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Systemic lupus erythematosus (SLE) is a heterogenous autoimmune

disease that affects multiple organs, including the heart. The mechanisms
of myocardial injury in SLE remain poorly understood. In this study, we
engineered human cardiac tissues and cultured them with IgG from patients
with SLE, with and without myocardial involvement. IgG from patients with
elevated myocardial inflammation exhibited increased binding to apoptotic
cells within cardiac tissues subjected to stress, whereas IgG from patients
with systolic dysfunction exhibited enhanced binding to the surface of live

cardiomyocytes. Functional assays and RNA sequencing revealed that, in the
absence ofimmune cells, IgG from patients with systolic dysfunction altered
cellular composition, respiration and calcium handling. Phage immunopre-

cipitation sequencing (PhIP-seq) confirmed distinctive IgG profiles between

patient subgroups. Coupling IgG profiling with cell surfaceome analysis
identified four potential pathogenic autoantibodies that may directly
affect the myocardium. Overall, these insights may improve patient risk
stratification and inform the development of new therapeutic strategies.

Myocardial involvement occurs in 25-50% of patients with systemic
lupus erythematosus (SLE), including those without symptoms, and
can result in myocardial inflammation with ventricular dysfunction,
progression to heart failure and high rates of mortality'”. Organ damage
inSLEis presumedto bedriven by both T cells and specific autoantibody
populations that react with the host tissue, form immune complexes
and drive inflammation®™°. In the heart, the identity and mechanisms
by which autoantibodies contribute to myocardial injury remain
elusive. Growing evidence suggests that autoantibodies can directly

mediate myocardial injury. Congenital heart block in neonates exposed
to maternal SLE autoantibodies through passive transfer across the
placenta provides evidence that injury can occur through the direct
effects of autoantibody binding" . This paradigmis further supported
by evidence in other autoimmune conditions in which autoantibod-
ies binding to cardiac surface proteins, including ion channels and
B-adrenergic receptors, impair calcium handling and action potential
propagation, increase reactive oxygen species (ROS), activate apopto-
sis and cause heart failure and arrhythmias'®**. In addition, multiple
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Fig.1| Overview of the experimental design. Figure was created using BioRender.

studies have reported direct contributions of SLE autoantibodies to
alterationsin brain function by directly modulating cellular processes
in neurons®?°. Taken together, these studies further suggest that, in
addition to complement-mediated and immune cell-mediated myo-
cardial injury, autoantibodies may directly lead to cardiac dysfunction
viaindependent mechanisms. Additionally, the absence of reports
identifying a specific autoantibody target linked to a particular SLE
disease phenotype, either in general or specifically related to myo-
cardialinvolvement, suggests that multiple SLE autoantibodies actin
concert to induce injury. This underscores the complex nature of the
disease and the need to investigate the effect of the full repertoire of
patient-specific autoantibodies on cardiac tissue function to identify
autoantibodies that together lead to myocardial injury in SLE.

Cardiomyocytes derived from human induced pluripotent stem
cells (hiPSC-CMs) represent apromising approach for modelinghuman
cardiac pathophysiology in vitro. We previously reported improved
maturation of hiPSC-CMs within engineered human cardiac tissues by
anelectromechanical stimulation regimen that gradually increases the
stimulation frequency from2 Hzto 6 Hz (ref.27). This ‘intensity training’
regimen subjects tissues to stress while also promoting the develop-
ment of features similar to those of amore mature human myocardium,
including metabolism, ultrastructure and electrophysiology**.

Notably, cellular stress in SLE has been associated with the redis-
tribution and clustering of intracellular autoantigens to apoptotic
blebs onthe surface of the plasma membrane® . Antigenic fragments
createdintheseblebs, ofteninrelation to ROS generation, evoke auto-
immune inflammatory responses in some patients with SLE, unlike
those without such cellular stress***°. Therefore, we hypothesized that
stressinthe adult human heart could lead to differential autoantibody
binding patterns and modulate autoantibody-mediated myocardial
injury. To test this hypothesis, we used the intensity training regi-
men to simulate stress-induced cellular processes, including antigen
redistribution, and thereby capture potential additional aspects of
disease pathogenesis.

We cultured engineered human cardiac tissue models with
serum-derived, purified IgG fractions from individual patients with
SLE to capture the full autoantibody repertoire of each patient and
the patient-specific effects of purified IgG on cardiac tissue function.
Patients with SLE with and without clinical evidence of myocardial
inflammation (Myo+and Myo- patients, respectively) were delineated
based on ®F-fluorodeoxyglucose (*®F-FDG) uptake in positron emis-
siontomography/computed tomography imaging (*F-FDG-PET/CT).
The Myo+ group included patients with SLE with new-onset systolic
dysfunction (SD), defined as left ventricular ejection fraction (EF)
less than 50% at the time of serum collection (denoted Myo+SD+),
and patients with preserved EF (EF > 50%, denoted Myo+SD-). IgG
binding to cardiac tissues was quantified, and the impact of binding
on tissue function and molecular and transcriptional profiles was
assessed. Using phage immunoprecipitation sequencing (PhIP-seq),
we characterized patient-specific autoantibody targets, and, using
liquid chromatography with tandem mass spectrometry (LC-MS/
MS), we profiled cell surface accessible antigens on cardiomyocytes
and cardiac fibroblasts to inform the identification of pathogenic
autoantibody candidates (Fig.1).

Results

SLE cohorts

Samples were obtained from patients enrolled in two different SLE
cohorts: one pre-existing cohort of patients without cardiac symptoms
who were receiving treatment in the outpatient setting and one pro-
spective cohort of patients who were hospitalized for active cardiac dis-
ease. Patients with SLE met the 1997 American College of Rheumatology
(ACR) classification criteria®. Clinical studies of ®F-FDG uptake were
conducted for all patients, both hospitalized and non-hospitalized, to
determine the presence of myocardial inflammation. All'*F-FDG-PET/
CT scans were evaluated qualitatively for the presence or absence of
enhanced myocardial ®F-FDG uptake, and, for a subset of patients,
levels of 8F-FDG uptake were quantified by standardized uptake values
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(SUVs)® (Methods). Patients with SLE were divided into two primary
groups based on myocardial ®F-FDG uptake: (1) Myo—- patients were
without evidence of myocardial inflammation (SUVmax <1.5; n=3);
(2) Myo+ patients had evidence of myocardial inflammation (SUV-
max > 1.5; n=8). At the time of ®F-FDG-PET/CT, serum samples were
collected, and echocardiograms were obtained to distinguish between
Myo+ patients with SD (Myo+SD+, n =4, with EF <50%) and Myo+
patients with preserved systolic function (Myo+SD—, n = 4, EF > 50%).
No patientsin either group had elevated serum troponin. Notably, at the
time of the study, all Myo+SD+ patients had recent-onset SD that had
notbeen documented previously in their medical records. Additionally,
no patientsineither group had histories of ischemic heart disease, and
nosignificant differences were observed in cardiovascular risk factors
between groups. Detailed clinical data are summarized in Table 1.

Engineering human cardiac tissues with advanced properties
Cardiac tissues were engineered by resuspending hiPSC-CMs and
primary human cardiac fibroblasts at a 3:1ratio in fibrin hydrogels,
stretched between two flexible pillars and electromechanically stimu-
lated using our previously published milliPillar platform®®, Electrome-
chanical stimulation frequency was increased from 2 Hz to 6 Hz over
2 weeks (intensity training regimen), followed by an additional week
of stimulation at 2 Hz, as previously described”. To further enhance
tissue performance, tissues were cultured in maturation medium
(MM) previously reported to shift cardiomyocyte metabolism from
glycolysis toward fatty acid oxidation, increase mitochondrial content
and optimize cardiomyocyte function®* (detailed in Methods; Fig. 2a,
top panel). Tissues exhibited enhanced compaction, a-actinin stria-
tions and calcium handling as compared to those cultured in standard
medium (Extended Data Fig. 1a-c). No effect ontissue contractility was
observed (Extended Data Fig.1d). Tissue stimulation at 6 Hz resulted in
significantly increased release of lactate dehydrogenase (LDH), indica-
tive of cellular stress (Extended Data Fig. 1e).

IgG binding to stressed cardiac tissues

IgG fractions were purified and quantified from each patient’s serum
sample. At day 14 of cardiac tissue culture, IgG fractions fromindividual
patients were added to the culture media, and tissues were cultured
for 14 additional days in which tissues were subjected to stress as part
of the intensity training regimen (Fig. 2a, bottom panel). To evalu-
ate the extent of patient IgG binding to tissue antigens accessible to
them during culture, the tissues were fixed at day 28 and subsequently
stained with secondary anti-human IgG. Patient IgG binding levels were
measured as mean fluorescence intensity (MFI). Tissues cultured with
IgG from all Myo- patients exhibited low MFl levels. Within the Myo+
group, tissues cultured with IgG from a subset of patients exhibited
low MFllevels, whereas substantially higher MFllevels were observed
foradifferent subset of patients who had elevated levels of myocardial
inflammation (Fig. 2b and Extended Data Fig. 2a). MFl levels of tissues
cultured with IgG from an additional Myo+ patient with high levels
of myocardial ®F-FDG uptake (SUVmax =12.4) confirmed this trend
(Extended Data Table 1and Extended Data Fig. 2b). Linear regression
analysis (inclusive of all patients with ®F-FDG uptake quantification,
n=9)revealed asignificant positive correlation between MFland levels
of myocardial inflammation measured by SUV (*=0.88, P=0.0002;
Fig. 2c). MFI correlated more strongly with myocardial inflamma-
tion than did any clinical metric of myocardial health or SLE severity
(Extended DataFig. 3a).

Further studies comparing the extent of IgG binding to stressed
and non-stressed hiPSC-CMs revealed that stress led to a signifi-
cant increase in IgG binding across all patients. Notably, a signifi-
cant difference in IgG binding levels between patients with SLE with
low myocardial inflammation levels (SUVmax <10) and elevated
myocardial inflammation (SUVmax >10) was observed only in the
stressed hiPSC-CMs, further highlighting the contribution of stress to

differential IgG binding patterns among patients with SLE (Extended
Data Fig. 3b). IgG binding to healthy left ventricle (LV) human tissue
samples revealed similar patterns of IgG binding to non-stressed car-
diactissues, with nosignificant difference in MFl between patients with
high and low levels of myocardial inflammation (Extended Data Fig. 3c).

To further probe the cellular targets of patient IgG, tissues were
co-stained with secondary anti-human IgG and a-actinin to evaluate
cardiomyocyte integrity and IgG localization. The extent of IgG bind-
ingwithinthe stressed tissues varied from cell to cell (Fig. 2d). A subset
of cells with patient IgG staining were cardiomyocytes with disrupted
a-actinin striations and condensed nuclei, with IgG binding primarily
tothenuclei, indicatinglate cell apoptosis with loss of cellmembrane
integrity that allowed IgG penetration (Fig. 2d). Additionally, we identi-
fied another subset of cells with high levels of localized IgG binding to
presumptive apoptotic blebs onsurfaces of cardiomyocytes with mini-
mal nuclear condensation (Fig. 2e). Flow cytometric analysis revealed
significantly higher IgG binding levels to the apoptotic cell population
(Apo+) whencomparedto live, non-apoptotic cells (Apo-) forIgG from
patients with elevated myocardial inflammation. Furthermore, for IgG
from two of these patients with elevated myocardial inflammation, no
significant differences were observed in IgG binding to stressed Apo—
cells and non-stressed Apo- cells, and, for IgG from another patient
with elevated myocardial inflammation, stress reduced IgG binding
levelsto Apo-cells (Extended Data Fig. 3d-g). These data suggest that
for IgG from patients with SLE with elevated myocardial inflammation,
the heightened IgG binding to cardiac tissues is primarily attributed to
increased bindingto stress-induced apoptotic cells.

