D-CMs with an-
nificantly higher in 2D-CMs compared with that in 3D- ti-cTnT antibody and confirmed positive ¢cTnT expression
CMs. However, the expression levels of the late cardiac within the CM spheroids (Fig. 4d). For further con-
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firmation of ¢TnT expression, embryonic bodies (EBs)
were generated by condensing the same number of iPSCs
and were used as a negative control. Sections of the
3D-CMs also showed positive ¢cITnT expression, while EBs
did not show any expression (Fig. 4e). Calcium signals
were also identified in the final 3D-CMs (Fig. 4f)
(Supplementary Video S7, S8). Through these results, we
confirmed successful differentiation of 3D-CMs, and con-
firmed that the 3D differentiation platform result in a
more mature form of CMs which might be more suitable
for SLE modeling.

Impact of anti-Ro autoantibody on HC-CMs treated
with active SLE serum

We previously demonstrated upregulation of fibrosis
and hypertrophy markers in CMs treated with active SLE
serum. We attempted to establish the impact of SLE se-
rum on 3D-HC-CMs (Fig. 5a). We additionally treated anti-
Ro autoantibodies as they are considered SLE biomarkers.
Treatment with serum and anti-Ro autoantibodies did not
alter 3D-CM morphology (Fig. 5b). There was no sig-
nificant difference between groups in terms of CM beat-
ing; however, serum treatment alone seemed to slightly de-
crease the beating rate of CMs (Fig. Sc). The viabilities
of the serum-treated and serum plus autoantibody-treated
HC-CMs were 86% and 78%, respectively; it was not sig-
nificantly affected by serum or autoantibody treatment
(Fig. 5d and Se). While serum alone did not affect the cal-
cium signaling of CMs, calcium signaling became unstable
in response to anti-Ro autoantibodies (Fig. 5f). We meas-
ured the expression levels of the apoptosis, fibrosis, and
hypertrophy markers in the serum-treated and autoanti-
body-treated CMs (Fig. 5g). Apoptosis markers including
the BAX/Bcl2 ratio were upregulated in response to both
treatments, but anti-Ro autoantibodies treatment showed
higher levels of expression. The same trends were also ob-
served for the fibrosis and hypertrophy markers. The pro-
tein levels of apoptosis marker, caspase 3/8 was confirmed
in the 3D-CMs (Fig. 5h). The expression of both caspase
3 and 8 were increased in the 3D-CMs additionally treated
with anti-Ro autoantibodies. However, SLE serum treat-
ment itself seemed to slightly increased caspase 3/8 ex-
pression, especially caspase 3. Taken all together, we con-
firmed that anti-Ro autoantibody treatment altered the
calcium signaling of HC-CMs and further affected the ex-
pression of apoptosis, fibrosis, and hypertrophy markers
in CM spheroids.

Discussion

SLE is an autoimmune disease affecting various organs
by causing inflammation and tissue damage and the most
common type of lupus (24). Currently, optimal strat-
ification of SLE patients was not performed and therefore
the response to available treatments was unpredictable.
Universally effective and safe treatments for SLE remain
unmet demands due to the heterogeneity of clinical mani-
festations of unpredictable reactions for current treat-
ments (25). Though HF is associated with SLE, its patho-
physiological mechanism remains unknown. Immunosu-
ppressive therapies are usually administered for SLE and
its cardiac complications. Several cardiac diseases are
characterized by cardiomyocyte death; however, the adult
heart has only a limited capacity to recover from car-
diomyocyte loss or damage (26). Continuous cardiomyo-
cyte loss eventually damages the heart, progressively di-
minishes its functionality, and leads to HF (26). Cardiac
diseases tend to be silent for long periods of time, but are
potentially fatal in SLE (27, 28).

End-stage organ damage in SLE is a manifestation of
systemic immune dysregulation. Stem cell-based research
and therapy may be valuable tools that help understand
and treat this disease (29, 30). Disease modeling with
iPSCs may help clarify the pathogenesis of SLE and its
related symptoms. With the high pluripotency and differ-
entiation ability, iPSCs can differentiate into the targeted
cell-of-interest related to the disease. Human iPSCs can
be generated from blood cells, fibroblasts, or keratinocytes.
Previous studies have already reported reprogramming of
SLE-patient derived iPSCs. Certain iPSCs have been gen-
erated using renal tubular cells obtained from the urine
of patients with SLE as well as dermal fibroblasts and
blood cells (20, 31). In this study, we generated SLE pa-
tient specific iPSCs using PBMCs and differentiated into
CMs using two platforms: 1) 2D monolayer culture and
2) 3D spheroid culture using the beating cells from the
2D culture.

