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SUMMARY

Several protocols now support efficient differentiation of human pluripotent stem cells to cardiomyocytes (hPSC-CMs) but these still
indicate line-to-line variability. As the number of studies implementing this technology expands, accurate assessment of cell identity
is paramount to well-defined studies that can be replicated among laboratories. While flow cytometry is apt for routine assessment, a stan-
dardized protocol for assessing cardiomyocyte identity has not yet been established. Therefore, the current study leveraged targeted mass
spectrometry to confirm the presence of troponin proteins in day 25 hPSC-CMs and systematically evaluated multiple anti-troponin an-
tibodies and sample preparation protocols for their suitability in assessing cardiomyocyte identity. Results demonstrate challenges to in-
terpreting data generated by published methods and inform the development of a robust protocol for routine assessment of hPSC-CMs.
The data, workflow for antibody evaluation, and standardized protocol described here should benefit investigators new to this field and

those with expertise in hPSC-CM differentiation.

INTRODUCTION

Directed differentiation of human pluripotent stem cells
(hPSCs) into cardiomyocytes (hPSC-CMs) offers an inex-
haustible supply of cells for basic science research and
translational applications, including drug testing (Braam
et al.,, 2010), disease modeling (Carvajal-Vergara et al.,
2010; Moretti et al.,, 2010), and regenerative medicine
(Chong et al., 2014; van Laake et al., 2007). Using modern
differentiation protocols, hPSC-CMs can be efficiently
generated from human embryonic stem (hESC) and hu-
man induced pluripotent stem (hiPSC) cells, which has
led to an increasing number of laboratories and studies
implementing this technology (reviewed in Batalov and
Feinberg, 2015; Mummery et al., 2012). However, despite
significant advancements in defining the factors most
critical for cardiomyogenic differentiation (Burridge
et al.,, 2014; Lian et al, 2015), the resulting cultures
remain a heterogeneous mixture with regard to cell type
and subtype, and this heterogeneity can be exacerbated
by variations among cell lines, protocols, and personnel
(Ohno et al., 2013). Ultimately, as heterogeneity can
pose challenges to interpreting functional data, the ability
to accurately and precisely assess cell identity in differen-
tiation cultures is paramount to well-defined and repro-
ducible studies.

Flow cytometry is a quantitative, cell population-based
single-cell approach to assess individual cell phenotypes,
rendering it an ideal strategy for assessment of hPSC-CM
heterogeneity. In this approach, population heterogeneity
is typically assessed based on detection of endogenous
proteins by specific monoclonal antibodies or expression
of exogenous marker proteins driven by cell- or tissue-
restricted promoters. Considering the availability of bench-
top cytometers and prevalence of flow cytometry core
facilities at most research organizations, this approach is
affordable and accessible to most laboratories. Altogether,
flow cytometry is well suited to use in routine quality con-
trol assessments of hPSC-CM cultures. The proper imple-
mentation of flow cytometry requires optimization of
many procedural parameters within sample preparation,
data acquisition, and data analysis. Examples include opti-
mizing the cell collection method to produce single-cell
suspensions, validating monoclonal antibody specificity,
titrating antibody concentrations, selecting appropriate
negative and positive controls, adjusting cytometer laser
settings, and developing acceptable gating strategies.
Considering the numerous procedural variables, this
optimization process can be daunting. Unfortunately, a
standardized and validated protocol that is broadly appli-
cable among laboratories has not been established for as-
sessing cardiomyocyte identity within hPSC-CM cultures.
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Consequently, accurate comparisons of outcomes gener-
ated by various differentiation protocols or cell lines
among laboratories and studies, including assessments
of purity, reproducibility, and functional data, remain
challenging.

A survey of studies published over the past 7 years
(1/2010-10/2017) reveals a wide range of antibodies and
experimental conditions reported for flow cytometry-
based assessment of hPSC-CMs. Of the 84 studies that use
flow cytometry, the majority (n = 68) used cardiac troponin
T (TNNT2) as the primary marker to assess hPSC-CM cul-
tures (Figure 1A). Of these studies, nearly 72% used one
of two monoclonal antibodies (clone 13-11 or 1C11), and
28% used a variety of other antibodies, including mono-
clonal and polyclonal, to detect TNNT2. Of concern, 18%
of TNNT?2 studies failed to report either the antibody clone
or the vendor or both. The sample preparation conditions
among studies were more disparate (Figure 1B), with nine
fixation and fifteen permeabilization conditions reported.
Moreover, many studies failed to report the relevant details
for fixation (>15%) and permeabilization (>26%). Alto-
gether, there is currently no consensus regarding which
marker, antibody, or protocol is best suited to enable com-
parisons of hPSC-CM culture heterogeneity among experi-
ments or laboratories.

