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Introduction: Immunogenicity of allogeneic human induced pluripotent stem

cell (hiPSC)-derived transplants limits their applicability in regenerative medicine.

Selecting human leukocyte antigen (HLA)-homozygous hiPSC lines could be a

mitigation strategy and haplo-matching would profoundly expand the number of

potential recipients. Here we show deep immune-phenotyping of hiPSC-derived

cardiomyocytes (iPS-CM) differentiated from four independent iPSC lines in three

centers under chemically defined conditions.

Methods and results: Broad immunophenotyping with 354 antibodies revealed

differential expression of 101 immune-related molecules between iPS-CM and the

parental hiPSC lines. We selected 54 key immune markers for deep immune-

phenotyping by spectral flow cytometry at the single-cell level. We found that

HLA-homozygous iPSCMs exhibit an overall stable immune-phenotype across HLA-

homozygous and heterozygous hiPSC lines indicating a robust differentiation

process. HLA-homozygous iPS-CM displayed significantly reduced HLA-ABC

levels compared to heterozygous counterparts with an otherwise conserved

immune-phenotype. Upon interferon gamma challenge as a surrogate of immune

stress responsiveness, iPS-CM significantly upregulatedHLA-ABC, -E, -F, PD-L1, PD-

L2 and the 'don't eat me' signal CD47. As a proof-of-concept we used this panel to

benchmark iPS-CM differentiation across three production sites in this study.
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Discussion: The data indicate generally stable immune-phenotype of iPS-CM

produced at three different sites and support feasibility of monitoring iPS-CM

identity by spectral flow cytometry.
KEYWORDS

cardiomyocyte, hiPSC, immunophenotyping, regenerative medicine, spectral flow
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1 Introduction

Cardiovascular diseases, including myocardial infarction and

chronic heart failure remain the leading cause of morbidity and

mortality worldwide. In the event of myocardial infarction an

estimated one billion cardiomyocytes are terminally lost (1) and

replaced by non-contractile, fibrotic tissue. The hiPSC technology

(2) launched the promising approach of cell replacement therapy to

substitute damaged or lost tissue (3–6). The capacity of iPS-CM to

remuscularize damaged heart tissue has been shown in several pre-

clinical studies using myocardial infarction animal models (7–11)

and in clinical research using engineered heart muscle allografts in

humans (7). Since hiPSCs can be derived in a patient-specific

manner they have the potential to be used for autologous

transplantation. The cost- and time-intensive generation of

patient-specific hiPSCs and complex regulatory requirements

hinder implementation. Allogeneic transplants are under intense

investigation as an alternative since these would provide several

advantages such as off-the-shelf availability, scalability of the

product ion process , and cost effect iveness . From an

immunological perspective the allogeneic approach is challenging

due to HLA-dependent allograft recognition and subsequent

rejection by the recipients’ immune system (12). Although direct

allograft recognition of hiPSC-derived grafts may be avoided by the

absence of passenger leukocytes, indirect and semi-direct allograft

recognition as well as innate and NK-mediated immunity may

induce graft rejection (13–15). As with conventional

transplantation this can be mitigated by HLA matching (16),

however, the high polymorphism of HLA genes leads to limited

matching frequencies thus reducing the probability to find a

suitable donor.

Allograft recognition by a recipients’ immune system and the

ensuing rejection of the graft make allogeneic transplantation

approaches challenging. To overcome this issue and reduce

immunogenicity of hiPSCs-derivatives, several strategies have

been employed, mostly based on genetic engineering (17). A

common approach is deletion of beta-2 microglobulin which

constitutes the light chain of the HLA class I heterodimer, and

knockout of the class II transactivator for disrupting HLA class II

(18–24). The complete lack of HLAmolecules may, however, trigger

activation of NK cells which respond to “missing self” (25). It also

abrogates the ability of antigen presentation and subsequent target
02
elimination in case of infection or oncogenic transformation (26–

28). Consequently, several groups investigated editing of individual

HLA genes to generate hypo-immunogenic hiPSCs pseudo-

homozygous for HLA class I genes or deficient for HLA-A and -B

(29–33). Other strategies increased immune compatibility by

additional overexpression of inhibitory ligands, namely HLA-E,

HLA-G, PD-L1 and 2, or the “don’t eat me” signal CD47 (30,

34–39).

In recent years there has been momentum to set up hiPSC

banks derived from HLA-homozygous donors (40). The use of

HLA-homozygous cells dramatically increases the donor/recipient

matching frequency since only one of the recipients’ haplotypes

needs to be matched (41, 42). This strategy can reduce costs and

time requirements compared to autologous approaches enabling

off-the-shelf availability of clinical grade hiPSCs and desired

differentiated progeny cell therapy products. It leaves the inherent

immunological properties intact thereby avoiding developmental

costs and additional risks such as off-target effects associated with

engineered cells. HLA-homozygous hiPSC-derived retinal pigment

epithelial cells have been successfully transplanted in allogeneic

settings without additional immunosuppression (43). However,

studies in mice suggest organ-specific differences in the immune

response to the graft. Bone marrow, neuronal cell, endothelial cells,

dermal cells as well as hepatocytes were interestingly not rejected in

syngeneic recipients. In contrast, cardiomyocytes induced a T cell

response against the graft (44–47). Single-cell immune-phenotype

data on PSC-derived cardiomyocytes are scarce with just one study

on embryonic stem-cell-derived cardiomyocytes (48) and a

comprehensive bulk transcriptomic and proteomic profiling of

iPS-CM subtypes including selected flow cytometry data (49).