IgG binding to the surface of live cardiomyocytes

As previous studies have reported that autoantibodies bound to plasma
membrane targets candirectly exert biological effects"'*°, we inves-
tigated the patterns of IgG binding to the surfaces of the live cardio-
myocyte populations. Live hiPSC-CMs were incubated with patient
IgG fractions, followed by incubation with secondary anti-humanIggG,
and then sorted using flow cytometry to exclude dead and apoptotic
cells. Asignificant correlation between IgG binding levels (MFI) to live
hiPSC-CMs and EF was observed (r* = 0.54, P= 0.0095; Fig. 2f). Consist-
ently, IgG from Myo+SD+ patients with SLE exhibited significantly
higher binding levels to the surface of live hiPSC-CMs compared to
IgG binding from all other patient groups and healthy controls (Fig. 2g
and Extended Data Fig. 3h).

Myo+SD+IgGs alter cardiac tissue composition and function
We next sought to investigate whether direct IgG binding to the sur-
face of hiPSC-CMs exerted functional effects on cardiac tissues. After
14 days of tissue incubation with IgG from individual patients with SLE
or healthy controls (Fig. 3a), tissues were studied by immunofluores-
cence staining for a-actinin and vimentin. A higher level of vimentin
staining, indicative of fibroblast content, was observed in cardiac tis-
sues cultured with IgG from Myo+SD+ patients. To confirm this effect,
we treated fibroblasts in monolayers with IgG from Myo+SD+ patients
and observed a significant increase in Ki-67-positive cells, indicating
increased fibroblast proliferation (Fig. 3c).

Asautoantibodies can alter cardiomyocyte calcium homeostasis
and activate B-adrenergic stimulation'”?>**?*, we assessed cardiac
tissue calcium handling and contractile function using non-invasive
data acquisition and analysis modalities (Extended Data Fig. 4a-d).
In comparison to baseline, before IgG addition, calcium transient
decay constant (tau, T) and transient amplitude width (full width
at half maximum (FWHM)) after 7 days were significantly higher in
tissues cultured with IgG from Myo+SD+ patients compared to all
other groups, indicatingimpaired calcium handling (Fig. 3d-f). These
results were further supported by dose-dependent increases in tau
and FWHM in hiPSC-CM monolayers cultured with increasing con-
centrations of IgG from Myo+SD+ patients (Extended Data Fig. 5a,b).
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Table 1| Patient cohort clinical characteristics

Group Myocardial inflammation (-) Myocardial inflammation (+)

Subgroup N/A Systolic dysfunction (-) Systolic dysfunction (+)

Patient Myo-_1 Myo-_2 Myo-_3 Myo+SD-_1 Myo+SD-_2 Myo+SD-_3 Myo+SD- 4 Myo+SD+1 Myo+SD+ 2 Myo+SD+ 3 Myo+SD+ 4
descriptor

Study ID 1275 523 2526 472 594 558 666 7700 5481 5,708 5076

Age (years) 30 45 26 &/ 38 34 25 23 43 46 39

Sex Female Female Female Male Female Female Female Female Female Female Female

Level of care Outpatient Outpatient Outpatient Outpatient Outpatient Outpatient  Outpatient  Inpatient Inpatient Inpatient Inpatient

Disease 10 34 5 8 4 12 8 5 7 22 28
duration

(years)

FDG-uptake 1.2 13 11 10.7 1.9 2.4 1.8 14.8 Positive Positive Positive
(SUVmax)

EF (%) 55-60 60-65 62 55 60-65 60-65 58 35 47 45-50 10-15
QTc (ms) 423 428 467 416 438 437 41 493 486 438 488
Troponin <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
(ngml™)

ACR criteria 4 10 7 10 8 7 9 1 " "

SLEDAI 4 0 4 2 4 5 5 18 10 0 0
ESR(mmh™) 17 27 44 28 22 45 B 57 79 55 60
CRP (mgl™) 3.2 1.4 5.37 0.25 2 0.84 0.3 124 5.88 1.65 67.27
C3(mgdl") 126 61 125 92 133 121 77 144 119 83 163
C4 (mgdl™) 28 5 36 30 33 24 8 26 22 20 23
Anti-dsDNA <6 245.5 47.9 121.2 14.9 76 13.5 52.2 62.1 24 74
antibody (IU)

SSA antibody 0.9 <0.2 <0.2 >8 37 >8 <0.2 >8 <0.2 <0.2 <0.2
(A1

SSB antibody <0.2 <0.2 <0.2 >8 <0.2 0.5 <0.2 >8 <0.2 <0.2 <0.2
(A1)

Smith <0.2 0.9 <0.2 0.6 <0.2 <0.2 <0.2 73 0.3 <0.2 <0.2
antibody (Al)

B2GP IgG (0] 0 0 (0] (0] 0 1 1 2 17 13
(SGU)

B2GP IgM 3 1 0 2 2 2 7 2 5 0 34
(SMU)

ACL IgG 5 2 2 0 2 4 2 0 1 18 28
(GPL)

ACL IgM 2 5 0 0 0 3 10 0 5 0] |
(MPL)

HbA1c (%) 5 4.8 47 55 4.8 4.9 4.5 5 4.5 5.8

Systolic BP 108 100 104 98 127 94 120 140 110 145 100
(mmHg)

DiastolicBP 68 60 60 68 89 60 50 100 70 90 60
(mmHg)

BMI(kgm™)  23.41 224 27.34 21.28 29.19 23.36 20.01 2717 29.62 28.5 36.13
Total 268 182 170 132 151 178 169 275 174 7 172
cholesterol

(mgdl™)

Triglycerides 74 64 74 50 65 78 109 77 105 84

(mgdl™)

HDL (mgdl™) 69 46 39 55 57 57 67 64 46

LDL (mgdl™) 184 123 83 83 105 90 193 90 108

All patients in the cohort fulfilled the ACR classification criteria for SLE. Patients were grouped based on the presence or absence of myocardial inflammation assessed by "®F-FDG uptake
(Myo+and Myo-, respectively). Patients with SLE with no "®F-FDG uptake quantification are reported as positive based on qualitative analysis. Myo+ patients were further subgrouped based on
SD. All patients with SLE had positive antinuclear antibody titers, and levels of specific antinuclear antibodies (that is, anti-dsDNA, anti-SSA, anti-SSB and anti-Smith) are included here. Levels
of specific antiphospholipid antibodies (that is, anti-B2GP and anti-ACL) are included as well. ACL, anticardiolipin; Al, antibody index; B2GP, beta-2-glycoprotein; BMI, body mass index; BP,
blood pressure; CRP, C-reactive protein; ESR, erythrocyte sedimentation rate; GPL, IgG phospholipid units; HbAlc, hemoglobin Alc; HDL, high-density lipoprotein; IU, international units; LDL,
low-density lipoprotein; MPL, IgM phospholipid units; QTc, corrected QT interval; SGU, standard IgG anti-beta 2 GP1 units; SLEDAI, systemic lupus erythematosus disease activity index; SMU,
standard IgM anti-beta 2 GP1 units. Blank values indicate data that were not available from accessible clinical records.

Nature Cardiovascular Research | Volume 3 | September 2024 | 1123-1139 1126


http://www.nature.com/natcardiovascres

Article

https://doi.org/10.1038/s44161-024-00525-w

Day O Day 2 Day 7 Day 13
hiPSC-CMs Fibrin hydrogel  Platform seeding Tissue formation Tissue stimulation
= -'-7- //"\ 2
Step == +
1 )
Cardiac fibroblasts e
B Electromechanical stimulation ~ Metabolic maturation A Hz
Day 14 Day 21 Day 28
Patient-specific sera 19G purification IgG addition Tissue analyses
“+ N . "
Step E . >\ -
2 N 4
Ll
Ay,
| Ve
b c 19G binding to stressed d
tissues
B 1,000 —
22 > ’ O Myo-
[e]
i 800 (@) Myo+
[
=
2
5}
-
SUVmax
e f —— IgG binding to live hiPSC-CMs —— 9 Rk
*kkk
O Myo-
500 O Myo+ 500 — *kkk
\ ’
400 0 400 + <
- o Q ~
S 300 - 5 300 -
Z 2004 o E 200
100 r2=0.54 100
P =0.0095
o T T T T T 0 -
10 20 30 40 50 60
EF (%)

Fig. 2| Distinct patient IgG reactivity with engineered cardiac tissues

and hiPSC-CMs corresponds with specific clinical outcomes. a, Overview

of tissue formation, stimulation and treatment with purified patient sera-
derived IgG. Each tissue was cultured with IgG from one specific patient.

b, Immunofluorescence staining of human IgG (yellow) derived from patient sera
andbound to engineered cardiac tissues (scale bar, 500 pm). ¢, Linear correlation
between patient IgG binding levels to engineered cardiac tissues (MFI) and
clinical measurements of myocardial inflammation (®F-FDG uptake quantified as
SUVs). Each dot represents a patient (n =9), and dots with SUVmax > 10 represent
patients with elevated myocardial inflammation. Pvalue and r* were calculated
by two-tailed Pearson’s correlation analysis. d,e, Inmunofluorescence staining
of engineered cardiac tissues showing strong sera-derived IgG binding to
condensed nuclei (d; scale bar, 20 um; bottom panels are higher magnification
of region of interest in top panels; top panel is confocal maximum intensity

projection; bottom panel is single confocal plane) and apoptotic blebs on

the cell surface (e; scale bar, 20 um; bottom panels are higher magnification

of region of interest in top panels; both panels are single confocal planes).

f, Linear correlation between patient IgG binding levels to the cell surface of

live hiPSC-CMs (MFI) and corresponding patient EF. Each dot represents a
patient (n =11). Pvalue and r* were calculated by two-tailed Pearson’s correlation
analysis. g, Quantification using flow cytometry of patient IgG binding to live
hiPSC-CMs based on clinical subgroupings. MFlindicates median fluorescence
intensity. Data are represented as mean + s.e.m. n = 3 healthy control patients,
n=3Myo- patients, n =4 Myo+SD- patients and n = 4 Myo+SD+ patients (n=2-3
independent replicate wells per patient sample; exact replicate values are
includedin Supplementary Table1). Symbol shapes represent different patients
within each group; one-way ANOVA with Tukey’s test for multiple comparisons;
***+P < 0.0001. Ctrl, control.

In addition, a dose-dependent decrease in beating frequency was
observed in hiPSC-CMs after 24 hours, which was also significantly
lower in hiPSC-CMs cultured with IgG from Myo+SD+ patients when
compared to hiPSC-CMs cultured with IgG from Myo- and Myo+SD-
patients at the highest IgG concentration (Extended Data Fig. 5¢).