In previous studies involving iPSCs, disease modeling
was performed using conventional 2D monolayer culture
platforms (21). However, a major limitation of this system
is that it cannot emulate the complex i vivo 3D environ-
ment. Several studies reported that 2D iPSC differentia-
tion models do not provide vital information about cell-to-
cell communication. The latter depends on the biochemi-
cal and biophysical support provided by the extracellular
matrix (ECM) and surrounding cells characteristic of in
viwo environments (22, 23, 32). Moreover, cells differ-
entiated on 2D platforms may share traits with immature
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fetal cells rather than adult cells (33). In the present study,
we established cardiomyocyte differentiation on both 2D
and 3D platforms (Fig. 2, 4). Nkx2-5 is an early marker
during differentiation of the cardiac lineage. It is usually
expressed in the progenitor cells forming the cardiac cres-
cent (34, 35). Here, we demonstrated that Nkx2-5 was
downregulated whereas the mature CM markers MYH6
and TNNT2 were upregulated in the cardiomyocytes dif-
ferentiated on the 3D platform (Fig. 4c). Our results cor-
roborated those previously reported because they showed
that the 3D platform generates more mature cardiomyo-
cytes than the 2D platform (21). However, the 2D disease
modeling platform is easy to handle and highly reproduci-
ble. Hence, it might be still acceptable for modeling fetal
and early-onset cardiac diseases, and the selection of the
appropriate differentiation platform depending on the dis-
ease type might be critical.

As mentioned earlier, organ damage in SLE is a result
caused by the dysregulated immune response. It might be
possible that the CMs differentiated from HC- and
SLE-PSCs does not exhibit any major differences in mor-
phology and cardiac marker expression; however, further
analysis revealed that SLE-CMs had lower proliferation
rate and increased expression levels of hypertrophy and
fibrosis markers compared to the HC-CMs in 2D platform
(Fig. 3). SLE serum seemed to increase the proliferation
rate of SLE-CMs and amplify the genetic difference be-
tween the HC- and SLE-CMs. Therefore, it is believed
that HC- and SLE-CMs do have different characters, and
further examination using transcriptomic or RNA se-
quencing analysis might be interesting to thoroughly con-
firm the differences between the HC and diseased CMs.

The pathophysiology of cardiac diseases in SLE patients
is far more complex. In this study, we simply tried to re-
capitulate myocardial toxicity that are found in SLE pa-
tients; however, there are various symptoms that can be
found in SLE patients such as acute heart involvement
(myocarditis) and late vascular involvement. Further de-
velopment and application of a protocol that can target
a specific type of cardiovascular complication may be ben-
eficial for a more specified disease modeling of SLE.

Anti-Ro autoantibodies are associated with several auto-
immune diseases including SLE and it is the most de-
tected type of autoantibody in patients with SLE (36).
Certain studies suggested a close relationship between an-
ti-Ro antibodies and SLE onset later in life (=50 y) (7).
Conflicting data suggest a correlation between anti-Ro au-
toantibody titer and SLE activity (37, 38). Nevertheless,
anti-Ro autoantibodies are considered critical factors in
SLE research. In the present study, we subjected iPSC-de-

rived HC-CM spheroids to anti-Ro autoantibodies that
were either untreated or exposed to serum from patients
with SLE. Calcium signaling patterns were altered by the
treatment of anti-Ro autoantibodies (Fig. 5f). Gene ex-
pression of apoptosis, fibrosis, and hypertrophy markers
were increased by the additional treatment of anti-Ro au-
toantibodies (Fig. 5g). Apoptosis marker expression was
increased in the 3D-CMs treated with anti-Ro autoanti-
bodies; however, the number of actual dead cells did not
show significant differences between the groups. A longer
observation with constant regular treatment of serum and
anti-Ro autoantibodies in 3D-CMs might suggest more
findings that might further connect HF in SLE with cell
apoptosis in future studies.

Though our data were preliminary, they revealed that
SLE patient serum and anti-Ro autoantibody treatment
increased marker expression related to apoptosis, fibrosis,
and hypertrophy in the differentiated CMs, which might
be related to the pathogenesis in patients with SLE.
Future research should endeavor to characterize the in-
flammatory factors in SLE patient serum and identify
those that interact with anti-Ro antibody using a larger
sample size.

Acknowledgments

This work was supported by a grant from the Korea
Healthcare Technology R&D Project of the Ministry for
Health, Welfare and Family Affairs of the Republic of
Korea (No. HI16C2177), and by grants from the National
Research Foundation of Korea (NRF) funded by the
Ministry of Science and ICT (MSIT) of the Korean
Government (Nos. NRF-2019R1A5A2027588, NRF-2020R
1A1C3004123, and NRF-2021R1C1C2004688).

Potential Conflict of Interest
The authors have no conflicting financial interest.

Supplementary Materials

Supplementary data including eight videos can be found
with this article online at https://doi.org/10.15283/1jsc21158.