In this study, we therefore investigated the largely unexplored

surface molecule composition of iPS-CMs at the single-cell level

with a particular focus on molecules relevant to the immune

response during host-graft interaction. Global immune-landscape

screening upon iPS-CM differentiation revealed downregulation of

HLA-ABC and beta-2 microglobulin (b2m), pluripotency markers

Tra-1-60, Tra-2-49/-54, SSEA-5, and primed state hiPSC markers

CD24 and CD90. We found downregulation of B7-H3 (CD276),

NK ligand MICA/B, and of inducible T-cell co-stimulator ligand

B7-H2 (CD275), and upregulation of MUC24 (CD164), N-cadherin

(CD325), among others. We devised a 60-marker spectral flow

cytometry pane l in three tes t tubes that covers 54
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immunophenotype and pluripotency markers to monitor the

selected immune response profile upon differentiation of hiPSC

into iPS-CM together with testing for lack of hiPSC marker-

expressing cells in the final cell product, respectively. Each of the

three test tubes contained anti-cTNT and viability stain as a

reference in addition. Spectral typing confirmed uniform

expression of CD164, B7-H3, CD112, and CD155, and

significantly lower HLA class I expression in HLA-homozygous

compared to heterozygous iPS-CM. Upon IFN-g challenge we

observed significant upregulation of HLA-ABC, HLA-DR, HLA-F

and HLA-E, CD47, and PD-L1 (CD274) and PD-L2 (CD273) in

iPS-CM. As a proof-of-concept we used this panel to benchmark

iPS-CM differentiation across three production sites in this study as

part of the european research consortion www.heal-horizon.com.
2 Materials and methods

2.1 HLA-homozygous and -heterozygous
hiPSC

We used the following hiPSC lines: PMUi001-B (PMU1;

PMUi001-A · Cell Line · hPSCreg) (50), R26, R26 HLA class I

and class II double-knockout (R26DKO) (51), MDCi246-C, and

MDCi055-C. All lines were generated previously using

integration-free Sendai virus reprogramming. R26 is homozygous

for 6/6 HLA alleles (HLA-A, -B, -C, -DRB1, -DQB1, -DPB1) at 6-

digit resolution. R26DKO is a genetically engineered sub-clone of

R26 lacking major histocompatibility complex (MHC) class I

(HLA-A, -B, -C) and class II (-HLA-DR, -DQ, - DP). MDCi246

is 6/6 homozygous, and MDCi055-C is 5/5 homozygous with HLA-

DP mismatch. PMU1 was included as a heterozygous control

(Supplementary Table S1). Detailed information on PMU and

MDC hiPSC lines have been deposited at https://hpscreg.eu/.
2.2 HLA typing

HLA-typing of hiPSC was performed by next generation

sequencing (NGS). Genomic DNA was extracted from cell culture

samples using the Maxwell 16 Blood DNA Purification Kit

(Promega). Library preparation of the six loci HLA-A, -B, -C,

-DRB1, -DQB1, -DPB1 was performed using the HLA NGSgo

workflow kit (GenDx). Sequencing of the libraries was performed

using MiSeq v2 chemistry (2 x 150 cycles) on a MiSeq sequencer

(Illumina). Sequencing data were analyzed in the NGSengine

software (version 2.29.0.28288, GenDx) and library (version

IMGT 3.51.0).
2.3 Culture of hiPSC

Human iPSCs were cultured at 37°C, 5% O2, 5% CO2 and

saturated humidity in Essential 8 (E8) medium composed of

DMEM/F12 (Gibco), 15 mM HEPES (Sigma), 100 ng/mL FGF2-
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G3 (Qkine), 2 ng/mL TGFb-1 (Peprotech), 10.7 µg/mL transferrin,

64 µg/mL L-ascorbic acid-2-phophate, 14 ng/mL NaSeO3, and 20

µg/mL insulin; all Sigma). To eliminate the need for daily medium

change we replaced FGF2 with thermostable FGF2-G3 (52, 53).

Cells were passaged twice weekly at approximately 75% confluency.

For passaging, cells were detached with Accutase (Sigma), washed

with unsupplemented DMEM/F12, and reseeded at 1.2 x 104 cells/

cm2 for a 72 h culture period and 0.6 x 104 cells/cm2 for a 96 h

period. Optimal seeding density may vary depending on the specific

iPSC line used and needs to be tested accordingly. Cells were

reseeded into Matrigel®-coated flasks in E8 medium

supplemented with 10 µM Y-27632 Rho kinase inhibitor (ROCKi;