This trend was also observed in hiPSC-CMs 1 hour after the addition
of patient IgG (Extended Data Fig. 5d), suggesting that Myo+SD+ IgG
did not act as agonists to [3-adrenergic receptors. Finally, no signifi-
cant differences were observed in cardiac tissue force generation in
response to patient IgG.
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Fig.3|IgGs from Myo+SD+ patients alter engineered cardiac tissue function
and composition. a, Representative bright-field images of engineered cardiac
tissues after 14 days of culture with patient-specific purified IgG showing overall
tissue morphology for each subgroup (scale bar, 500 pm). b, Representative
immunofluorescence images of engineered cardiac tissue stained to show
cardiomyocytes (x-actinin, red) and fibroblasts (vimentin, yellow) after 14

day culture with patient-specific IgG (scale bar, 50 pm). ¢, Quantification of

the percentage of Ki-67-positive human cardiac fibroblasts after treatment

with patient IgG; n = 3 healthy controls, n =3 Myo- patients, n =4 Myo+SD-
patients and n =4 Myo+SD+ patients (n = 8-12 independent replicate wells

per patient sample; exact replicate values are included in Supplementary
Table1).d, Representative traces of calcium flux in engineered cardiac tissues

after treatment with patient IgG. Values for each curve were normalized to the
maximum value. e.f, Quantification of the percent change of the parameters tau
(e) and FWHM (f) extracted from engineered cardiac tissue calcium transients
after treatment with patient IgG compared to baseline. n = 3 healthy controls,
n=3Myo- patients, n =4 Myo+SD- patients and n = 4 Myo+SD+ patients (n =4-6
independent replicate tissues per patient sample; exact replicate values are
includedin Supplementary Table1). Data are represented as mean + s.e.m.
Symbol shapes represent different patients within each group. Statistical
significance was determined by ordinary one-way ANOVA with Tukey’s test

for multiple comparisons. CF, cardiac fibroblast; Ctrl, control; MFI, mean
fluorescence intensity.

Myo+SD+IgG binding alters cardiac tissue transcriptomics
Bulk RNA sequencing (RNA-seq) identified 707 differentially expressed
genes (DEGs; false discovery rate (FDR) < 0.05) between Myo+SD+
IgG-treated tissues and Myo- IgG-treated tissues and 1,035 DEGs
between Myo+SD+ IgG-treated tissues and Myo+SD- IgG-treated
tissues, with an overlap of 244 DEGs (Fig. 4a,b and Supplementary
Table2a,b). No DEGs were found between tissues treated with IgG from
Myo+SD-and Myo- patients or between tissues treated with IgG from
Myo- patients and healthy controls (Fig. 4a and Extended Data Fig. 6a).
Consistent with the observed impairmentin calcium handling, tissues
cultured with IgG from Myo+SD+ patients exhibited reduced expres-
sionlevels of genes encoding voltage-gated calcium channel subunits
(CACNB2and CACNA2DI). Moreover, the expression of genes encoding
cardiomyocyte transcription factors (MEF2A and MEF2C) were signifi-
cantly downregulated (Extended DataFig. 6b,c).

Principal component analysis (PCA) and hierarchical clustering
analysis of gene expression of tissues cultured with patient IgG, deline-
ated Myo+SD+ IgG-treated tissues from tissues treated with IgG from
other patients with SLE and healthy controls (Fig. 4cand Extended Data
Fig. 6d). Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
analysisand Gene Ontology (GO) of DEGs between tissues treated with
IgG from Myo+SD+ patients and Myo+SD- patients revealed terms

related to cardiomyopathies, cardiac muscle contraction and mor-
phogenesis, adrenergic signaling, apoptosis and sarcomeric proteins
(Fig. 4d and Extended Data Fig. 6e). Furthermore, we investigated
cardiomyocyte-specific gene expression profiles from bulk RNA-seq
data predicted by CIBERSORTx*. Among the DEGs between the car-
diomyocyte population within tissues treated with Myo+SD+IgG and
tissues treated with Myo+SD- IgG were genes associated with mito-
chondriaand oxidative stress. KEGG analysis of these DEGs identified
pathways associated with oxidative phosphorylation, ROS and cardio-
myopathy (Fig. 4e, Extended DataFig.7aand Supplementary Table 3).
Additionally, CIBERSORTX analysis of cardiac fibroblast abundance
within patient IgG-treated tissues revealed significantly larger fibro-
blast fraction in Myo+ IgG-treated tissues than in those treated with
Myo-IgG (Extended DataFig. 6f), consistent with the observed effects
of Myo+SD+ and Myo+SD-IgG on cardiac fibroblast proliferation.

IgGs from Myo+SD+ patients alter hiPSC-CM respiration

Based on the cardiomyocyte population transcriptomic analysis, the
high metabolic demand of cardiomyocytes and the association between
mitochondrialimpairmentand cardiac dysfunction®*%, we sought to
furtherinvestigate the effect of patient IgG on mitochondrial function.
Wetook an orthogonal approach to quantify mitochondrial mass. First,
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MitoTracker analysis showed significantly lower mitochondrial mass
in hiPSC-CMs cultured with IgG from Myo+SD+ patients compared to
hiPSC-CMs cultured with IgG from other patient subgroups (Fig. 4fand
Extended Data Fig. 7b-d). In contrast, we found that succinate dehy-
drogenase (SDH) activity normalized to cell number, ametric used for
indirect measurement of mitochondrial mass and/or mitochondrial bio-
genesis, was significantly higher in hiPSC-CMs cultured with IgG from
Myo+SD+ patients (Fig. 4g). Next, oxygen consumption rate (OCR) was
evaluated using the Seahorse extracellular flux assay and normalized
to SDH activity to account for the differences in SDH observed across
groups. Maximal respirationand spare respiratory capacity were signifi-
cantly lower inthe hiPSC-CMs cultured with Myo+SD+IgG compared to
hiPSC-CMs cultured with IgG from healthy controls and Myo- patients
(Fig. 4h). This trend was further observed in respiratory control ratio
(RCR) measurements, indicating that Myo+SD+ IgG reduced mito-
chondrial respiratory efficiency (Fig. 4i). Finally, using the tetrameth-
ylrhodamine methyl ester (TMRM) probe to measure mitochondrial
membrane potential (Am), Myo+SD+IgG-treated hiPSC-CMsshowed a
significantreductionin Aym.In addition, when compared to Aypm after
the addition of carbonyl cyanide-p-trifluoromethoxyphenylhydrazone
(FCCP) asapositive control thatinduces Apm depolarization, a similar
trend was observed, although the effect was more pronounced with
FCCP (Fig. 4j). All together, these results suggest that Myo+SD+ IgG
led to reduced mitochondrial mass, respiration and respiratory effi-
ciency, which was followed by acompensatory biogenesis mechanism
asindicated by the increased SDH activity.

Cardiomyocyte metabolic dysfunction has not been previously
reported in SLE, but previous studies reported that immune cells in
SLE display altered metabolism™®. Therefore, we sought to investigate
whether the effect of Myo+SD+IgG on cellular respiration would extend
to peripheral blood mononuclear cells (PBMCs). Interestingly, IgGs
fromall SLE subgroups led to significantly lower PBMC mitochondrial
content measured by MitoTracker and significantly lower maximal
respiration when compared to PBMCs cultured with IgG from healthy
controls (Extended DataFig. 8a,b). Furthermore, asignificantincrease
in SDH activity and a decrease in mitochondrial membrane potential
was observed only in PBMCs cultured with IgG from the Myo+SD-and
Myo+SD+ patients when compared to healthy controls (Extended Data
Fig.8c,d). Overall, similar to our findings in hiPSC-CMs, we showed that
Myo+SD+ IgG altered mitochondrial content and function in PBMCs;
however, in PBMCs, this effect was further extended to IgG from other
SLE patientgroups.

Myo+SD+ patients exhibit unique autoantibody repertoires

Next, we sought to investigate whether the observed phenotypic
and clinical variation between patients was associated with unique
autoantibody signatures. We used PhIP-seq, a high-throughput

unbiased technique that incorporates phage display of synthetic
peptides covering the entire human proteome to characterize autoan-
tibody reactivities at scale*’. This method enables profiling of the
fullrepertoire of autoantibody targets in a patient-specific manner,
including bothintracellular and extracellular human heart proteins.
We initially validated PhIP-seq target detection by finding a linear
correlation between read counts for Ro52 peptides and clinical meas-
urements of anti-SSA/Ro autoantibodies by ELISA (Extended Data
Fig.9a). PCA of differentially detected antigen targets clearly deline-
ated all patients with SLE from healthy controls with tight clustering
among SLE patient subgroups (Fig. 5a). Thirty proteins were uniquely
detected by autoantibodies present in the Myo+SD+ patients, 26 of
which are expressed in the human heart at varying levels* (Fig. 5b,
Extended Data Fig. 9b and Supplementary Table 4a). Interestingly,
numerous antigens that have been reported in the literature to be
targets of autoantibodies in the human heart>** were identified as
reactive with the IgG fractions from patients in the current study
(Supplementary Table 4b). IgG from the Myo+ patients, and specifi-
cally Myo+SD+ patients, however, did not have significantly different
reactivities with these antigens when compared to the other patient
subgroups or healthy controls.

Identification of candidate pathogenic autoantibodies

Based on the enhanced Myo+SD+ IgG binding to the cell surface, we
sought toidentify those specific surface targets. First, we characterized
the cell surface proteome (surfaceome) of hiPSC-CMs and primary
cardiac fibroblasts by surface biotinylation, immunoprecipitation
and LC-MS/MS analysis. After data pre-processing and quality control
filtering to omit intracellular proteins, we identified surface proteins
unique to cardiomyocytes (n = 27), cardiac fibroblasts (n = 72) and
shared by both cell types (n =143) (Fig. 5¢, Extended Data Fig. 9c and
Supplementary Table 5). By overlapping the identified surface pro-
teins with the 30 Myo+SD+ IgG-targeted antigens, we identified four
candidate pathogenic autoantibodies. These autoantibodies targeted
DIP2A, a cardiomyocyte-specific receptor associated with cardiopro-
tection*’; LMO?7, a cardiac fibroblast-specific multifunctional regulator
of protein-protein interactions***; and two surface antigens present
in both cell types: PVR, associated with cell adhesion*?, and PLAUR®,
associated with extracellular matrix (ECM) degradation (Fig. 5d). Linear
correlation analyses between these autoantibody read counts and EF
indicated that autoantibodies to LMO7 had the strongest correlation
with EF (= 0.67, P=0.002; Fig. Se).