Considering the lack of consensus regarding marker,
antibody, and protocol, the broad goals of this study
were to evaluate antibody specificity and sample prepara-
tion conditions for the assessment of cardiomyocyte iden-
tity within hPSC-CM cultures by flow cytometry. Three
sample preparation methods in conjunction with five
commercially available anti-cardiac troponin I (TNNI3)
and two anti-TNNT2 antibodies were applied to hPSC-
CMs and two negative control cell types, undifferentiated
hPSCs and cardiac fibroblasts. In performing these ana-
lyses, we found that the choice of fixation protocol and
antibody had significant and variable effects on the accu-
racy of cardiomyocyte identity assessment. It is expected
that by providing details regarding validation of antibody
specificity within this context and revealing pitfalls with
commonly used antibodies and preparation conditions,
these results will benefit laboratories with established
expertise in hPSC-CM differentiation as well as those
new to this field. By establishing rigorous standards for
quality control evaluation of hPSC-CMs, we believe that

the approaches described here will facilitate the use of
hPSC-CMs in a broad range of research and clinical appli-
cations, especially by enabling more accurate comparisons
of results among studies. To facilitate data sharing among
laboratories, the current study aims to set a standard
regarding the experimental details that should be
included when publishing flow cytometry-based assess-
ments of hPSC-CMs, consistent with similar calls for pub-
lication guidelines (Lee et al., 2008). Finally, based on the
results of the current study, a comprehensive protocol for
assessment of cardiomyocyte identity in hPSC-CM cul-
tures by flow cytometry is provided. The protocol pro-
vides stepwise instructions and describes key points to
consider for sample preparation and antibody validation,
with the expectation that providing these details will
facilitate its use among laboratories. As this protocol has
been successfully replicated in three different laboratories
and can be completed in less than 3 h, from adherent-cell
collection to data analysis, it is suitable for routine assess-
ment of hPSC-CM cultures.

RESULTS

Targeted Mass Spectrometry for Detecting TNNI3 and
TNNT2 in hPSC-CMs

The expression of troponin complex components is
temporally regulated during normal human development
in a tissue-specific manner (Bhavsar et al., 1991; Hunkeler
et al., 1991; Sasse et al., 1993). While similar trends in
temporal regulation have been reported for in vitro differ-
entiation of hPSC-CMs, discrepancy with regard to the
timing of the emergence of TNNI3 has been reported,
with one report suggesting it emerges after months in cul-
ture (Bedada et al., 2014) and others showing it is ex-
pressed as early as day 8 (Puppala et al., 2013; Tompkins
et al., 2016). For this reason, we used a targeted mass spec-
trometry approach to confirm the presence of TNNI3 and
TNNT2 protein in day 25 hPSC-CMs as a first step in the
selection of reliable markers of cardiomyocyte identity.
The approach, parallel reaction monitoring (PRM), uses
high-resolution/accurate mass instrumentation to specif-
ically detect pre-selected peptides within a mixture (Peter-
son et al., 2012). Here, PRM assays were developed to spe-
cifically detect three unique peptides from TNNI3 and

Figure 1. Results from the Literature Survey of Antibodies and Sample Preparation Techniques Used for Flow Cytometry

Assessment of hPSC-CM Cultures

(A) Chart summarizing the protein markers used, and expanded chart showing the variety of antibodies used to detect TNNT2.

(B) Chart summarizing sample fixation and permeabilization methods used for any of the antibodies in the literature summarized in (A).
(C) Alignment of troponin I isoforms showing alignment information, post-translational modifications, and the reported epitopes for anti-
TNNI3 monoclonal antibodies evaluated here. PTM, post-translational modification.