MedChemExpress). Medium was changed to E8 without ROCKi

after 24 h. For IFN-g treatment, differentiated iPS-CM aggregates

containing 1 x 106 cells were transferred to one well of a 12-well

suspension plate. Culture medium was carefully aspirated and

aggregates were washed with 1.5 mL PBS before adding 1.5 mL

CDM3 containing 10 ng/mL IFN-g (Peprotech) for 72 h under

continous agitation (100 rpm).
2.4 Generation of hiPSC-derived
cardiomyocytes

Differentiation of iPSC-derived cardiomyocytes in 3D

suspension culture was carried out as previously described (54,

55). Briefly, hiPSCs were harvested from 60 – 70% confluent 2D

cultures on day 2 using Accutase and transferred into 125 mL

Erlenmeyer flasks (Corning; working volume 20 mL/flask) in E8

supplemented with 10 µM ROCKi. Inoculation density was 0.165 x

106 cells/mL for R26, R26DKO, MDCi246, and MDCi55, and 0.33 x

106 cells/mL for PMU1. Cultures were incubated for aggregate

formation under continuous agitation (70 rpm). At day 0 medium

was changed to CDM3 (RPMI1640, 15 mM HEPES, 2 mM L-

glutamine, 495 µg/mL recombinant human serum albumin

(Provitro), and 213 µg/mL L-ascorbic acid-2-phosphate) (56)

containing 5 µM ROCKi. Cardiac differentiation was initiated

through WNT activation by 5 µM CHIR99021; after 24 hours

medium was exchanged for CDM3 plus 5 mM IWP-2 (both

MedChemExpress) for WNT inhibition. 48 hours later medium

was replaced by pure CDM3 and changed every other day as

described previously in detail (54) (Figure 1A).
2.5 Control cells

Human peripheral blood mononuclear cells (PBMC) were

obtained from healthy volunteers as described (50) to be used as

a reference control cell mixture for spectral flow cytometry

expressing various hematopoietic cell molecules. The Jurkat cell

line was used as another reference representing a T cell type of

mesodermal origin in deep immune-phenotyping. Jurkat cell stocks

were purchased from the German Collection of Microorganisms

and Cell Cultures (DSMZ; Jurkat ACC282) and expanded in RPMI-

1640 (Sigma-Aldrich) containing 10% FBS (Gibco), 5 mM N(2)-L-
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Alanyl-L-Glutamin (Dipeptiven, Fresenius Kabi), and 10 mM

HEPES (Sigma-Aldrich) before cryopreservation in a working cell

bank at -170°C until further use in experiments.
2.6 Immunofluorescence staining and
confocal microscopy

Deparaffinized iPS-CM aggregate FFPE sections were used for

immunofluorescence staining. Antigen retrieval was performed

using a 10 mM citrate buffer at pH = 6 (citric acid monohydrate,

C1909, Sigma Aldrich) at 60°C for 3 hours, washing PBS and

blocking for one hour in PBS/10% FBS (Gibco). The primary

antibody (anti-troponin T, clone 13-11MA5-12960; Invitrogen)

was incubated over night at 4°C in blocking buffer. Secondary

antibody (goat anti-mouse IgG, Alexa Fluor 555, Thermo Fisher

Scientific) and DAPI were incubated for one hour at room

temperature in blocking buffer. Slides were mounted using the

ProLong Gold anitfade reagent (P36934, Invitrogen). Confocal

microscopy was performed using an Axio Observer Z1 laser-

scanning microscope attached to LSM700 (Carl Zeiss).
Frontiers in Immunology 04
2.7 Cell surface marker screening

A test kit covering 354 surface molecules was used according to the

manufacturer’s instructions (LegendScreen™ Human PE kit,

Biolegend). Briefly, cells were stained and fixed prior to acquisition.

Samples were acquired on a Beckman Coulter Gallios™ flow

cytometer. Data analysis was done using Kaluza 2.1 software.

Expression levels were calculated relative to the corresponding

isotype controls and displayed using the R package ComplexHeatmap.
2.8 Spectral flow cytometry

For deep immune-phenotyping, 1 x 106 cells in 100 µL PBS were

incubated with an antibody cocktail against selected surface

molecules for 30 minutes at 4°C in the dark (Supplementary

Table S2). After washing, cells were fixed in permeabilization

buffer (eBioscience™ Thermo Fisher Scientific) for 30 minutes.

For intracellular cardiac troponin T staining (cTNT-BV421, clone

13-11; Becton Dickinson), samples were incubated for 30 minutes

with the antibody in permeabilization buffer. Samples were then
FIGURE 1

Differentiation of hiPSC into iPS-CM. (A) Experimental outline; representative pictures. (a) The hiPSC were released from 2D and aggregated in 3D
culture in the presence of ROCKi. (b) Human iPSC aggregates were agitated in Erlenmeyer flasks at 70 rpm; cardiac differentiation was induced by
24-h WNT activation by CHIR99021 followed by 48-h WNT inhibition by IWP2, producing (c) iPS-CM aggregates (cardiospheres) homogenously
positive for (d) calcein green fluorescence, indicating high viability. (B) Representative bright-field pictures of iPS-CM aggregates of four independent
hiPSC lines at d12 as indicated with low resolution overview inserts. (C) Corresponding confocal microscopy images of fixed aggregates from
(B) stained for cardiac troponin T (cTNT) (red) and nuclei (DAPI, blue; all scale bars 100 µm). (D) Purity of iPS-CM measured by flow cytometry as %
cTNT; n = 6 – 25. (E) Yield of iPS-CM per million input iPSCs on d12 of differentiation; n = 4 - 21 (F) Representative flow cytometry histograms
indicating purity of iPS-CM as measured by cytoplasmic cTNT and sarcomeric a-actinin (sACT) reactivity.
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washed, resuspended in PBS and acquired on a Cytek Northern

Lights™ spectral flow cytometer equipped with 3 lasers (405, 488,

and 640 nm). Data analysis was carried out using FCS Express 7

software (De Novo Software).
3 Results

3.1 Human iPSC line characterization and
differentiation into iPS-CM

First, R26 was confirmed to be homozygous for 6/6 HLA alleles

(HLA-A, -B, -C, -DRB1, -DQB1, -DPB1) at 6-digit resolution.