Discussion

Wereportahumancardiactissuemodeltostudyautoantibody-mediated
myocardial injury in SLE. Using hiPSC-CMs, cardiac fibroblasts, engi-
neered human cardiac tissues and patient-specific autoantibody

Fig. 4 |1gGsisolated from Myo+SD+ patients alter tissue transcriptomics,
mitochondrial content and respiration. a, Volcano plots depicting the DEGs
between tissues cultured with patient IgG from different clinical subgroups.
Statistical significance was determined by two-sided Student’s ¢-test with
Benjamini-Hochberg correction for multiple comparisons. Genes that were
significantly upregulated (FDR < 0.05) are showninred, and genes that were
significantly downregulated (FDR < 0.05) are shown in blue. b, Venn diagram
describing the number of DEGs between tissues treated with IgG from Myo+SD+
patients and IgG from either Myo- patients or Myo+SD- patients and the
overlapping DEGs. ¢, PCA plot of global gene expression profiles for tissues
treated with IgG from different patients with SLE and healthy controls. Each point
represents the average expression of n =3 independent tissues treated with IgG
from the same patient. d, KEGG analysis of DEGs between tissues treated with

IgG from Myo+SD+ patients and IgG from Myo+SD- patients. e, KEGG analysis of
cardiomyocyte population DEGs between tissues treated with IgG from Myo+SD+
patients and IgG from Myo+SD- patients. f, Changes in hiPSC-CM mitochondrial
quantity in response to patient IgG and measured by the MitoTracker Green

probe. Ordinary one-way ANOVA with Dunn’s post hoc comparisons test.

g, Changes in SDH activity in hiPSC-CMs in response to patient IgG. Ordinary
one-way ANOVA with Tukey’s test for multiple comparisons. h, Characterization
of IgG effect on mitochondrial respiration in hiPSC-CMs by Seahorse metabolic
flux assay. OCR values were normalized to SDH activity. Ordinary two-way ANOVA
with Tukey’s test for multiple comparisons. i, Changes in hiPSC-CM RCRin
response to patient IgG. Ordinary one-way ANOVA with Tukey’s test for multiple
comparisons. j, Changes in hiPSC-CM mitochondrial membrane potential in
response to IgG, measured with the TMRM probe. Ordinary one-way ANOVA
with Tukey’s test for multiple comparisons; P < 0.0001 for comparison of the
FCCP group to each other patient group. Data are represented as mean + s.e.m.
n=3healthy controls, n =3 Myo- patients, n =4 Myo+SD- patientsand n =4
Myo+SD+ patients, with n = 3 independent tissues per patient (a), n = 3 wells per
patient (f) or n=4-6 independent replicate wells per patient sample (g-j). Exact
replicate values are included in Supplementary Table 1. Symbol shapes represent
different patients within each group. Ctrl, control; FC, fold change; PC, principal
component; PV, Pvalue.
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repertoires, we identified two distinct signatures of autoantibody
binding patterns that correlated with clinical phenotypes. First, IgG
fractions from patients with SLE with elevated myocardial inflamma-
tion demonstrated increased binding to stressed cells within tissues
subjected to electromechanical stimulation. Second, IgG from patients

with SLE with myocardial inflammation and SD (Myo+SD+) exhibited
enhanced binding to the surface of live cardiomyocytes. We showed
that, by binding to live cardiac cells, IgG exerted potent biological
effects independent of complement and immune cell involvement.
Overall, these findings indicate that SLE autoantibodies may evoke a
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Fig. 5| Identification of unique and potentially pathogenic autoantibody
populations in Myo+SD+ patient serum. a, PCA plot of differential antigen
targets. b, Venn diagram describing the number of antigen targets in each SLE
patient subgroup and their overlap. ¢, Venn diagrams describing the number
of cardiomyocytes and cardiac fibroblast-specific surface proteins and their

Cardiomyocytes & cardiac fibroblasts

overlap, representing shared surface proteins. d, Heatmap of potential Myo+SD+
pathogenic autoantibodies targeting cardiac cell surface antigens. e, Linear
correlation between patient EF and corresponding read counts of LMO7. Pvalue
and P were calculated by two-tailed Pearson’s correlation analysis. Ctrl, control;
PC, principal component.

range of biological processes that contribute to clinical heterogeneity
in cardiac disease manifestations and outcomes.

These experiments expanded upon our previously reported engi-
neered cardiac tissue model* by using metabolic maturation medium
incombination with an electromechanical stimulation regimen. Using
hiPSCs derived from a healthy control enabled robustness and scalabil-
ity but did not account for the diverse genetic backgrounds of patients
with SLE, anaspect worthy of further studies. Additionally, true autore-
activity was not demonstrated in this allogeneic model. However, the
lack of binding of IgG from healthy controls to the engineered cardiac
tissues suggests that the contribution of alloantibodies was minimal.

The intensity training regimen resulted in LDH release and some
apoptosis likely due to oxidative stress*®. This rendered the stressed
tissuesimmunologically distinct from non-stressed tissues, resulting
inincreased IgG binding to the surface of apoptotic cells. Conversely,
stress did not result in enhanced IgG binding to live cells for IgG from
patients with elevated myocardial inflammation, indicating that it
did not induce the presentation of newly expressed SLE antigens on
their surface. Further studies are required to determine whether the
increased IgG binding to the surface of apoptotic cells was due to
exposed phospholipid or redistribution of intracellular antigens to
the cell surface. Notably, the increased binding to apoptotic cells was
consistent with previously reported SLE autoantibody binding patterns
in the fetal heart and UV-damaged keratinocytes®*. The correlation
between enhanced autoantibody binding to stressed cardiac cellsand
elevated levels of myocardial inflammation suggests that such binding
may evoke immune cell infiltration and activation that subsequently
exacerbates myocardial inflammation. Furthermore, the similarity
in patient IgG binding patterns to non-stressed cardiac tissues and
healthy human heart samples underscores the advantage of our plat-
formtomodel cardiac stress in vitro and identify previously unknown

associations between cardiac stress and SLE-mediated myocardial
inflammation.

The lack of correlation between myocardial inflammation and
SD suggests that autoantibody binding may directly influence car-
diac tissue function beyond contributing to immune cell-mediated
inflammation. Building upon this observation and previous studies
reporting that autoantibodies can directly influence cell function in
the absence ofimmune cells®**, we hypothesized that autoantibodies
from patients with SD bind to the surface of cardiac cells and initiate
downstream signaling or modulate physiological processes. The col-
lected experimental evidence in this study supports this hypothesis.
IgG purified from Myo+SD+ patients demonstrated enhanced bind-
ing to the surface of live cardiomyocytes, exerting potent biological
effects, including altered cellular composition, respiration and tissue
calcium handling and transcriptomics.

Transcriptomic analysis of cardiac tissues cultured with Myo+SD+
IgG indicated downregulation of calcium channels, supporting the
observed prolonged calcium transients in those tissues. Impaired
calcium handling, cytosolic calcium overload and oxidative stress in
the myocardium have all been linked to dysregulation of mitochondrial
function, increased mitochondrial biogenesis and the development of
clinical SD**~°, Consistently, we found that Myo+SD+ IgG altered the
expression of genesin cardiomyocytes that are associated with oxida-
tive phosphorylation, and we further confirmed thisin cellular assays.
hiPSC-CMs cultured with Myo+SD+IgG exhibited a significant decrease
inmitochondrial mass, respiration and, more importantly, respiratory
efficiency. Conversely, SDH activity that is classically associated with
acompensatory mitochondrial biogenesis in conditions of mitochon-
drial dysfunction, including primary mitochondrial disorders, was
increased. It remains to be established how these autoantibodies affect
the different respiratory chain complexes. Importantly, considering
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the abundant mitochondrial contentin cardiomyocytes and the heart’s
high metabolic demand, the perturbation in respiration potentially
renders the heart more vulnerable to IgG-induced injury compared to
other organs and potentially leads to the development of SD.

Moreover, consistent with previous reports in SLE indicating
altered immune cell metabolism, we found that IgG from Myo+SD+
patients altered PBMC mitochondrial content, membrane potential
andrespiration®. These findings suggest acommon IgG-induced mito-
chondrial injury mechanism in both cell populations and indicate
thatimpaired immune cell metabolism may further contribute to the
clinical phenotype in patients with SD. Deciphering whether pharma-
cological interventions to modulate cardiomyocyte and immune cell
metabolism would aid in the prevention of SD would be of particular
interest.

The enhanced fibroblast proliferation and increased abundance
within tissues cultured with Myo+ IgG and, particularly, Myo+SD+
IgG suggests that this cellular response could contribute to collagen
deposition and pathological remodeling in the heart and ultimately
contribute to the development of SD in (1) neonatal patients with
SLE-mediated congenital heart block® and/or (2) adult patients with
SLE. Furthermore, these dataindicate that IgG-mediated injuryin the
heart affects multiple cell types, emphasizing the advantage of the
reported tissue model. As the observed fibroblast phenotype was
induced by IgG obtained from all Myo+ patients and does not fully
explainthe development of clinical SD, further studies lookinginto the
effect of autoantibodies on a combined model of cardiac tissues and
immune cells may uncover valuable insights into disease pathogenesis.

PhIP-seqis a powerful method for the discovery of autoantibody
targetsin apatient-specific manner. Despite the highly heterogenous
nature of SLE and the wide array of autoantibodies in patients, we
found several shared autoantibodies across all Myo+SD+ patients.
By combining PhIP-seq and cell surfaceome analyses, we uncovered
four new potential pathogenic autoantibodies targeting the surface
of cardiomyocytes and cardiac fibroblasts, previously unlinked to
autoimmune-mediated heart disease. The cardiomyocyte-enriched
IgG target DIP2A is a cell surface receptor for follistatin-like 1 (FSTL1),
a protein that increases cardiomyocyte survival and decreases car-
diomyocyte apoptosis and hypertrophy***>~¢, Thus, an autoantibody
tothe FSTL1receptor may interfere with its cardioprotective role and
potentially contribute to the SD in Myo+SD+ patients. The cardiac
fibroblast-specific protein LMO7 participates in the regulation of
transforming growth factor beta (TGF-B) and fibrotic remodeling®’.
Autoantibody-mediated inhibition of LMO7 could increase fibroblast
activationand proliferation, accounting for our findings in IgG-treated
tissues. PLAUR, a urokinase plasminogen activator surface recep-
tor, has established roles in ECM proteolysis, akey process in fibrotic
remodeling™, further connecting specific autoantibody targeting
with fibrosis. Knockdown of PLAUR also impairs mitochondrial func-
tion, promotes immature biogenesis of mitochondria and alters cell
metabolism®~®, possibly contributing to the observed metabolic
dysfunction. Given the biology of SLE, it is likely that these autoanti-
bodies work in concert to induce injury. Further investigation of the
mechanisms by which they collectively contribute to SD is required.

Although our patient IgG fractions did include some autoanti-
bodies previously reported to be cardiac disease associated, these
autoantibodies were not specifically enriched in any of the patient
groupsstudied here, suggesting that myocardial injury in SLE is medi-
ated by different autoantibodies thanin other conditions affecting the
heart. Notably, although the PhIP-seq method is limited by its ability
toinformon autoantibody cross-reactivity, we used cellular assays to
rule outIgG cross-reactivity with -adrenergic receptors as a possible
mechanism ofinjury in our study. Studies of larger patient cohorts are
required to advance autoantibody-phenotype associations. Notably,
anti-phospholipid autoantibodies were present in certain patients
in the cohort, and it is possible that they led to valve damage that

subsequently contributed to myocardial damage. Finally, exploring
the effect of whole seraon cardiactissue phenotype would be valuable
to discover additional components that may lead to cardiac damage
inSLE.

Inconclusion, our study demonstrates the utility of an engineered
model of the human myocardium for elucidating the heterogeneity
and pathophysiology of autoantibody-mediated myocardial injuryin
patients with SLE. We envision that this model willimprove myocardial
risk stratification in SLE, facilitate the identification of new therapeutic
targets and be extended to other diseases associated with complex
autoantibody-mediated tissue damage.

Methods

Patient cohort

All study participants signed an informed consent form and were not
compensated. The study was approved by the Columbia University
Institutional Review Board (IRB). Patients were recruited from the
Columbia University Lupus Center intwo groups: one investigating the
presence of myocardial inflammation (defined by ®F-FDG myocardial
uptake) in non-hospitalized patients with SLE without active cardiac
symptoms and the other investigating hospitalized patients with SLE
evaluated with '®F-FDG PET/CT after active cardiac symptoms. Patients
were 18 years of age or older and met the 1997 ACR classification criteria
for SLE®%, Patients with SLE with both myocardial inflammation and SD
wereincludedinthestudy onlyif review of previous EF measurements
revealed an acute decline in EF at the time of enrollment and serum
collection. Patients did not undergo endomyocardial biopsies.