See also Table S1.
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Figure 2. Targeted Mass Spectrometry Results for TNNI3 and TNNT2 in hPSC-CMs, hPSCs, and Cardiac Tissue
(A) Extracted ion chromatograms for all monitored product ions belonging to an endogenous TNNI3 peptide and its stable isotope-labeled
(SIL) control peptide in hPSC-CMs, hPSCs, and cardiac tissue. Product ions for endogenous and SIL peptides co-elute and the peak areas for

corresponding product ions are proportional to each other.

(B) Extracted ion chromatograms for all monitored product ions belonging to an endogenous TNNT2 peptide in hPSC-CMs, hPSCs, and
cardiac tissue. Peak areas for corresponding product ions between hPSC-CMs and cardiac tissue are proportional to each other. The as-
signed peak boundaries for all peptides are designated by the gray shaded area. Data for additional peptides belonging to TNNI3 and TNNT2

are shown in Figure S1.

three from TNNT2. Stable isotopically labeled peptides for
TNNI3 were included as internal controls to provide
added rigor for this protein because of reported discrep-
ancies regarding the timing of its expression. Application
of this PRM assay reliably detected peptides from both
TNNI3 and TNNT2 in day 25 hPSC-CMs and in human
cardiac tissue, but not in undifferentiated hPSCs (Fig-
ures 2 and S1). Importantly, for TNNI3 peptides, the
endogenous and isotopically labeled peptides co-eluted
and had identical fragmentation patterns across hPSC-
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CMs and cardiac tissue, providing unequivocal evidence
that this protein is present in these samples (Figure 2).
Altogether, this highly sensitive, antibody-independent
mass spectrometry strategy confirms the presence of
TNNI3 and TNNT2 in day 25 hPSC-CMs produced by
the differentiation protocol used here.

Antibody Clone and Sample Preparation Screen
Although our literature survey revealed that a prepon-
derance of studies relied on TNNT2 as a marker of



cardiomyocyte identity, TNNI3 is more specific to cardio-
myocytes than TNNT2 throughout human development.
As the mass spectrometry analysis confirmed the presence
of both proteins in day 25 hPSC-CMs, antibodies to both
TNNI3 and TNNT2 were investigated for their ability to
serve as markers of cardiomyocyte identity within hPSC-
CM cultures. The two most common troponin T2 anti-
bodies from previous studies (Figure 1A) and five anti-
TNNI3 antibodies whose epitopes span the range of the
amino acid sequence for TNNI3 (Figure 1C) were assessed
for their ability to specifically detect hPSC-CMs using
three different sample preparation conditions (Table 1).
In the initial screen, all seven antibodies were assessed
for their ability to produce signal stronger than that of
an equivalent amount of isotype control and to distin-
guish hPSC-CMs from undifferentiated hPSCs, a relevant
negative cell-type control. All data for two biological repli-
cate analyses of each clone and the sample preparation
protocol are presented in Figures S2A-S2G. Overall, flow
cytometry results were highly dependent on sample prep-
aration conditions for some antibodies, and less so for
other clones (summarized in Figure 3A, supporting data
in Figure S3). For example, all three sample preparation
protocols yielded satisfactory results for clone 1C11, but
the ability to distinguish between positive and negative
cell types was protocol dependent for clones 13-11 and
2Q1100 (Figure 3B). Clone 19C7 failed to produce desir-
able results independent of protocol, as it produced a
stronger signal in the negative cell type control than in
hPSC-CMs (Figure 3B). Each sample preparation strategy
can produce samples suitable for flow cytometry as
demonstrated by single-cell suspensions that were sepa-
rable from debris by gating on forward (FSC) and side scat-
ter (SSC) (Figure S2), and scatterplots for all subsequent
experiments were comparable with those shown in Fig-
ure S2. However, samples prepared using protocol 2 ex-
hibited more favorable handling characteristics (i.e., a
tight, visible cell pellet) and, in general, better resolution
compared with protocols 1 and 3. Two doublet-exclusion
gating strategies were compared with the single SSC area
versus FSC area gating strategy and were not found to sub-
stantially alter the observed percentage positivity or mean
intensity of negative and positive populations (Figure S3).
Consequently, protocol 2 and the four antibodies (1C11,
13-11, CS5, 2Q1100) that provided the most satisfactory
results during the initial screen were assessed further in
subsequent experiments using the single gating strategy.