MDCi246 was confirmed 6/6 homozygous, and MDCi055-C as 5/

5 homozygous with HLA-DP mismatch. PMU1 was confirmed to

be heterozygous for all six HLA loci and was included as a

heterozygous control (Supplementary Table S1). R26 and

MDCi246 represent the 2nd and 24th most frequent haplotypes in

the German population with frequencies of 1.9949% and 0.2259%,

respectively (http://www.allelefrequencies.net).

All lines showed typical hiPSC morphology with growth in

colonies, sharply defined colony borders and high nucleus-to-

cytoplasm ratios when cultured in 2D. Cardiac differentiation in

suspension culture produced iPS-CM aggregates homogenously

positive for calcein indicating high viability (Figure 1A). By day

12, iPS-CM aggregates from all lines increased in size compared to
Frontiers in Immunology 05
hiPSC aggregates and displayed typical cystic morphology

(Figure 1B). Fixed aggregates stained positive for cTNT with

median purities ranging from 86.45% ± 28.12% to 93.82% ±

5.24% (Figures 1C, D). In terms of differentiation efficiency, R26,

R26DKO, MDCi246 and PMU1 yielded 6.96 ± 2.73 x 106, 5.41 ± 1.71

x 106, 3.49 ± 1.70 x 106 and 2.00 ± 0.35 x 106 iPS-CMs per million

input cells, respectively (Figure 1E). Staining for cardiac markers

cTNT and sarcomeric a-actinin (sACT) confirmed cardiac identity

and purity of differentiated cells (Figure 1F).
3.2 Immune landscape screening

We used a flow cytometry screening array covering 271 of the

371 currently classified CD molecules and 83 additional immune-

relevant surface markers including HLA-ABC, HLA-DR, HLA-E,

HLA-F and the natural killer (NK) cell ligands MHC class I chain-

related protein A and B (MICA/B) to display the surface immune

molecule landscape of d12 iPS-CM compared to parental hiPSC.

Positive expression was defined as mean fluorescence intensity ratio

(MFIR, MFI target/MFI isotype control) ≥ 2. Fold-changes between

iPS-CM and hiPSC (MFIR iPS-CM/MFIR hiPSC) were used to

identify differentially expressed markers defined as fold-change ≤

0.5 and ≥ 2.0. To verify that the results are representative for HLA-

homozygous iPS-CM, we included MDCi246 and MDCi055 in

selected assays in addition to R26. Out of the 354 targets, 126
FIGURE 2

Broad immune-phenotype screening of hiPSC and iPS-CM. (A) Schematic outline of the screening array comparing HLA-homozygous hiPSC with
their iPS-CM progeny as indicated (MDCi246, R26, MDCi055). (B) Heatmap representing the 101 significantly differentially regulated molecules (iPS-
CM/hiPSC). Selected immune-recognition, -activation or -suppression molecules highlighted in boxes (red color/boxes: upregulated in iPS-CM,
blue: downregulated in iPS-CM). (C) HLA-ABC and (D) MICA/B mean fluorescence intensity ratio (MFIR) calculated by dividing specific antibody
staining and respective isotype control (n = 7 - 26; *p < 0.05, unpaired Student’s t-test, two-tailed).
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molecules were expressed either on hiPSC or corresponding iPS-

CMs. Differential expression was found for 101 molecules

(Figure 2A). K-means clustering of this dataset yielded four

distinct clusters with three clusters (1 – 3) consisting of markers

downregulated in iPS-CM while one cluster (4) contained

upregulated markers. In line with their differentiation, iPS-CM

downregu la t ed molecu l e s t yp i ca l l y a s soc i a t ed wi th

undifferentiated cells and/or pluripotency such as Tra-1-60-R,

SSEA-5, and Tra-2-49/-54 (cluster 1, median fold-change 0.016 ±

0.039). Likewise, CD24 and CD90 associated with a primed state of

hiPSC were downregulated. Cluster 2 contained moderately

downregulated surface markers (median fold-change 0.150 ±

0.085). The pluripotency marker SSEA-3 as well other markers

associated with stem-like properties such as CD49f and CD133 were

located in this cluster. In addition, several immunologically relevant

markers were downregulated, including HLA-ABC and b2m which

constitute the components of the major histocompatibility complex

I (MHC I), as well as B7-H3 (CD276) and decay accelerating factor

(DAF, CD55), both involved in the modulation of adaptive and

innate immune responses.