Clinical covariates

SLE disease duration was defined as the duration in years from the date
of physician diagnosis. SLE disease activity was calculated using the Sys-
temic Lupus Erythematosus Disease Activity Index 2000 (SLEDAI-2K)®2.
Traditional cardiovascular risk factors, history of lupus nephritis and
antiphospholipid antibody syndrome, as well as use of immunosup-
pressants, were ascertained by patient questionnaire and medical
record review.

Laboratory covariates

Autoantibodies, including antinuclear antibodies, anti-SSA/Ro,
anti-SSB/La, anti-dsDNA, anti-Smith and antiphospholipid antibod-
ies,and other pertinent laboratory values, such as complement levels
(C3and C4), erythrocyte sedimentation rate (ESR) and high-sensitivity
C-reactive protein, troponin and pro-beta-natriuretic peptide
(pro-BNP) levels, were assessed at the clinical laboratory at New York
Presbyterian Hospital and the Core Laboratory of the Columbia Uni-
versity Irving Institute for Clinical and Translation Research.

8F-FDG PET/CT

Myocardial uptake imaging was performed on an MCT 64 PET/CT
scanner (Siemens Medical Solutions). Alow-dose CT transmission scan
(120 kV, 25 mA) was obtained for attenuation correction of PET data.
All patients were on a carbohydrate-free diet for 24 h. Patients were
injected with10 + 0.1 mCi of ®F-FDG intravenously using an antecubital
ordorsalforearm catheter. Alist mode three-dimensional PET scan was
acquired for 10 min after a 90-min uptake period after ®F-FDG injec-
tion. Non-gated attenuation-corrected images were reconstructed
yielding 3-mm effective resolution. Corridor 4DM software was used
tovisually assess myocardial ®F-FDG uptake and to semi-automatically
quantify mean radiotracer uptake in the myocardium. Quantification
of inflammation by ®F-FDG PET/CT involved measurement of SUV in
the myocardium. SUV was determined for 17 myocardial segments, and
the maximum of these values was determined as SUVmax. SUVmax > 1.5
was the threshold used to define the presence of myocardial inflamma-
tion. Uptake of myocardial ®F-FDG was not quantified in three patients
within the cohort; instead, the presence of myocardial inflammation

Nature Cardiovascular Research | Volume 3 | September 2024 | 1123-1139

1132


http://www.nature.com/natcardiovascres

Article

https://doi.org/10.1038/s44161-024-00525-w

was assessed qualitatively by a nuclear cardiologist and determined
to beeither positive or negative.

Isolation of patient IgG fractions

Samples of serum were collected from patients at the time of ®F-FDG
PET/CT scans and stored at =80 °C until IgG purification. The IgG anti-
body fractions were isolated from patient sera by affinity purifica-
tion with immobilized protein A/G using a NAb Protein A/G Spin Kit
(Thermo Fisher Scientific, 89950) according to the manufacturer’s
protocol. Next, Zeba spin desalting columns (Thermo Fisher Scientific,
87766) were used to further purify IgG from contaminates. Notably,
IgG purification from the patients’ sera was performed to eliminate
confounding effects of sera components, such as cytokines, growth
factors and drugs. Purified IgG fractions were stored at —80 °C until
experimental use.

hiPSCsourcing

The experiments were performed using the WTC11-GCaMPé6f hiPSC
line, obtained through an institutional material transfer agreement
with the Gladstone Institutes in San Francisco, California (Bruce
Conklin)®. The line contains a constitutively expressed GCaMP6f
calcium-responsive fluorescent protein® inserted into asingle allele of
the AAVSIsafeharborlocus, which enables real-time and label-free visu-
alization of calcium handling. The parental hiPSC line WTC11 (GM25256
at the Coriell Institute) was generated from a healthy donor with no
history of cardiovascular or autoimmune diseases®.

hiPSC culture

hiPSCs were cultured in mTeSR Plus medium (STEMCELL Technolo-
gies, 100-0276) ontissue culture plates coated with Matrigel (Corning,
354230; diluted 1:100 in RPM11640 medium) and passaged every 3-4 d
with 0.5 mM EDTA (Thermo Fisher Scientific, 15575). For the first 24 h
after passaging, 5 UM Y-27632 dihydrochloride (Tocris Bioscience,
1254), arho-associated protein kinase (ROCK) inhibitor, was added to
the culture medium. hiPSCs were karyotyped and regularly tested for
mycoplasma contamination.

Cardiomyocyte differentiation from hiPSCs

Cardiomyocytes were differentiated as previously described®. Inbrief,
hiPSCs were plated at a density 0f 155,000 cells per cm?2 d before the
start of differentiation. Culture mediumwasreplaced with cardiomyo-
cytedifferentiation medium (CDM), consisting of RPMI11640 medium
(Thermo Fisher Scientific, A4192302), 500 pg ml™ recombinant
human albumin (Sigma-Aldrich, A9731) and 213 pug ml™ L-ascorbic acid
2-phosphate (Sigma-Aldrich, A8960). From day O to day 2, CDM was
supplemented with 4 pM CHIR99021 (Tocris Bioscience, 4423), and,
from day 2 to day 4, CDM was supplemented with2 uM Wnt-C59 (Tocris
Bioscience, 5148). After this, CDM was changed every 2 days. Onday 10,
CDMwas replaced with purification medium, consisting of RPM11640
without glucose (Thermo Fisher Scientific,11879020), B27 Supplement
(Thermo Fisher Scientific, 17504044, 1x) and 213 pg ml™ L-ascorbic
acid 2-phosphate, to purify the hiPSC-CM population and eliminate
potential contaminating cell populations. On day 13, the mediumwas
replaced with RPMI-B27 medium, consisting of RPMI 1640 medium,
B27 Supplement 1x and 213 pg ml™ L-ascorbic acid 2-phosphate. On
day 17, cells were pre-treated with 5 uM Y-27632 dihydrochloride for
4 hoursto prepare for dissociation. Cells were dissociated by enzyme
digestion with 95 U ml™ collagenase type Il (Worthington, LS004176)
and 0.6 mg ml™ pancreatin (Sigma-Aldrich, P7545) in a dissociation
buffer consisting of 5.5 mMglucose, 1.8 mM CacCl,, 5.4 mMKCl, 0.81 mM
MgSO0,, 100 mM NacCl, 44 mM NaHCO, and 0.9 mM NaH,PO,. Cells
were incubated at 37 °C on a shaker for approximately 30 min. Flow
cytometry for cardiac troponin T (cTnT; BD Biosciences, 565744) was
performed before cell use for tissue fabrication to ensure cell purity
(>90% cTnT+).

Cardiac fibroblasts

Primary human ventricular cardiac fibroblasts (NHCF-V; Lonza,
CC-2904) were cultured according to the manufacturer’s protocol
with Fibroblast Growth Medium 3 (PromocCell, C-23130). Fibroblasts
were used between passage 3 and passage 5. Cells were generated
from healthy donors with no history of autoimmune or cardiovascular
disease.

PBMCs

Human PBMCs (STEMCELL Technologies, 70025.2) were cultured in
RPMI 1640 with 10% heat-inactivated FBS according to the manufac-
turer’s protocol.

Human LV tissue samples

De-identified human LV tissue samples were obtained from the Colum-
bia University Biobank for Translational Studies under IRB protocol
number AAAR6796.

milliPillar platform fabrication

The platform, termed milliPillar, was assembled as previously
described”. In brief, the platform was fabricated by casting polydi-
methylsiloxane (PDMS; Dow Chemical Company, 02065622;1:10 curing
agent-to-elastomer ratio) into custom molds containing carbon elec-
trodes and curing overnight at 65 °C. The platform was then detached
from the mold and plasma bonded to a glass slide. After completion,
each well contained a set of horizontal flexible pillars upon which
fibrin hydrogel containing cells can be suspended, as described below.
Each well also contained a set of carbon electrodes for electrical field
stimulation. A custom microcontroller-based electrical stimulator
was used for electrical pacing during culture and video acquisition,
as previously described”.

Human engineered cardiac tissues

Engineered cardiac tissues were fabricated as previously described?.
In brief, dissociated hiPSC-CMs and primary cardiac fibroblasts were
mixed in a 3:1 ratio and resuspended in fibrinogen by mixing the cell
solution with 33 mg mI™ human fibrinogen (Sigma-Aldrich, F3879)
and RPMI-B27 (described above) to a final fibrinogen concentration
of 5 mg ml™and cell concentration of 37,000 cells per microliter. A
3-pl drop of 2.5 U mI™ human thrombin (Sigma-Aldrich, T6884) was
added to each platform well, followed by addition of 12 pl of the cell-
fibrinogen solution. The two solutions were mixed, spread evenly
across the well and incubated at 37 °C for 15 min, allowing the fibrin
hydrogel to polymerize within the well. After polymerization, each well
was filled with 400 pl of RPMI-B27 supplemented with 10 pM Y-27632
and 5 mg ml™ 6-aminocaproic acid (Sigma-Aldrich, A7824). On day 1,
RPMI-B27 medium was replaced without Y-27632.

Optimization of engineered cardiac tissue culture medium

On day 2, platforms were randomized into two different culture
medium groups: RPMI-B27 and a previously reported metabolic MM**,
Medium also contained 6-aminocaproic acid and was changed every
otherday.Onday 6, 6-aminocaproic acid was removed from the culture
medium. On day 7, electrical stimulation was initiated at a frequency
of 2 Hz until day 14. Tissue functionality was assessed by calcium and
bright-field imaging on day 14. Force generation, contraction and
relaxation velocities and calcium transient amplitude and kinetics
were measured (Extended Data Fig. 4). Tissues cultured in MM dis-
played enhanced structural and functional properties; therefore, MM
was chosen as the culture medium for subsequent experiments with
patient IgG.

Engineered cardiac tissue incubation with autoantibodies
Engineered cardiac tissues cultured in MM were fabricated as described
above, and, at day 7, a 14 day gradually increasing electromechanical
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stimulation regimen (2 Hz to 6 Hz, ‘intensity training’) was initiated.
Patient-specific serum purified IgG was added 7 d after the initiation of
the electromechanical stimulation regimen when frequency reached
4 Hz and was maintained for an additional 14 days. To ensure that the
functional effect on cardiactissue performanceis not associated to titer
levelsand only to distinct autoantibody patterns, the same concentra-
tion of purified patient autoantibodies, 0.5 pg ml™, was added to all
tissues. To assess the effect of purified IgG on cardiac tissue function-
ality, we evaluated the tissue contractility and calcium handling (the
fulllist of metrics and their descriptionsis provided in Extended Data
Fig.4) atbaseline (day 14) and after the addition of IgG, on days 21 and
28. To reduce noise from tissue-to-tissue variability, measurements
were normalized to the baseline.

Indirectimmunostaining to visualize IgG targets
Cardiactissues and hiPSC-CMs cultured with patient IgG were fixed in
4% paraformaldehyde, blocked for1 hour at room temperature in PBS
with 2% FBS and subsequently incubated with secondary anti-human
IgG (1:500, Thermo Fisher Scientific, A21090, or Sigma Aldrich,
SAB4600181). This method enabled visualization of cellular antigens
accessible toautoantibodies only inlive tissues or cells. Samples were
visualized using a scanning laser confocal microscope (Al confocal sys-
tem with Eclipse Tiinverted microscope, Nikon Instruments). Binding
intensity was measured by image analysisinImageJ. IgG binding levels
were quantified as MFI.