Antibody Titration

Four concentrations were tested for each antibody, based
either on vendor recommendations or on the results of
the screen, to determine the optimal concentration for
providing a maximal separation in signal between positive

and negative cell types (Figures 4A and S4). The perfor-
mance of all four antibodies was consistent with results
expected for a successful titration study (i.e., signal depen-
dent on antibody concentration that eventually becomes
saturated in a positive population) (Figures 4A and S4).
Three clones (1C11, 2Q1100, and C5) that were best able
to distinguish between negative and positive populations
were selected for further validation using the optimal anti-
body amount determined by titration: 0.5 pg for 1C11 and
2Q1100, 0.1 pg for C5.

Epitope Competition Assay, Co-immunodetection, an
Additional Negative Cell Type Control, and Early and
Late Time Points of Differentiation

The specificity of clones 1C11, 2Q1100, and CS for their re-
ported epitopes was assessed using a competition assay in
which signal from each naive antibody was compared
with antibody pre-incubated with peptide antigen. In this
manner, a diminution or ablation of signal caused by incu-
bation with peptide antigen can be indicative of specificity
for the reported epitope. Due to the high sequence identity
between the isoforms of TNNI1, TNNI2, and TNNI3 at the
reported epitope for both clones C5 and 2Q1100 (Fig-
ure 1C), the homologous peptide regions to the TNNI3
epitope were also investigated. Antibodies incubated with
TNNT2 and TNNI3 epitopes were included as negative
controls for anti-TNNI3 and anti-TNNT2, respectively, for
these experiments. Amino acid sequences for purified pep-
tide antigens are shown in Figure 1C. TNNI1, TNNI2, and
TNNI3 peptides were able to partially block anti-TNNI3
clone 2Q1100 binding to hPSC-CMs as shown by the over-
all decrease in fluorescence intensity and collapse of the
histogram into a unimodal distribution. In contrast, these
peptides had only a minor effect on binding of anti-
TNNI3 clone CS5 to hPSC-CMs (Figures 4B and S5A). Anti-
TNNT2 clone 1C11 antigen peptide similarly had no effect
on the fluorescent signal compared with naive antibody
(Figure S5A). Although the epitope competition assay was
unable to unequivocally verify specificity of the antibodies
for their reported peptide epitopes, this may be simply due
to a linear peptide lacking the necessary secondary or
tertiary structure of the native epitope. Consequently, a
co-immunodetection strategy was used to determine if an-
tibodies to TNNI3 and TNNT2 were specific to the same cell
population as an alternative assessment of specificity. If
they do not overlap this would suggest that one or both
are binding to non-cardiomyocytes. When hPSC-CMs
were evaluated with anti-TNNI3 and anti-TNNT2 anti-
bodies using the clone pairs 2Q1100/1C11 and C5/1C11,
less than 3% of the population, on average, was positive
for only a single antibody (i.e., 97% of cells were positive
for both antibodies or for neither). These results demon-
strate that, under these preparation conditions, the
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Table 1. Summary of the Experimental Conditions Examined for Their Suitability for Assessing hPSC-CM Cultures by Flow

Cytometry

Protocol Details

Reagents Protocol 1 Protocol 2 Protocol 3

Fixation BD Cytofix 2% formaldehyde (w/v) in DPBS—/— 2% formaldehyde (w/v) in DPBS—/—

Permeabilization
Blocking/antibody binding

Resuspension

BD Perm Buffer III

block solution

0.5% saponin (w/v) in block

block solution

0.1% Triton X-100 (w/v) in block

block solution

Protocol details

1. Fixation 15 min, on ice 20 min 20 min

2. Wash 2x3mL 2x3mL 2 x3mL
3. Permeabilization 30 min, on ice Performed as one 15 min incubation 15 min

4. Wash 2x3mL 2 x3mL
5. Block 15 min, on ice 15 min

6. 1° antibody 45 min, on ice 45 min 45 min

7. Wash 2 x3mL 2 x3mL 2 x3mL
8. 2° antibody (if applicable) 30 min, on ice 30 min 30 min

9. Wash (if applicable) 2x3mL 2x3mL 2x3mL
10. Resuspension 500 pL 500 pL 500 pL
Instrument configurations

Instrument BD LSR II

Laser lines

488 nm (50 mW)