Slightly downregulated molecules accounted for cluster 3

(median fold-change 0.481 ± 0.226). These included the NK

ligand MICA/B, inducible T-cell co-stimulator ligand (ICOSL,

B7-H2), and the complement-regulatory membrane cofactor

protein CD46 (MCP). Cluster 4 included molecules upregulated

in iPS-CM (median fold-change 2.438 ± 2.127). Among these were
Frontiers in Immunology 06
the cell adhesion molecule MUC24 (CD164), N-cadherin (CD325)

as a central component of adherens junctions between

cardiomyocytes, and the complement-inhibitory membrane

inhibitor of reactive lysis (MIRL, CD59) (Figures 2A, B). To

verify downregulation of HLA-ABC and MICA/B, two molecules

integral to the interaction with T cells and NK cells, respectively, we

performed additional single-staining. Both showed low levels of

expression in hiPSC with a median MFIR 1.67 ± 0.63 and 1.47 ±

1.15. Upon differentiation into cardiomyocytes both molecules were

significantly downregulated to MFIR of 1.20 ± 0.39 and 0.76 ± 0.39

close to the background level of the isotype control (Figures 2C, D).
3.3 Deep immune-phenotyping of iPS-CM
by spectral flow cytometry

Based on the broad immunophenotyping results we devised a

60-marker deep immune-phenotyping panel comprising 54

immune and pluripotency markers together with cTNT and

viability stain in three tubes (Supplementary Table S2, panel p1-

3). Markers were chosen based on screening array results (n = 24 for

differential expression; n = 20 for reactivity with both hiPSC and

iPS-CM). We opted to add supplemental markers with a putative

role in cell transplantation immunology (n = 10) including

molecules of relevance in antigen presentation (HLA-DR) and

during cellular stress and inflammation (e.g. HLA-E and CD274).
FIGURE 3

Deep immune-phenotyping of hiPSC and iPS-CM. (A) Dimensionality reduction (tSNE) of d12 iPS-CM from five independent differentiations per
strain (PMU1, R26, R26DKO) based on 21-parameter expression profile (18 markers shown + cTNT and viability). (B) Depiction of the individual
samples from (A). (C) HLA-ABC expression summary as median fluorescence intensity (MFI) ± SD (n = 5; unpaired Student’s t-test, two-tailed,
****p ≤ 0.0001). (D) Heatmap representing the overall marker expression profile of each individual sample. Analyses included only cTNT+ cells.
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The first tube was used for quality control (QC) containing markers

to identify iPS-CM, hiPSC, hematopoietic cells, and endothelial

cells. Testing on Jurkat cells, hiPSC, and iPS-CM showed clear

separation of the different cell types in t-stochastic neighbourhood

embedding (tSNE) analysis. We observed that the cTNT-negative

population in the third iPS-CM batch formed an independent

cluster (Supplementary Figure S1A-C). Cells in the individual

clusters had distinct marker expression profile corresponding to

the different cell types. Comparison of the cTNT-negative

population in a randomly selected sample (9.18%) showed no

significant overlap with the marker profiles of hiPSC or Jurkat

cells (Supplementary Figure S1D). We tested iPS-CM

differentiation batches for purity and only differentiations with a

purity ≥ 80% cTNT reactivity were used for further experiments.

To determine the immune-phenotype we used a 21-marker

‘immune recognition’ tube (tube 2; 19 immune markers plus cTNT

and viability stain) and analyzed iPS-CM from five independent

differentiation batches per hiPSC line. Using tSNE on the

concatenated dataset we found that cells from individual batches

were highly interspersed with no hiPSC line-specific clustering

(Figures 3A, B). In HLA-heterozygous control iPS-CM (PMU1),

HLA-ABC showed uniform moderate expression. The iPS-CM

from HLA-homozygous R26 showed significantly lower HLA-

ABC expression with expression levels slightly above background

levels in R26DKO (Figure 3C). Expression patterns of all other

markers displayed no significant differences between the iPS-CM

from different hiPSC lines and independent differentiation batches

(Figure 3D). The iPS-CM from all three lines uniformly expressed

B7-H3 (CD276; MFI = 39,565 ± 9,361), CD164 (MFI = 16,437 ±
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5,282), CD112 (MFI = 4,973 ± 1,338), and CD155 (MFI = 12,288 ±

1,669). We found variable expression of galectin-3 (MFI range

739.49 to 6,444.83) and CD47 (MFI range 972.56 to 2,350.61) across

independent differentiation batches but no hiPSC line-dependent

differences. MICA/B was expressed at low level in two

differentiation batches, one from PMU1 and R26 (MFI = 1,046 ±

164.5) but was negative in all other differentiations (MFI = 252.8

± 73.24).

Testing on four independent differentiation batches of R26

(iPS-CM 1-4) using Jurkat cells as a non-myocyte reference

reproducibly distinguished cTNT+ cardiomyocytes from cTNT-

negative cells (Supplementary Figure S2A). Main driver of

discrimination of cTNT-negatives was, besides cTNT, the absence

of NCAM (CD56) and decreased expression VCAM-1 (CD106;

MFI = 1,389.82 vs 2,473.34 to 10,325.10 in cTNT+ clusters)

(Supplementary Figure S2A, cluster 3). We identified batch-

dependent variation between batches regarding expression of

SIRPa (CD172a) and VCAM-1: cTNT+ cardiomyocytes in cluster

1.1 and 1.2 (iPS-CM 1-3) showed lower expression of SIRPa
compared to those in cluster 2.1 and 2.2, belonging to iPS-CM 4