Immunostaining

Whole-mount engineered cardiac tissues and cells were fixed and
permeabilized in 100% ice-cold methanol for 10 min, washed three
times in PBS and then blocked for 1 hour at room temperature in PBS
with 2% FBS. After blocking, the tissues were incubated with primary
mouse anti-a-actinin (sarcomeric) antibody (1:750, Sigma-Aldrich,
A7811) and vimentin (1:2,500, Abcam, ab24525), washed three times
and incubated for 1 hour with secondary antibodies (Thermo Fisher
Scientific, A-11039, A11041, A31571 and A11030). For nuclei detection,
the tissues were washed and incubated with NucBlue (Thermo Fisher,
Scientific, R37606). Whole tissues were placed inincubation chambers
(Grace Bio-Labs, 645501) and mounted with ProLong Diamond antifade
mountant (Invitrogen, 36961). Tissues were visualized using ascanning
laser confocal microscope (Al confocal system with Eclipse Tiinverted
microscope, Nikon Instruments).

Flow cytometry to assess autoantibody binding

hiPSC-CMs were differentiated and dissociated as described above.
Individual patient IgG samples were diluted 1:500 in cell staining
buffer (BioLegend, 420201) and incubated with hiPSC-CMs for 1 hour
atroomtemperature, followed by incubation with CF-647 conjugated
anti-human IgG (Sigma-Aldrich, SAB4600181) diluted 1:500 in cell
staining buffer for 30 minat room temperature. hiPSC-CMs were then
stained with Apotracker Green (BioLegend, 427401) and propidium
iodide (Thermo Fisher Scientific, R37169) according to the manufactur-
ers’ protocols. Flow cytometry was conducted with aZE5 Cell Analyzer
(Bio-Rad) to identify live cardiomyocytes and quantify IgG binding.
FlowJo software (BD Biosciences) was used for analysis. Live cardio-
myocytes were defined as those with negative staining for propidium
iodide, amarker of dead cells, and Apotracker Green, amarker of apop-
totic cells. An example of the gating strategy is provided in Extended
DataFig. 3b. IgG binding levels were quantified as median fluorescent
intensity for all cells within the viable cardiomyocyte population.

Fibroblastimaging assays

Cardiac fibroblasts were cultured with patient IgG for 72 hours and
immunostained as previously described in the Methods section to
evaluate the number of Ki67-positive cells. Primary antibody against
Ki-67 was used (1:100, Abcam, ab15580). Primary cells were stained with

DAPIland thenimaged with a high-throughputimaging system (BioTek
Cytation 5, Agilent). Image fields with more than 200 or fewer than 95
cells were excluded from analysis.

Calciumimaging and analysis

To decrease tissue-to-tissue variability, all metrics were measured
as percent change from baseline. Tissues were imaged in a live-cell
chamber (STX Temp & CO, Stage Top Incubator, Tokai Hit) using a
sCMOS camera (Zyla4.2, Andor Technology) connected to aninverted
fluorescence microscope with a standard GFP filter set (IX-81, Olym-
pus). Tissues were then electrically stimulated at 1 Hz, and videos were
acquired at 100 frames per second (fps) for 300 frames to measure
calcium transients. Calcium signals were analyzed using a previously
published script®. In brief, the script was developed to average the
pixelintensities for each frame, and this transient was then corrected
for fluorescent decay. Further analysis by the script then extracted the
metrics of calcium handling, including calcium amplitude, FWHM,
contract 50 and the exponential decay constant (7). A description of
these metricsis provided in Extended Data Fig. 4.

MitoTracker Green assay

hiPSC-CMs were dissociated after differentiation and replated in
Matrigel-coated 96-well plates at 200,000 cells per cm? After 2 weeks
in culture in MM, cells were cultured with patient IgG (0.5 pg mi™) for
1week and then assayed. For PBMC analysis, cells were thawed and
cultured with patient IgG (0.5 pg m1™) for 1 week and then assayed.
Cells were stained with MitoTracker Green (Thermo Fisher Scientific,
M46750) according to the manufacturer’s protocol, and fluorescence
was measured usingaZE5 Cell Analyzer (Bio-Rad). MitoTracker Green
was quantified as median fluorescence intensity.

Measurement of mitochondrial membrane potential
hiPSC-CMs were dissociated after differentiation and replated in
Matrigel-coated 96-well plates at 200,000 cells per cm? After 2 weeks
in culture in MM, cells were cultured with patient IgG (0.5 pg ml™) for
1week and then assayed. For PBMC analysis, cells were thawed and
cultured with patient IgG (0.5 pg ml™) for 1 week and then assayed. Cells
wereincubated with20 nM TMRM in culture medium for 30 minat 37 °C
and thenwashed two times with PBS. For hiPSC-CMs, fluorescence was
measured using a plate reader (BioTek Synergy, Agilent) with excitation
and emission filters for 530 nm and 590 nm, respectively. For PBMCs,
fluorescence was measured with a ZES5 Cell Analyzer (Bio-Rad). For a
positive control, cells were then treated with 10 pM FCCP for 5 min,
and then fluorescence was measured again.

Metabolic analysis

An extracellular flux analyzer (Seahorse XF96, Agilent) was used with
the Seahorse XF Cell Mito Stress Test assay (Agilent, 103015-100) to
evaluate mitochondrial function. One week before the hiPSC-CM assay,
33,000 cardiomyocytes (GCAMP) were plated onto a Matrigel-coated
Seahorse XFe96 Pro cell culture microplate (Agilent, 103794-100) in
B27 +10 pM ROCK inhibitor and, the next day, changed to MM with
patient-specificIgGand then cultured for 1 week. Media were changed
every other day until the day of the assay. For PBMC analysis, PBMCs
were cultured for 1 week in RPMI1640 with 1% penicillin-streptomycin,
10% heat-inactivated FBS and patient IgG. On the day of the assay, PBMCs
weretransferred to aSeahorse XFe96 Pro cell culture microplate coated
with 0.1 mg ml™ poly-p-lysine plate and briefly centrifuged to adhere
cells to the surface of each well. For both studies, 1 h before the assay,
the culture medium was exchanged to assay medium (XF RPMIMedium,
pH7.4,supplemented with1 mM pyruvate, 2 mMglutamine and 10 mM
glucose), and the culture plate was placed inanon-CO,incubator. Dur-
ing the Mito Stress Test, electron transport chain modulators oligomy-
cin (1.5 pM), FCCP (0.5 pM) and rotenone and antimycin A (0.5 pM) were
injected serially into each well. The key parameters of mitochondrial
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function determined by the Mito Stress Test, including basal respiration,
ATP-linked respiration, proton leak, maximal respiration, spare capacity
and non-mitochondrial oxygen consumption, were generated using the
Seahorse XF Mito Stress Test Report Generator. After Seahorse assay,
cellswere stained with NucBlue live ready probes (Invitrogen, R37605)
andimaged with aninverted fluorescence microscope with astandard
GFPfilter set (IX-81, Olympus) as well as in bright-field. Cell number was
quantified using FIJI. After Seahorse assay, an SDH activity assay (Abcam,
ab228560) was performed according to the manufacturer’s protocol.

Contractile function

For force generation measurements, videos were acquired at 20 fps
for 4,800 frames using a custom program to stimulate cardiac tissues
from 0.5 Hzto4 Hz as previously described, and force generation was
analyzed frombright-field videos as previously described®. Inbrief, a
custom Python script was developed to track the motion of the pillar
heads and to calculate the force by multiplying the displacement of the
pillars with the coefficient determined from the force-displacement
calibration curve generated for the pillars. The script used the location
of the pillar heads to determine the total deflection of the pillar from
their equilibrium position without any force applied. Further analysis
of the deflection trace extracted metrics of contractility, including
the following: force, passive force, active force, contraction velocity
and relaxation velocity. A description of these metrics is provided in
Extended DataFig. 4. To decrease tissue-to-tissue variability, all metrics
were measured as percent change from baseline.

Analysis of tissue function

After feature extraction, tissues that did not capture at 1-Hz stimula-
tion based on both calcium and contractility analysis at baseline were
removed from further analysis. The datawere then processed toremove
outliers greater than or less than +1.5x the interquartile range for each
group. Outliers were removed from each metric independently. The
metrics for each tissue were internally normalized to baseline values
and presented as percent change from baseline.

RNA isolation

Tissues were snap frozen in liquid nitrogen and stored at =80 °C until
use. To isolate RNA, snap-frozen tissues were added to 300 pl of RNA
lysis buffer with astainless steel bead (BioSpec,11079123) and homog-
enized with a Mini-BeadBeater (BioSpec, C321001) for 5-10 s or until
tissue samples were not visible. RNA was thenisolated using a Qiagen
RNeasy Micro Kit (Qiagen, 74004) according to the manufacturer’s
instructions. RNA for each sample was then analyzed for quality/quan-
tity using an Agilent Bioanalyzer, Qubit 2.0, at Columbia’s Molecular
Pathology Core.

RNA-seq

The SMART-Seq version 4 Ultra Low Input RNA Kit for Sequencing
(TaKaRa) was used for cDNA amplification according to the manufac-
turer’s instructions. The sequencing library was prepared using the
Nextera XT DNA Library Preparation Kit (Illumina) with 100-150 pg
of starting material and according to the manufacturer’s instructions.
Libraries were sequenced to a targeted depth of approximately 40 M
100-bp paired-end reads on aNovaSeq 6000. RTA (Illumina) was used
for base calling and bcl2fastq2 (version 2.19) for converting BCL to
FASTQ format, coupled with adaptor trimming.

RNA-seq analysis

RNA-seq reads were quantified with Kallisto®, using the Ensembl v96
Human:GRCh38.p12 transcriptome as a reference. Data were depos-
ited in the Gene Expression Omnibus (GSE227571). Multidimensional
scaling®®, PCA®® and hierarchical clustering’® were used to check for
outliers. Samples were normalized by the Trimmed Mean Method”.
Differential expression was analyzed with limma-voom with sample

weighting’>” and duplicate correlation”, which models the effect
of three tissue samples per patient IgG sample. Differential expres-
sion results were analyzed with KEGG’® and GO Biological Process”’,
using a significance cutoff of P<0.001 and |log,fold change| > 0.6.
iPathwayGuide” was used to perform the KEGG analysis, using the Signal
Interaction Pathway (SIP) analysis’**° method, as well as GO analysis,
using the high-specificity pruning method, which is based on the elim
method®'. CIBERSORTxwas used toinfer hiPSC-CM-specific gene expres-
sionprofiles frombulk RNA-seq and provide anestimation of the cellular
fraction of cardiomyocytes and cardiac fibroblasts within the tissues™.

Surface protein analysis

Human primary cardiac fibroblasts were seeded in 10-cm dishes, and
hiPSC-CMswere plated insix-well plates. Two wells were used per pull-
down reaction. A Pierce Cell Surface Biotinylation and Isolation Kit
(Thermo Fisher Scientific, A44390) was used per the manufacturer’s
protocol to biotinylate and pull down cell surface proteins with minor
alterations. Before biotinylation, cells were washed four times with PBS.
Biotinylationreaction was conducted for 30 minat room temperature,
after which the cells were washed four times with PBS and lysed on the
plateinthe provided lysis buffer with 1x Halt Protease and Phosphatase
Inhibitor Cocktail (Thermo Fisher Scientific, 78442). Protein concen-
trations were determined with a BCA assay. An equivalent amount of
1,000 pgof protein was used per pulldown reaction, and cell lysate was
incubated with streptavidin beads for 2 h at room temperature. The
surface proteins were eluted in 40 pl of custom elution buffer (12.5 mM
biotin, 7.5 mM HEPES (pH 7.5), 75 mM NacCl, 1.5 mM EDTA, 0.15% (w/v)
SDS, 0.075% (w/v) sarkosyl and 0.02% (w/v) Na-deoxycholate) at room
temperature for 30 min and an addition of 40 pl of custom elution buffer
at 65 °Cfor20 min. Subsequently, 30 plwas used for western blot confir-
mation, and the remaining 50 pl was analyzed with mass spectrometry.