562 nm (100 mW)

640 nm (100 mW)

Emission filters 525/50 585/15 670/30
Fluorochrome FITC/Alexa Fluor 488 PE APC
Antibody Details
1° Ab vendor Amount of 2° Ab vendor Amount of
Clone Catalog no. Fluorophore 1° Ab (ng) 2° Ab Catalog no. 2° Ab (ng)
TNNT2 13-11 Thermo Fisher — 0.1 anti-mouse Thermo Fisher 0.6
MA512960 IgG1-AF 488 A21121
1C11 Abcam abh8295 FITC 1.0 — — —
TNNI3 EP1106Y Origene — 1.0 anti-rabbit Thermo Fisher 0.6
TA303719 IgG-AF 488 A11008
19C7 Abcam ab19615 — 1.0 anti-mouse Thermo Fisher 0.6
IgG2b-AF 488 A21141
4C2 Fitzgerald — 1.0 anti-mouse Thermo Fisher 0.6
10R-T123e IgG2a-AF 488 A21131
C5 Fitzgerald — 1.0 anti-mouse Thermo Fisher 0.6
10R-T123k IgG2b-AF 488/AF 647 A21141/A21242
2Q1100 US Biological PE 0.5 — — —
T8665-13F

Details are provided for the three sample preparation protocols, the seven antibodies evaluated, and the flow cytometer instrument configurations. Block

solution, 0.5% w/v BSA in DPBS—/—; wash solution, DPBS—/—; BD, Becton Dickinson; Ab, antibody; AF, Alexa Fluor; FITC, fluorescein isothiocyanate.
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TNNT2 | 13-11 No Yes Yes Yes Yes Yes
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TNNI3 and TNNT2 antibodies used here mark the same cell
population (Figures 4C and S5B). These results, together
with the observation that immunofluorescence imaging
experiments using anti-TNNT2 clone 1C11 yield a striated
localization pattern expected for a sarcomere protein (Fig-
ure SSC), support that these antibodies are specifically de-
tecting their respective protein targets when used with
this sample preparation protocol. In addition, while the
application of this protocol within the context of hPSC dif-
ferentiation was the focus of this study, the protocol was
applied to cardiac fibroblasts, a biologically relevant nega-
tive cell type, in co-culture (Thavandiran et al., 2013) and
trans-differentiation experiments (Addis et al.,, 2013; Fu
etal., 2013). Overall, using this protocol, all three antibody
clones generated histograms from cardiac fibroblasts that
were indistinguishable from isotype control (Figures 4D
and S5D). Finally, this protocol was found to be applicable
to earlier (day 10) and later (day 95) time points of differen-
tiation cultures (Figure SSE).

Evaluating Protocol Performance in Mixed
Populations and Among Laboratories

To accurately determine the percentage of cardiomyo-
cytes within a heterogeneous hPSC-CM culture, a proto-
col, including antibody and all experimental conditions,
must be able to distinguish cardiomyocytes from non-
cardiomyocytes within a single tube. To evaluate the
best-performing protocol for this capacity, three antibody
clones (1C11, 2Q1100, and CS) were used in conjunction
with protocol 2 to assess population heterogeneity within
samples where hPSC-CMs and hPSCs were mixed at
various ratios (100:0, 75:25, 50:50, 25:75, and 0:100).
Overall, each antibody clone in conjunction with sample
preparation protocol 2 can distinguish between positive
and negative cell types (Figures 5 and S6). At each ratio
of hPSC-CM to hPSC, a bimodal population was observed
where the percentage of positive cells decreased in pro-
portion to the number of hPSCs added to the sample (Fig-
ures 5 and S6). The percent positivity observed for sam-
ples that were a mix of hPSC-CMs and hPSCs correlated
well with the expected percentages calculated based on
the unmixed sample, averaging less than an 8% differ-
ence. Deviations from expected percentages are likely
due to variations in cell counting as evidenced by dissim-
ilarities in the event rates observed on the flow cytometer

(~700 events/s for 100% hPSC versus ~475 events/s for
100% hPSC-CM differentiation culture) and by the in-
crease in the percentage errors that correlated with the
amount of hPSCs added (Figures 5 and S6). Considering
the strong performance of these antibodies and protocol
in cell mixing experiments, a detailed standard operating
procedure was established and shared with two labora-
tories located in different institutions to further test
rigor and reproducibility. Results from these two labora-
tories were comparable with our own data, despite using
different cell lines and differentiation protocols, and
similar trends were observed for correlations between
expected and measured percentage positivity and the
maintenance of a bimodal population across samples
(Figures 5 and S6).