References

1. Nikdoust F, Bolouri E, Tabatabaei SA, Goudarzvand M,
Faezi ST. Early diagnosis of cardiac involvement in sys-
temic lupus erythematosus via global longitudinal strain
(GLS) by speckle tracking echocardiography. J Cardiovasc
Thorac Res 2018;10:231-235

2. Friedrich MG, Sechtem U, Schulz-Menger J, Holmvang G,



10.

11

12.

13.

14.

15.

16.

Narae Park, et al: Application of hiPSC Derived Cardiomyocyte in Systemic Lupus Erythematosus

Alakija P, Cooper LT, White JA, Abdel-Aty H, Gutberlet
M, Prasad S, Aletras A, Laissy JP, Paterson I, Filipchuk
NG, Kumar A, Pauschinger M, Liu P. Cardiovascular mag-
netic resonance in myocarditis: A JACC White Paper. ] Am
Coll Cardiol 2009;53:1475-1487

. Fors Nieves CE, Izmirly PM. Mortality in systemic lupus

erythematosus: an updated review. Curr Rheumatol Rep
2016;18:21

. Bjornadal L, Yin L, Granath F, Klareskog L, Ekbom A.

Cardiovascular disease a hazard despite improved prog-
nosis in patients with systemic lupus erythematosus: results
from a Swedish population based study 1964-95. ] Rheumatol
2004;31:713-719

. Dhakal BP, Kim CH, Al-Kindi SG, Oliveira GH. Heart fail-

ure in systemic lupus erythematosus. Trends Cardiovasc
Med 2018;28:187-197

. Petrackova A, Smrzova A, Gajdos P, Schubertova M,

Schneiderova P, Kromer P, Snasel V, Skacelova M, Mrazek
F, Zadrazil ], Horak P, Kriegova E. Serum protein pattern
associated with organ damage and lupus nephritis in sys-
temic lupus erythematosus revealed by PEA immunoassay.
Clin Proteomics 2017;14:32

. Yoshimi R, Ueda A, Ozato K, Ishigatsubo Y. Clinical and

pathological roles of Ro/SSA autoantibody system. Clin
Dev Immunol 2012;2012:606195

. Joo H, Coquery C, Xue Y, Gayet I, Dillon SR, Punaro M,

Zurawski G, Banchereau J, Pascual V, Oh S. Serum from
patients with SLE instructs monocytes to promote IgG and
IgA plasmablast differentiation. J Exp Med 2012;209:1335-
1348

. Kobayashi R, Mii S, Nakano T, Harada H, Eto H. Neonatal

lupus erythematosus in Japan: a review of the literature.
Autoimmun Rev 2009;8:462-466

Prince HE, Hogrefe WR. Evaluation of a line immunoblot
assay for detection of antibodies recognizing extractable
nuclear antigens. J Clin Lab Anal 1998;12:320-324
Hochberg MC. Updating the American College of Rheuma-
tology revised criteria for the classification of systemic lu-
pus erythematosus. Arthritis Rheum 1997;40:1725

Deng ]S, Bair LW Jr, Shen-Schwarz S, Ramsey-Goldman
R, Medsger T Jr. Localization of Ro (§S-A) antigen in the
cardiac conduction system. Arthritis Rheum 1987;30:1232-
1238

Tseng CE, Buyon JP. Neonatal lupus syndromes. Rheum
Dis Clin North Am 1997;23:31-54

Stea EA, Routsias JG, Clancy RM, Buyon JP, Moutsopoulos
HM, Tzioufas AG. Anti-La/SSB antiidiotypic antibodies in
maternal serum: a marker of low risk for neonatal lupus
in an offspring. Arthritis Rheum 2006;54:2228-2234
Smith MA, Henault J, Karnell JL, Parker ML, Riggs JM,
Sinibaldi D, Taylor DK, Ettinger R, Grant EP, Sanjuan
MA, Kolbeck R, Petri MA, Casey KA. SLE plasma profil-
ing identifies unique signatures of lupus nephritis and dis-
coid lupus. Sci Rep 2019;9:14433

Steiman AJ], Gladman DD, Ibafez D, Urowitz MB.
Prolonged serologically active clinically quiescent systemic

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

245

lupus erythematosus: frequency and outcome. ] Rheumatol
2010;37:1822-1827

Rim YA, Nam Y, Park N, Jung H, Jang Y, Lee J, Ju JH.
Different chondrogenic potential among human induced
pluripotent stem cells from diverse origin primary cells.
Stem Cells Int 2018;2018:9432616

Shi Y, Inoue H, Wu JC, Yamanaka S. Induced pluripotent
stem cell technology: a decade of progress. Nat Rev Drug
Discov 2017;16:115-130

Li C, Chen S, Zhou Y, Zhao Y, Liu P, Cai J. Application
of induced pluripotent stem cell transplants: autologous or
allogeneic? Life Sci 2018;212:145-149