Global surface protein quantitative analysis

For global surface protein quantitative analysis of cardiac fibroblasts
and cardiomyocytes, the diaPASEF-based method was used®. In brief,
the eluted proteins from streptavidin beads were denatured in SDC
buffer (1% SDC, 100 mM Tris-HCI, pH 8.5) and boiled for 20 min at
60 °C and 1,000 r.p.m. Protein reduction and alkylation of cysteines
were performed with10 mM TCEP and 40 mM CAA at 45 °Cfor 20 min,
followed by sonication in a water bath and cooled down to room tem-
perature. Proteins were precipitated with the SP3 method, as previ-
ously described®, and SP3 beads were resuspended in SDC buffer
(1% SDC/100 mM Tris, pH 8.5). Protein digestion was processed over-
night by adding LysC:trypsin mixin a1:50 ratio (pug of enzyme to pg of
protein) at 37 °C and 1,400 r.p.m. Peptides were acidified by adding
1% TFA, vortexed, subjected to StageTip cleanup via SDB-RPS2 and
dried in a speed-vac. Peptides were resuspended in 10 pl of LC buffer
(3% acetonitrile (ACN)/0.1% formicacid (FA)). Peptide concentrations
were determined using NanoDrop, and 200 ng of each sample was used
for diaPASEF analysis on a timsTOF Pro.

LC-MS/MS for surface protein characterization

Peptides were separated within 87 min at a flow rate of 400 nl min™
on a reversed-phase C18 column with an integrated CaptiveSpray
emitter (25 cm x 75 pum, 1.6 pm, lonOpticks). Mobile phases A and
B were with 0.1% FA in water and 0.1% FA in ACN. The fraction of B
was linearly increased from 2% to 23% within 70 min, followed by an
increase to 35% within 10 min and a further increase to 80% before
re-equilibration. The timsTOF Pro was operated in diaPASEF mode,
and data were acquired at defined 22 x 50 Thisolation windows from
m/z 440 to 1,440. Two IM windows per diaPASEF scan were set. The
collision energy was ramped linearly as a function of the mobility from
59 eV at1/KO =1.6 Vs/cm?*to 20 eV at 1/KO = 0.6 Vs/cm?* The acquired
diaPASEF raw files were searched with the UniProt Human proteome
database (UP0O00005640) in the DIA-NN search engine with default
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settings of the library-free search algorithm?®*. DIA-NN performed the
searchtrypsin digestion with up to two missed cleavages. The following
modifications were used for protein identification and quantifica-
tion: carbamidomethylation of cysteine residues (+57.021 Da) was
set as static modifications, and acetylation of the protein N-terminus
(+42.010) and oxidation of methionine residues (+15.995 Da) was set
as a variable modification. The FDR was set to 1% at the peptide pre-
cursor and protein level. Results obtained from DIA-NN were further
analyzed using Perseus software®. Significantly changed protein
candidates were determined by ¢-test with a threshold for significance
of P<0.05 (permutation-based FDR correction) and 0.58 log,fold
change. Because isolation procedures may yield some contaminating
cellswithcompromised plasma membranes, afurther validation step
of the significant proteins was performed, and data were compared
to three subcellular localization data sources—Human Protein Atlas®®,
Jensen Lab Compartment Repository® and CellSurfer®*—for further
quality control (Extended Data Fig. 7a).

PhIP-seq analysis

PhIP-seq analysis and sequencing were performed according to pre-
vious publications*>®, with a few modifications. Sera containing
approximately 100 pg of IgG (quantified using a Human IgG ELISA
Quantification Set, Bethyl Laboratories) were added to each well, in
duplicate, combined with 1 ml of Human PhIP-seq library*° diluted to
approximately 2 x 10° fold representation in phage extraction buffer
(20 mM Tris-HCI, pH 8.0,100 mM NaCl, 6 mM MgSO,). Afterincubation,
phages were pulled down using anti-FLAG magnetic beads. IgGs that
did not bind to phages were discarded, and, after washing and releasing
of complex phage IgG from beads, IgGs bound to phages were pulled
down using anti-protein A and protein G magnetic beads. Phage DNA
was extracted by incubation at 95 °C for 10 min.

The DNA for multiplexed Illumina sequencing was prepared after
two rounds of amplification using Q5 Hot Star Polymerase (New Eng-
land Biolabs). For the first round of polymerase chain reaction (PCR),
we used the primers IS7 (ACACTCTTTCCCTACACGACTCCAGTCAG-
GTGTGATGCTC) and IS8 (GTGACTGGAGTTCAGACGTGTGCTCTTC-
CGATCCGAGCTTATCGTCGTCATCC), and, for the second round, we
used primer 1S4 (AATGATACGGCGACCACCGAGATCTACACTCTTTC-
CCTACACGACTCCAGT) and a different unique indexing primer for
each sample to be multiplexed for sequencing. Equimolar amounts
ofallsamples were pooled, gel purified and sequenced by the Harvard
Medical School Biopolymers Facility using a 50-bp read cycle on an
lllumina NextSeq.

PhIP-Seq data analysis

Read counts were normalized by z-score, and a t-test was applied
to compare each pair of groups (SLE versus Control, Myo- versus
Myo+SD-, Myo- versus Myo+SD+ and Myo+SD- versus Myo+SD+).
To compare more than two pairs, one-way ANOVA test was applied.
Peptides for which the comparisonresultedinaPvalue lower than 0.05
were considered different for following analyses.

Statistical analysis and reproducibility

Statistical analyses were performed with GraphPad Prism 10.0 using
unpaired two-tailed Student’s ¢-test or Mann-Whitney U-test. Lon-
gitudinal comparison between different groups was performed by
one-way or two-way ANOVA with Tukey’s post test or with ordinary
one-way ANOVA with Dunnett’s test for multiple comparisons. For
cardiac tissue functional analysis, individual beats with parameters
outside of 1.5x the interquartile range were excluded as outliers. For
otherassays, Tukey’s test for outlier exclusion was used with GraphPad
Prism10.0. For representativeimmunofluorescence images presented
inthe manuscript, aminimum of three biological replicates (individual
experiments) and three technical replicates (images) were used to
selectareproducible and representative image.

Reporting Summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data are available in the main manuscript, extended data, supple-
mentary data or associated Figshare site (https://doi.org/10.6084/
mo9.figshare.24415513). All raw sequencing data are deposited at the
National Center for Biotechnology Information’s Gene Expression
Omnibusunderaccession number GSE227571. Serum samples collected
from patients are unique and limited in quantity by nature, but efforts
will be made to share samples upon reasonable request.

Code availability
Allcode used for the collection and/or analysis of data during the cur-
rent study was previously published and is publicly available.
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Extended Data Fig.1| Characterization of electromechanically stimulated
engineered cardiac tissues cultured in different media formulations.

(a, b) Representative brightfield (a) and immunofluorescence (b) images of
engineered cardiac tissues cultured in standard RPMI-B27 (B27) medium (top)
and metabolic maturation (MM) medium (bottom). (c, d) Measurements of
calcium handling (c) and contractility (d) of engineered cardiac tissues cultured
in B27 medium and MM. n =15 cardiac tissue per group. (e) Quantification

of LDH release into supernatant from engineered cardiac tissues during
electrical stimulationat 2 Hzand 6 Hz. n = 3 cardiac tissues per group. Statistical
significance was determined using unpaired two-tailed Student’s t-test. Data
represented as mean +s.e.m. Individual values are indicated by dots. B27, RPMI-
1640 with B27 supplement. MM, metabolic maturation medium. LDH, lactate
dehydrogenase. Scale bars in (a) are 500 pm; scale bars in (b) are 200 pm (left)
and 10 um (right). n.s., not significant.
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Extended Data Fig. 2| Immunostaining of patient IgG binding to engineered are subclassified as low MFl and high MFI based on quantification of human
cardiac tissues. (a) Immunofluorescence images of engineered cardiac IgG staining in engineered cardiac tissues. (b) Immunofluorescence image of
tissues treated with IgG isolated from each patient in the Myo- and Myo+ engineered cardiac tissues cultured with IgG isolated from an additional Myo+
groups, followed by fixation and staining with anti-human IgG to visualize SLE patient with elevated levels of myocardial inflammation (SUVmax =12.4) and
patient-specific IgG binding (yellow). Patient samples from the Myo+ group stained with secondary anti-humanIgG.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3| Quantitative analysis of IgG binding to cardiac tissues
and individual cells. (a) Summary of Pearson correlation coefficients of clinical
18F-FDG uptake quantified as SUVs compared with corresponding patient IgG
bindinglevels to engineered tissues in vitro (MFI, second row) and with other
clinical data collected as part of the cohort. (b,c) IgG binding level quantification
(measured by MFI) of IgG isolated from patients with low levels of myocardial
inflammation (SUVmax <10) and elevated myocardial inflammation (SUVmax
>10) to stressed and non-stressed hiPSC-cardiomyocytes (b) and healthy

left ventricle (LV) tissue sample (c). n =9 patients with SUVmax <10,andn=3
patients with SUVmax >10; n = 8 fields of view per patientin (b) or n = 3 fields

of view per patientin (c). (d) Flow analysis of IgG binding to live and apoptotic
hiPSC-CMs (Apo +), and live, non-apoptotic (Apo-) stressed and non-stressed

hiPSC-CMs in the three cohort patients with elevated myocardial inflammation.
n =3biological replicates per patient. (e-g) Sample gating strategy of Apotracker
Green+and IgG+ in stressed and non-stressed iPSC-CMs. Pseudocolor scatter
plots of (e) unstained, unstressed hiPSC-CMs and (f) stressed hiPSC-CMs

stained for Propidium lodide (PI), Apotracker, and Alexa Fluor 647-conjugated
anti-humanIgG. (g) Histogram of IgG binding in stressed Apotacker+ (black),
non-stressed Apotracker- (pink), or stressed Apotracker- (teal) hiPSC-CMs. (h)
Example flow cytometry gating strategy used to identify live (PI-, Apotracker
green-) hiPSC-CMs, shown in Q4. Datarepresented as mean +s.e.m. Ordinary
two-way ANOVA with Tukey’s test for multiple comparisons in (b,d) and unpaired
two-tailed Student’s t-test in (c). **** p < 0.0001.
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Extended DataFig. 6 | Transcriptomics of engineered cardiac tissues treated
with patientIgG. (a) Volcano plot of DEGs between engineered cardiac tissues
treated with Myo- patient IgG and those treated with healthy control patient IgG
(n=3individuals per group, n =3 tissues per individual). Statistical significance
was determined by two-sided Student’s t-test with Benjamini-Hochberg
correction for multiple comparisons. (b,c) Expression of genes related to calcium
handling (b), and cardiomyocyte transcription factors (c) in tissues cultured with
1gG from healthy controls and SLE patient subgroups; n =3 Myo- patients, n =4
Myo+SD- patients, and n = 4 Myo+SD+ patients; n = 3 tissues per patient. Ordinary
one-way ANOVA with Tukey’s test for multiple comparisons. (d) Hierarchical

clustering of overall transcriptomics of engineered cardiac tissues treated with
IgG from each individual patient. Each column represents the average expression
of n=3independent tissues treated with IgG from the same patient. (e) GO
biological processes (GO:BP), and GO cellular compartment (GO:CC) pathway
analysis of DEGs between tissue cultured with IgG from Myo+SD+and Myo+SD-
patient groups. (f) Fibroblasts fraction in engineered cardiac tissues assessed
with CIBERSORTXx. Individual points represent the average of n = 3 tissues per
patient. Statistical analysis was performed using Mann-Whitney U-test. Data
represented as mean + s.e.m. Symbol shapes represent different patients within
eachgroup.
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Extended Data Fig. 7| Myo+SD+ IgG alter cardiomyocyte respiration.