A Generalizable Workflow for Establishing Fit-for-
Purpose Use of Antibodies

The spirit of this study is responsive to calls for improving
scientific rigor and reproducibility discussed in several
recent publications (Bordeaux et al., 2010; Bradbury and
Pluckthun, 2015; Brooks and Lindsey, 2018) and reflected
in policies for reagent validation that are now required by
granting agencies (e.g., NIH). Our success in developing a
replicable protocol supported the development of a stan-
dardized workflow for rigorous selection and evaluation
of antibodies and sample preparation conditions for flow
cytometry experiments (Figure 6). This workflow outlines
major steps required to establish the fit-for-purpose of an
antibody and protocol for assessing cell population iden-
tity within a heterogeneous mixture. To be clear, although
data from vendors or previous publications can serve as
starting points, antibody validation is ultimately the re-
sponsibility of the user and should be performed for each
antibody clone, cell type, and protocol. To begin, suitable
markers can be selected from the literature or experimen-
tally determined by using mass spectrometry. The superior
selectivity, sensitivity, and specificity of targeted mass spec-
trometry make it an ideal technique for verifying the pres-
ence of candidate markers in cell types of interest compared
with antibody-based techniques such as immunoblotting
(Aebersold et al., 2013). The selection of antibody clones
should consider published literature and vendor data as
well as specific information about the epitope, including
uniqueness of the sequence and possible variants or

Figure 3. Results of the Initial Screen of Seven Antibodies Using the Three Sample Preparation Protocols Applied to hPSC-CMs and

hPSCs

(A) Summary of whether antibodies provided acceptable results (i.e., positive signal for hPSC-CMs and negligible signal for hPSCs; positive
signal for antibody with negligible signal for isotype control [IC]) or unacceptable results (i.e., non-specific binding to hPSCs, insufficient

signal for hPSC-CMs).

(B) Histograms for selected antibodies demonstrating the range of effects the sample preparation had among antibodies. Histograms for
all data are provided in Figures S2A-S2F. Comparison of gating strategies is provided in Figure S3.
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Figure 5. Results from Mixed-Population Experiments for Anti-TNNI3 Clone 2Q1100 and Anti-TNNI3 Clone C5

(A) A depiction of the experimental design for the mixed-population experiment showing the generation of samples that are of different
proportions of collected hPSC and hPSC-CM cultures.

(B) The observed percentage of positive cells relative to the unmixed hPSC-CM cultures is plotted for all replicates from each laboratory
along with the mean and the standard deviation. These data demonstrate a decrease in the percentage of positivity relative to the
proportion of hPSCs added to the sample.

(C) Histograms for the various populations are shown with the gates drawn and the percentage of positive cells for each condition listed in

italics. Data are consistent among laboratories, independent of the cell line and differentiation protocol (labeled under the histograms).
All experiments used sample protocol 2. Data from all replicates (n = 3 for each) are shown in Figure S6.

post-translational modifications. As exemplified in this
study, it is advisable to test more than one antibody clone
and more than one protocol. Following antibody selection,

the antibody and protocol for its ability to specifically iden-
tify the cell type of interest within a heterogeneous sample.
The overall approach and desired results for verification ex-

screening, titration, specificity testing, range-of-use
demonstration should rigorously evaluate the utility of

periments are outlined in Figure 6. Based on this workflow
and results from the current study, a comprehensive

Figure 4. Results from Antibody Characterization Experiments for Anti-TNNI3 Clone 2Q1100 and Anti-TNNI3 Clone C5

(A) Antibody titration histograms demonstrating saturable signal with the percentage of positive cells for each amount of antibody in
italics and the selected concentration marked by a star.