(MFI = 3,596.79 and 3,066 vs 20,175.50 and 18,634.80). Similarly,

expression of VCAM-1 was lower in iPS-CM from cluster 1.1 and

1.2 compared to those in cluster 2.1 and 2.2 (MFI = 4,048.59 and

4,156.21 vs 10,325.10 and 10,112.30). Furthermore, we identified a

small iPS-CM subpopulation in all four batches (1.42% - 8.44%)

with increased expression of CD235a (GYPA; MFI = 16,009 in

cluster 1.2 and 24,686.30 in cluster 2.2), which was driving the

separation from the main population. The main population of iPS-

CM from all batches (cluster 1.1 and 2.1) were negative for CD235a
FIGURE 4

Response of iPS-CM to pro-inflammatory stimulation. (A) Clustering of HLA-homozygous R26 iPS-CM from four independent batches unstimulated
or stimulated with IFN-g. Color-coding represents sample identities. (B) Clustering from (A) resolved by expression heat of the individual markers.
(C) Induction of HLA-ABC, HLA-E, PD-L2 (CD273), and CD47 (paired Student’s t-test, two-tailed; *p ≤ 0.05, **p ≤ 0.01). Analyses included only
cTNT+ cells.
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(Supplementary Figure S2B). In addition, we detected a small

subpopulation in batch #4 (9.64%), which was characterized by

decreased expression of SIRPa and VCAM-1 and higher levels of

CXCR4. All other markers tested were not expressed under

baseline conditions.
3.4 Immune-phenotype alterations under
pro-inflammatory conditions

Upon transplantation iPS-CM may be exposed to a variety of

microenvironmental cues including pro-inflammatory signals. We

opted for an IFN-g challenge of hiPS-CM as a prototypic stimulus to

test the impact of pro-inflammatory signaling on their immune

phenotype. IFN-g-treated and -untreated iPS-CM clearly separated
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from each other (Figure 4A). We observed significant upregulation

of HLA-ABC, HLA-E, CD47, and PD-L2 (CD273) in IFN-g-treated
samples (Figures 4B, C). HLA-DR, HLA-F and PD-L1 (CD274)

showed increased expression that was not significant in this small

dataset. The immune recognition panel also enabled identification

of aberrant differentiation batches: two of the investigated

unstimulated samples (batch #5 and #6) clustered separately in

the tSNE (Supplementary Figure S3A). Individual marker

expression analysis showed decreased levels of CD276 for both

samples, which was maintained in the stimulated sample from

batch #5). In addition, untreated samples from batch #5 had

reduced levels of CD164, CD112, CD47, and CD155

(Supplementary Figure S3B). Upon IFN-g treatment all identified

markers showed expression levels comparable to those seen in

samples from batch #1–4 indicating a regular response to pro-
FIGURE 5

Stability of the iPS-CM immune-phenotype across different production sites. (A) Dimensionality reduction (tSNE) of 6 independent iPS-CM
differentiations of HLA-homozygous R26 performed at 3 different production sites with and without final IFN-g challenge. Separate depiction of
marker combination in three spectral flow cytometry analysis tubes (t1-3) as shown. Color-coding represents sample identity. (B) Tube 2 and (C)
tube 3 tSNE blots showing the expression heat of markers driving the separation of clusters in samples. (D) Heatmap showing the overall expression
profiles of viable cells in samples from individual differentiation batches across all 54 markers plus cTNT. Marker profiles of Jurkat cells and PBMCs
were included as a reference. Median fluorescence intensity (MFI) was scaled column-wise.
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inflammatory signals (Supplementary Figure S3B). Of note, when

the two samples from batch #5 and #6 were included in the overall

statistical analysis, also HLA-DR, HLA-F and PD-L1 (CD274) were

significantly upregulated upon IFN-g treatment (Supplementary

Figures S3B, C).
3.5 Stability of the immune-phenotype
across different production sites

Phenotypic stability across different production sites is a

requirement for efficient and reproducible clinical translation of

cell therapy products. We used independent R26 iPS-CM

differentiation batches from three different production sites to test

the stability of the resulting iPS-CM immune-phenotype.

Dimensionality reduction of the multidimensional spectral flow

cytometry data from the different batches confirmed

immunophenotypic homogeneity across the three different sites

as it did not show any specific clustering corresponding to a

respective production site. We confirmed separation of IFN-g-
treated from untreated samples (Figure 5A). This separation was

again driven, as observed in previous experiments in this study, by

significant upregulation of HLA-ABC (MFI = 478,053 treated vs

1,136 untreated; p < 0.0001), HLA-DR (MFI = 5,530 treated vs

-156.8 untreated; p < 0.0001), HLA-E (MFI = 5,225 treated vs -143.7

untreated; p = 0.0023), HLA-F (MFI = 1,779 treated vs

385.9 untreated; p = 0.0003), PD-L1 (MFI = 1,137 treated vs

-137.2 untreated; p < 0.0001), PD-L2 (MFI = 1,640 treated vs -

117 untreated; p < 0.0001), and CD47 (MFI = 5,076 treated vs 1,342

untreated; p = 0.0076). MICA/B showed batch-dependent variation

(MFI range 198 to 1509) but no treatment- or site-specific

expression patterns (Figure 5B). Expression of NCAM (CD56),

SIRPa (CD172a), VCAM-1 (CD106), CD59, CD46, and heme

oxygenase 1 (HMOX1) varied between batches while CD235a

and CXCR4 identified subpopulations within individual

batches (Figure 5C).