Tang D, Chen Y, He H, Huang J, Chen W, Peng W, Lu
Q, Dai Y. Integrated analysis of mRNA, microRNA and
protein in systemic lupus erythematosus-specific induced
pluripotent stem cells from urine. BMC Genomics 2016;17:
488

Liu C, Oikonomopoulos A, Sayed N, Wu JC. Modeling hu-
man diseases with induced pluripotent stem cells: from 2D
to 3D and beyond. Development 2018;145:dev156166
Brafman DA. Constructing stem cell microenvironments
using bioengineering approaches. Physiol Genomics 2013;
45:1123-1135

Gattazzo F, Urciuolo A, Bonaldo P. Extracellular matrix:
a dynamic microenvironment for stem cell niche. Biochim
Biophys Acta 2014;1840:2506-2519

Hew M, O'Connor K, Edel MJ, Lucas M. The possible fu-
ture roles for iPSC-derived therapy for autoimmune
diseases. J Clin Med 2015;4:1193-1206

Urowitz MB, Gladman DD, Tom BD, Ibanez D, Farewell
VT. Changing patterns in mortality and disease outcomes
for patients with systemic lupus erythematosus. ] Rheumatol
2008;35:2152-2158

Chiong M, Wang ZV, Pedrozo Z, Cao D], Troncoso R,
Ibacache M, Criollo A, Nemchenko A, Hill JA, Lavandero
S. Cardiomyocyte death: mechanisms and translational
implications. Cell Death Dis 2011;2:e244

Mohamed AAA, Hammam N, El Zohri MH, Gheita TA.
Cardiac manifestations in systemic lupus erythematosus:
clinical correlates of subclinical echocardiographic features.
Biomed Res Int 2019;2019:2437105

Chen PY, Chang CH, Hsu CC, Liao YY, Chen KT.
Systemic lupus erythematosus presenting with cardiac
symptoms. Am ] Emerg Med 2014;32:1117-1119

Guan X, Mack DL, Moreno CM, Strande JL, Mathieu ], Shi
Y, Markert CD, Wang Z, Liu G, Lawlor MW, Moorefield
EC, Jones TN, Fugate JA, Furth ME, Murry CE, Ruohola-
Baker H, Zhang Y, Santana LF, Childers MK. Dystrophin-
deficient cardiomyocytes derived from human urine: new
biologic reagents for drug discovery. Stem Cell Res 2014;12:
467-480

Thatava T, Armstrong AS, De Lamo JG, Edukulla R, Khan
YK, Sakuma T, Ohmine S, Sundsbak JL, Harris PC, Kudva
YC, Ikeda Y. Successful disease-specific induced pluri-
potent stem cell generation from patients with kidney
transplantation. Stem Cell Res Ther 2011;2:48



246 International Journal of Stem Cells 2022;15:233-246

31.

32.

33.

34.

Son MY, Lee MO, Jeon H, Seol B, Kim JH, Chang ]S, Cho
YS. Generation and characterization of integration-free in-
duced pluripotent stem cells from patients with auto-
immune disease. Exp Mol Med 2016;48:¢232

Pinto AR, Ilinykh A, Ivey MJ, Kuwabara JT, D'Antoni ML,
Debuque R, Chandran A, Wang L, Arora K, Rosenthal NA,
Tallquist MD. Revisiting cardiac cellular composition. Circ
Res 20165;118:400-409

Wu SM, Hochedlinger K. Harnessing the potential of in-
duced pluripotent stem cells for regenerative medicine. Nat
Cell Biol 2011;13:497-505

Behrens AN, Iacovino M, Lohr JL, Ren Y, Zierold C,
Harvey RP, Kyba M, Garry D], Martin CM. Nkx2-5 medi-
ates differential cardiac differentiation through interaction

35.

36.

37.

38.

with Hoxal0. Stem Cells Dev 2013;22:2211-2220

Tanaka M, Chen Z, Bartunkova S, Yamasaki N, Izumo S.
The cardiac homeobox gene Csx/Nkx2.5 lies genetically up-
stream of multiple genes essential for heart development.
Development 1999;126:1269-1280

Franceschini F, Cavazzana 1. Anti-Ro/SSA and La/SSB
antibodies. Autoimmunity 2005;38:55-63

Catoggio L], Skinner RP, Smith G, Maddison PJ]. Systemic
lupus erythematosus in the elderly: clinical and serological
characteristics. ] Rheumatol 1984;11:175-181

Praprotnik S, Bozic B, Kveder T, Rozman B. Fluctuation
of anti-Ro/SS-A antibody levels in patients with systemic
lupus erythematosus and Sjogren’s syndrome: a prospective
study. Clin Exp Rheumatol 1999;17:63-68