(B) Epitope competition assay histograms labeled with the peptide epitopes pre-incubated with the antibodies depicting the partial
blocking by TNNI peptides of anti-TNNI3 clone 2Q1100 but not anti-TNNI3 clone C5.

(C) Co-immunodetection contour plots showing that anti-TNNT2 clone 1C11 and anti-TNNI3 clones are marking the same population of
cells with the hPSC-CM culture.

(D) Histograms from cardiac fibroblast control experiments signifying no binding of anti-TNNI3 clones.

All experiments used sample protocol 2. Data from all replicates (n = 3 for each) and additional confirmatory experiments are shown in
Figures S4 and S5.
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Establishing Fit-for-Purpose: Antibody Selection and Sample Preparation for

Accurate Assessment of Cells by Flow Cytometry

1. Marker Selection

Antibody-based detection of a marker is only useful if it can
be used to distinguish between cell types of interest. As such,
selecting a marker that accurately reflects cell-type identity is
critical. Mass spectrometry is an ideal antibody-independent
technique to verify the presence or absence of targets.

2. Antibody Selection

There are often many different antibodies available for
detecting a protein of interest. Selecting an antibody clone
deserves careful consideration of how the antibody was
generated and the reported epitope. Testing mutiple clones
is always recommended, if available.

A

A

3. Antibody Screen

Each new antibody clone should be tested with multiple

protocols using positive and negative controls. Establishing
how sample preparation reagents affect antibody binding is AW
an important aspect of protocol design. Negative cell type : |
controls are critical for accurate data interpretation.
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Figure 6. Workflow for Establishing the Fit-for-Purpose of a Flow Cytometry Protocol

The workflow outlines a progression through the steps necessary to establish the fit-for-purpose of antibodies and sample preparation
n the Supplemental Information

protocols for flow cytometry experiments. Details and suggestions for experimental design are provided i
as part of the standard operating procedure.
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standard operating protocol (SOP) is provided in the
Supplemental Information.

DISCUSSION

To date, a wide array of antibodies and sample preparation
methods to assess hPSC-CM cultures have been described
in the published literature. Consequently, protocols for as-
sessing the percentage of troponin-positive cells have not
yet become standardized, posing challenges to the compar-
ison of results among laboratories, differentiation proto-
cols, cell lines, and personnel. The aim of this study was
to establish the fit-for-purpose of a flow cytometry protocol
for assessing the percentage of cardiomyocytes within an
hPSC-CM differentiation culture. Specifically, the study
was designed to establish and subsequently validate that
a protocol (i.e., defined sample preparation, antibody
clones, antibody concentrations) can perform its specified
purpose (i.e., identify cardiomyocytes within hPSC-CM
culture) to a specified level of quality (i.e., reliable and
replicable).

Two members of the intracellular troponin complex,
TNNT2 and TNNI3, have been the most widely employed
protein markers used in flow cytometry-based assessments
of hPSC-CMs. However, the utility of TNNT2 as a specific
cardiomyocyte marker may be complicated due to its pres-
ence in various types of smooth muscle and in skeletal mus-
cle during early development. While this concern might be
insubstantial in the context of hPSC-CM differentiation,
where there is little evidence to indicate modern differenti-
ation protocols routinely generate skeletal or smooth mus-
cle, it remains a consideration. In contrast, TNNI3 is more
specific to cardiac myocytes throughout development, yet
this has been a less popular marker among the studies sur-
veyed here. This may be due to convention, or, as demon-
strated in this study, due in part to a lack of reliable anti-
bodies. Another reason for avoiding TNNI3 as a marker of
cardiomyocyte identity during hPSC-CM differentiation
may be the uncertainty regarding the timing of its expres-
sion. To address this uncertainty, we used a targeted mass
spectrometry approach to confirm the presence of TNNI3
in day 25 hPSC-CM:s.