(a) Schematic of the effects of Myo+SD+ IgG on oxidative phosphorylation
pathway in cardiomyocytes. Red and blue boxes indicate upregulated and
downregulated genes in the cardiomyocyte population, respectively, in tissues
cultured with Myo+SD+IgG compared to tissues cultured with Myo- IgG.

(b-c) Sample gating of MitoTracker Green+hiPSC-CMs cultured with patient

IgG. Pseudocolor scatter plots of (b) unstained hiPSC-CMs and (c) hiPSC-CMs
cultured with IgG from Myo+SD+ patients and stained for Propidium lodide (PI)
and MitoTracker Green. (d) Histogram of MitoTracker+ hiPSC-CMs cultured
with IgG from healthy (black), Myo- (orange), Myo+SD- (blue), or Myo+SD+ (red)
patients. hiPSC-CMs were dissociated prior to staining and analysis.
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Extended Data Fig. 8 | 1gGs from Myo+SD+ patients reduce mitochondrial
content, respiration and respiratory efficiency in PBMCs. (a-d) Changes

in mitochondrial quantity (a), maximal respiration (b), SDH activity (c) and
mitochondrial membrane potential (d), in PBMCs treated with SLE patient and
healthy control IgG; n = 3 healthy controls, n =3 Myo- patients, n = 4 Myo+SD-
patients, and n =4 Myo+SD+ patients; n = 3 wells per patient. Symbol shapes
represent different patients within each group. Datarepresented as mean +s.e.m.

Ordinary one-way ANOVA with Tukey’s test for multiple comparisonsina,c,d,
ordinary one-way ANOVA with Dunn’s post-hoc comparisons testinb.

(e-g) Sample gating of TMRM+ and MitoTracker Green+ human PBMCs cultured
with patient IgG. Pseudocolor scatter plots of (e) unstained PBMCs and (f) PBMCs
stained for Propidium lodide (PI), TMRM, and MitoTracker Green. (g) Histograms
of TMRM+ and MitoTracker+PBMCs cultured with IgG from healthy (black), Myo-
(orange), Myo+SD- (blue), or Myo+SD+ (red) patients.

Nature Cardiovascular Research


http://www.nature.com/natcardiovascres

Article https://doi.org/10.1038/s44161-024-00525-w

Peptide ID |Gene name [Accession Protein Pearson's R
47676|R0O52 P19474 E3 ubiquitin-protein ligase TRIM21 0.93524224
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47673|R0O52 P19474 E3 ubiquitin-protein ligase TRIM21 0.75037002
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Extended DataFig. 9| PhIP-Seq analysis of patient-specific antigen targets. inMyo+SD+ patients compared to Myo-and Myo+SD- patients. Each column

(a) Table summarizing Pearson’s R quantified by correlation between differentRO52  represents a patient (green; Myo- patients, blue; Myo+SD+ patients pink; Myo+SD+
peptides measured by PhIP-Seq and clinical laboratory measurements of patient patients). Each row represents a peptide identified by PhIP-Seq. (c) Schematic of
anti-Ro/SSA antibodies by ELISA. (b) Hierarchical clustering of peptidesincreased surface protein analysis pipeline and filtering of identified proteins.
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Extended Data Table 1| Clinical data of an additional patient with SLE with elevated levels of myocardial inflammation
(SUVmax=12.4)

Group Myocardial Inflammation (+)
Study ID 005
Age 32
Sex Female
Level of Care Inpatient
Disease Duration (years) 0.5
FDG-Uptake (max SUV) 12.4
EF (%) 55-60
QTc (ms) 449
Troponin (ng/mL) <0.01
ACR Criteria N/A
SLEDAI 4
ESR (mmvhr) N/A
CRP (mg/L) 72
C3 (mg/dL) 117
C4 (mg/dL) 17
anti-dsDNA Antibody (1U) <6
SSA Antibody (Al) Positive
SSB Antibody (Al) <0.2
Smith Antibody (Al) <0.2
B2GP IgG (SGU) 0
B2GP IgM (SMU) 0
ACL IgG (GPL) 0
ACL IgM (MPL) 0
HbA1c (%) N/A
Systolic BP (mm Hg) N/A
Diastolic BP (mm Hg) N/A
BMI (kg/m"°) N/A
Total Cholesterol (mg/dL) N/A
Triglycerides (mg/dL) N/A
HDL (mg/dL) N/A
LDL (mg/dL) N/A
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
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>

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
|X| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
N Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ ] A description of all covariates tested
|X| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
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Software and code

Policy information about availability of computer code

Data collection  Functional data for engineered tissues were collected using previously published code from our lab [ref28]

Data analysis All software used to analyze the data is commercial or open-source. Functional data for engineered tissues were analyzed using previously
published code from our lab [ref. 28]. LC-MS/MS data were analyzed with Perseus v2.0.3.1. Statistics were analyzed using GraphPad Prism
v10.0. Image data analysis was performed using the FIJI distribution of Image). RNA-seq reads were quantified with the kallisto package and
differential expression analysis was conducted with the limma R package (v3.55.0). Pathway analysis was performed with iPathwayGuide. Bio-
Rad Everest Software was used to collect data, and FlowJo 10.10 was used for data analysis.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All data are available in the main manuscript, extended data, or associated Figshare site. All raw sequencing data are deposited at NCBI Gene Expression Omnibus
(GEOQ), accession number: GSE227571. Previously published datasets used in this study include: UniProt Human proteome database (UPO00005640), and Human
Cell Atlas HCA Data Coordination Platform DCP (ERP123138).
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Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Patient sex reported in Table 1 is based on information contained in each patient's electronic medical record. Sex was not
used to determine inclusion in the study. Sex based analyses are not included because 10 of 11 patients are female,
consistent with the prevalence of SLE.

Reporting on race, ethnicity, or Information on race, ethnicity, or other social groupings was not included in our data or analysis.
other socially relevant

groupings

Population characteristics Population characteristics are included in Table 1.

Recruitment Patients were recruited either during hospital admission at New York Presbyterian Hospital / Columbia University Irving
Medical Center for cardiac symptoms or during routine follow up care at the Columbia University Lupus Center. To reduce
bias, patients were recruited without any prior knowledge of their level of myocardial inflammation.

Ethics oversight Columbia University Institutional Review Board

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design
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Sample size Our full cohort included n=3 healthy controls, n=3 Myo- patients, n=4 Myo+SD- patients and n=4 Myo+SD+ patients. The sample sizes for
patient groups were based on the relative availability of serum samples. 4-6 engineered tissues, or 3-6 wells were used for each patient
autoantibody sample to allow determination of statistical significance while maintaining a feasible experimental scale.

Data exclusions  Engineered tissues were excluded from analysis if they did not pass quality control (successful capturing at 1Hz stimulation during baseline
measurements). Outliers in tissue function were excluded if outside the +1.5 the interquartile range, as described in the methods. For other
assays, Tukey'’s test for outlier exclusion was utilized with GraphPad Prism 10.0. For Ki67 anlaysis, image fields with >200 or <95 cells were
excluded from analysis.

Replication All data were reproducible, and successfully replicated. All replicates for each type of experiment are indicated in the manuscript. A minimum
of three biological replicates were used for most experiments.

Randomization  Bioreactors containing engineered cardiac tissues were randomly allocated between different experimental groups. Tissues within the same
bioreactor (up to six) were all assigned to the same group.

Blinding The investigators responsible for acquiring data were blinded to the experimental groups. Data analysis was also performed blinded whenever
possible.
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Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChIP-seq
Eukaryotic cell lines |:| |Z| Flow cytometry
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Plants

Antibodies

Antibodies used Anti-alpha-actinin: Sigma-Aldrich #A7811, Clone EA-53, Lot #0000111492, 1:750.
Anti-vimentin: Abcam #ab24525, Lot #6R3354892-4, 1:2500
Anti-ki67: Abcam, cat. no. ab15580, Lot #GR309524-1, 1:100
Secondary Goat Anti-Chicken IgY (H+L) Alexa Fluor 488 Conjugate, Thermo Fisher # A-11039, Lot #2566343, 1:1000
Secondary Goat Anti-Chicken IgY (H+L) Alexa Fluor 568 conjugate. Thermo Fisher #A11041, Lot #1383072, 1:1000
Secondary Donkey Anti-Rabbit 1gG (H+L) Alexa Fluor 488 Conjugate: Thermo Fisher #A21206, Lot #2156521, 1:1000
Secondary Donkey Anti-Mouse IgG (H+L) Alexa Fluor 647 Conjugate: Thermo Fisher #A31571, Lot #1984047, 1:1000
Secondary Goat Anti-Mouse 1gG (H+L) Alexa Fluor 546 conjugate: Thermo Fisher #A11030, Lot # 2465085, 1:500
Secondary Goat anti-Human IgG Fc, 568 conjugate: Thermo Fisher #A21090, Lot # 1316679, 1:500
Secondary Goat Anti-Human IgG (H+L), 647 conjugate, Sigma Aldrich, #SAB4600181, Lot # 21C1008, 1:500

Validation All antibodies were validated for the applications in this manuscript by the reported manufacturer and the information is
located in their website.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) The WTC11-GCaMP6f iPSC line was provided by Dr. Bruce Conklin at the Gladstone Institutes through a material transfer
agreement.
Primary human ventricular cardiac fibroblasts (NHCF-V; Lonza, cat. no. CC-2904)
Human peripheral blood mononuclear cells (Stem Cell Technologies, cat. no. 70025.2)

Authentication Pluripotency was verified by staining for OCT4, NANOG, and SOX2; GCaMP activity was confirmed by fluorescent imaging.

Mycoplasma contamination All cell lines tested negative for mycoplasma contamination.

Commonly misidentified lines  No commonly misidentifed cell lines were used in this study according to ICLAC register of misidentified cell lines.
(See ICLAC register)

Plants

Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor
was applied- i

Authentication Describe-any-atithentication-procedtres for-each seed stock- tised-or-novel-genotype generated—Describe-anyexperiments-tised-to
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.
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Methodology

Sample preparation iPSC-derived cardiomyocytes were differentiated and dissociated, followed by staining with patient IgG samples, CF-647
conjugated anti-human IgG as described in the method section. In addition, hiPSC-CMs and PBMCS were stained with
MitoTracker Green, TMRM and propidium iodide.

Instrument Bio-Rad ZE5 Cell Analyzer

Software Bio-Rad Everest Software was used to collect data, and FlowJo 10.10 was used for data analysis.

Cell population abundance All MFI values reported are based on gated populations with a frequency > 0.57% of the total events.

Gating strategy The gating strategy is provided in Extended Data Figure 3e-h, 7b-d, and 8e-g

g Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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