High cTNT and B7-H3 expression, low HLA-ABC, CD43, CD47,

CXCR4 and lack of CD45 expression discriminated unstimulated iPS-

CM from Jurkat and PBMC. CD164, CD155 and CD59 showed higher

expression in iPS-CM compared to Jurkat cells and were absent in

PMBC. Notably, CD164 showed pronounced batch-dependent

variability in iPS-CM. Similarly, iPS-CM expressed varying levels of

SIRPa, VCAM-1, ROR1, and CD112 while Jurkat and PBMC did not.

Galectin-3 and CD107a expression discriminated PC and Jurkat from

each other and were variably expressed in iPS-CM. Immune-activation

and -modulation-related markers showed a clear dependency on

microenvironmental cues, i.e. stimulation with IFN-g: HLA-ABC was

strongly upregulated after IFN-g treatment, reaching levels of Jurkat

and PBMC. CD47, HLA-E, HLA-DR, HLA-F, PD-L1 and PD-L2 were

upregulated as well. Importantly, co-stimulatory molecules CD80 and

CD86 were not expressed. Data further illustrated lack of pluripotency

markers corresponding to the differentiated state of the cells used.

MYL2a/2v showed lower expression level in some but not all batches,
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compatible with an early differentiation state, irrespective of IFN-g
challenge. (Figure 5D).
4 Discussion

Here, we present an in-depth characterization of the immune-

phenotype of HLA-homozygous and HLA-heterozygous iPS-CM

under steady-state conditions and in response to IFN-g. Our results
demonstrate that iPS-CM generally display a surface marker profile

with low expression of immune recognition molecules and intact

responsiveness to proinflammatory cues. HLA-homozygous iPS-

CM express significantly lower levels of HLA-ABC, which points

towards reduced immunogenicity due to diminished allogeneic T-

cell-mediated graft recognition. Overall, these data support the

concept of HLA-homozygous iPS-CM as semi-universal donor

cells in cardiac cell replacement therapy.

In line with cardiac specification, differentiated cells efficiently lost

markers associated with pluripotency and stemness. Both components

of MHC I, HLA-ABC and b2m, were significantly reduced in iPS-CM

compared to parental hiPSC. Decreased HLA-ABC expression in

hiPSC-derived cell products compared to parental iPSC has been

reported in numerous studies (29, 57–63). In addition, HLA class I

expression differs substantially between tissues and cell types and

cardiomyocytes are known to express only very low levels of HLA

class I under homeostatic conditions (64, 65). Didie et al. (66) found

that even after further maturation of stem cell-derived cardiomyocytes

MHC I levels did not increase. Thus, the observed downregulation of

HLA-ABC appears to be intrinsic to cardiomyocytes rather than an

artifact of in vitro differentiation protocols. Like HLA-ABC, additional

immune-modulatory molecules such as DAF (CD55), MCP (CD46),

and B7-H3 (CD276) were downregulated.

HLA-homozygous iPS-CM expressed significantly lower levels

of MHC I compared to HLA-heterozygous counterparts. This may

be attributed in part to differences in HLA expression based on the

specific HLA allele utilised, for instance HLA-A*01:01:01 (R26) has

been found to be expressed at lower levels than HLA-A*24:02:01

(PMU1) (67). Additional factors such as the production of

alternative splice variants and gene dosage may contribute to the

observed difference (68–70). Otherwise, we did not observe any

specific clustering separating the three HLA-homozygous lines

from the HLA-heterozygous PMU1. Immune-modulatory B7-H3,

CD112, CD155, and CD47 were uniformly expressed across

samples which highlights a stable baseline immune profile across

genetic backgrounds. This immune profile together with the

reduced expression of MHC I could be a favorable feature in a

transplant setting due to potentially reduced allo-recognition.

Together with the HLA-homozygous nature of the haplo-matched

graft this could result in a decreased need for immunosuppression.

However, studies in non-human primates indicate that a certain

level of immunosuppression may still be necessary to avoid immune

rejection (71). One underlying reason could be that reduced HLA

class I levels may trigger activation of NK cells due to “missing-self”
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signaling. Reduced HLA levels may shift the balance in favor of

cytotoxicity activating signals such as the stress-induced NK ligand

MICA/B.

Microenvironmental cues affecting hiPSC-derived cell therapy

products after application may include hypoxia and inflammation,

among others. We tested proinflammatory stimulation with IFN-g and
observed a distinct immune activation response in iPS-CM. We

observed significant upregulation of HLA-ABC, -E, -F, and -DR,

CD47, and PD-L1 (CD274) and PD-L2 (CD273), indicating intact

activation of interferon-responsive pathways to enhance antigen

presentation and regulate immune checkpoint signalling. Although

upregulation of most of these markers may be expected, these results

demonstrate that HLA-homozygous iPS-CM remain reactive to

proinflammatory cues and can adapt their immune-phenotype in

response to environmental signalling. Of note, PD-L2 (CD273)

expression in cardiomyocytes is not well documented but its

inducibility by IFN-g has been reported in other tissues. Our findings

may indicate that iPS-CM can upregulatemultiple immune-checkpoint

ligands in response to proinflammatory signals. This may contribute to

local immunomodulation to prevent damage to the graft via inhibition

of PD-1-expressing infiltrating T cells. Moreover, to the best of our

knowledge, our dataset provides the first high-dimensional, single-cell,

54-marker immune phenotype map of iPS-CM. Apart from analysis of

classical HLA-ABC induction, our approach integrates non-classical

HLA family members (HLA-E/F/G), co-stimulatory molecules,

checkpoint ligands (PD-L1/2, CD47), and cardiomyocyte- and iPSC-

specific markers within one unified single-cell framework. This

comprehensive profiling, which was replicated across three

production sites, demonstrates the robustness of the iPS-CM

immune phenotype and provides a relevant reference for

manufacturing and quality control.

We observed MICA/B expressed at low level in two differentiation

batches, one each from PMU1 and R26, in our center. Also, in the

manufacture site comparison, we observed batch-dependent MICA/B

variation but no treatment- or site-specific expression patterns. MICA/

B are polymorphic stress-induced NKG2D ligands which can be

induced on cardiomyocytes upon ischemia-reperfusion injury and

can be controlled by cyclosporin-dependent suppression of hypoxia-

inducible transcription factors (72). We may speculate that MICA/B

makes hiPSC and iPS-CM sensitive to NKG2D-mediated lysis. We

therefore plan to focus on MICA/B monitoring during future

functional studies. We also identified a < 10% iPS-CM

subpopulation with increased expression of CD235a (GYPA) in

several differentiation batches. GYPA was described to be transiently

expressed early during ventricular specification (73) and may therefore

document a heterogenous mixture of atrial and ventricular

cardiomyocytes or be indicative of a slightly asynchronous

differentiation from iPSC to iPS-CM within some of our batches. We

also observed batch-dependent variability in the expression of VCAM-

1 and SIRPa. Both molecules have been shown to be induced during

iPS-CM differentiation (74) and their slightly lower levels in some

batches may suggest a delay in iPS-CM development in those batches.

Importantly, this variability did not segregate by production site,

suggesting that it originates from subtle differentiation dynamics

rather than center-specific workflows. Our spectral flow cytometry
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panel thus offers a sensitive method to detect these deviations and may

support future establishment of release criteria defining acceptable

phenotypic ranges for clinical-grade iPS-CM.

Heterogeneity of iPS-CM has been observed earlier particularly

after single-cell RNA-seq enabling precise allocation of cardiac

transcription factor profiles in individual cells or cell populations

(75). These data have been interpreted as indicating earlier atrial

compared to later ventricular Wnt-induced differentiation signature

(75). Our data, for the first time, demonstrate limited phenotypic

heterogeneity at the single-cell level with a high sensitivity based on

typing 54-markers on each cTNT+ cell. Longer persistence of GYPA

until d12 may be attributed to the conventional 3-day CHIR/IWP2

induction used in our center because optimal timed specification of

atrial and ventricular has been shown to depend on more

sophisticated mesoderm induction (73). Follow-up studies are

therefore already underway comparing different more complex

cardiogenic induction protocols. It may also be interesting to see

future spectral flow cytometry-based iPS-CM typing by other centers

and with improving protocols. Ideally, pure cell products are

considered to be best suited for transplantation. We may speculate

that sensitive single-cell multi-parameter could always detect minor

degree of heterogeneity – an acceptable threshold needs to be

determined in future studies. Also, the presumed phenotypic

homogeneity of cardiomyocytes derived from a local biopsy needs

to be confirmed with modern single-cell multi-parametric

techniques, e.g. using the spectral panel published herein. Finally,

the impact of limited impurity or if sort-purification (76) needs to be

considered deserves prospective analysis.

This study has several limitations: Our marker selection, despite

following rational panel design based on comprehensive legend

screen for a broad immunophenotyping, just included 44 of the 101

significantly expressed immune markers. Additional antibody

targets may be included in future panel design. Additional

myocyte-specific targets may also be required because MYL2a and

MYL2v in this study did not show strong signals in all iPS-CM; later

time points of analysis beyond d12 may also be advantageous in

future studies. A comprehensive analysis of functional immune-

matching including cytotoxicity and CD4/CD8 activation and

cytokine production is already in planning. Ideally, we will be

able to discriminate indirect vs semi-direct putative immune

responses in different matching scenarios using haplo-matched as

compared to control mismatched responder lymphocytes. Another

limitation relates to the fact that iPS-CM characteristically display

an immature phenotype resembling rather fetal than adult

cardiomyocytes. Future detailed functional studies are needed to

determine the immunogenicity of iPS-CM in vitro and in vivo.

Taken together, the presented data demonstrate that iPS-CMs

exhibit a generally stable immune-phenotype across HLA-homozygous

and heterozygous lines with preserved responsiveness to IFN-g. The
current spectral flow cytometry panel was sensitive enough to detect

small iPS-CM subpopulations based on expression of CD235a

(GYPA), CD172a (SIRPa), CD56 (NCAM), CD13, and CD106.

These results support the feasibility of monitoring the immune-

phenotype of iPS-CMs by spectral flow cytometry in cardiac cell

replacement therapy.
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