Proceeding with the knowledge that both TNNT2 and
TNNI3 proteins are present in day 25 hPSC-CM differenti-
ation cultures, we designed an antibody screen to test
the suitability of three sample preparation protocols on
positive and negative cell types for seven commercially
available monoclonal antibodies reported to target
TNNT2 and TNNI3. Using the most robust protocol (proto-
col 2), we titrated the best-performing antibody clones
(anti-TNNT2 clones 1C11 and 13-11, anti-TNNI3 clones
2Q1100 and C5) to determine the appropriate amount of
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antibody to use for flow cytometry. Titration is a quintes-
sential step for any antibody-based technique and is
especially critical for flow cytometry. Notably, different
amounts of anti-TNNI3 were optimal for the two tested
clones (0.5 pg for clone 2Q1100 versus 0.1 pg for clone
CS5) despite the fact they are reported to target the same
epitope on the same protein.

Using the optimal amount of antibody-to-cell ratio as
determined by the titration assay, an epitope competition
assay using synthetic peptides was done to test the speci-
ficity of the antibodies for their reported epitopes. Only
one of the three antibodies, anti-TNNI3 clone 2Q1100,
was significantly blocked from binding to cells by pre-incu-
bation with its peptide antigen despite sharing this epitope
with anti-TNNI3 clone CS. Notably, the homologous pep-
tides from TNNI1 and TNNI2 were also able to block signal,
although this may be an artifact of the 10,000 molar
equivalents used to observe blocking. Overall, these exper-
iments were unable to provide conclusive evidence that the
three antibody clones tested were specific for their reported
peptide antigens. However, the inability of the linear pep-
tides to block the antibodies could be indicative of either
specificity for a different epitope or reliance on a secondary
or tertiary structure that is absent outside of the context of
the protein. Further challenges to interpreting these data
relate to the difficulty in obtaining technical details
regarding how commercially available antibody epitopes
were originally mapped.

Although these experiments do not provide conclusive
evidence to support the specificity of these antibodies to
their stated epitopes, neither do they preclude the speci-
ficity of these antibodies for their reported protein targets.
It remains possible that multiple isoforms of TNNI are de-
tected by the anti-TNNI3 clones used here. Based on the
high degree of sequence homology among TNNI isoforms,
it is possible that an anti-TNNI3 antibody that targets the
N-terminal extension of TNNI3 would be best able to
discriminate among TNNI isoforms. Although clones
EP1106Y and 4C2 are reported to target this unique
sequence, we did not find that these antibodies provided
suitable results for the goals of this study. Nonetheless,
the results of the co-immunodetection experiment and
tests on cardiac fibroblasts suggest the best-performing an-
tibodies (2Q1100, CS, 1C11) are specifically detecting car-
diomyocytes in this context. Finally, the mixed-population
experiments demonstrate the capacity of the antibodies
and protocol to discriminate between positive and negative
cells within the same experimental sample, which is the ul-
timate test of suitability for assessing population heteroge-
neity within hPSC-CM cultures. As stated previously and
discussed in detail below, antibody and protocol suitability
is context dependent. Therefore, despite the cell-type spec-
ificity demonstrated in this study, further validation would



be required to demonstrate whether these antibodies and
methods could distinguish between cardiomyocytes and
other cell types (e.g., skeletal or smooth muscle cells) or
within other contexts (e.g., imaging). The SOP developed
here was evaluated for its ability to accurately assess hetero-
geneity when applied to different cell lines and differentia-
tion protocols in two additional laboratories, further estab-
lishing its reliability and reproducibility.

The accurate execution of a flow cytometry experiment
requires attention to many technical details. Unfortu-
nately, in the literature published in the past 7 years
for hPSC-CMs, >26% and >15% studies failed to report
detailed sample preparation conditions and antibody clone
information, respectively. Importantly, as demonstrated by
the results in this study, fixation and permeabilization con-
ditions can drastically affect the measured flow cytometry
signal, an effect that is clone dependent. For example, the
signal for anti-TNNT2 clone 13-11, the most commonly
used antibody in the published literature, is highly sensi-
tive to permeabilization conditions. When using a meth-
anol-based permeabilization (protocol 1), this antibody
shows significant overlap of the negative and positive pop-
ulations within the histogram. Among the published
studies surveyed here, five different permeabilization con-
ditions ranging in reagent concentrations (including 11%
that used methanol) were used with this antibody clone.
As the signal obtained in a flow cytometry experiment is
also dependent on additional variables, including incuba-
tion time and blocking solution composition, it is not
possible to definitively conclude that data from such
studies are problematic. However, as these details are often
not reported or underestimated, we believe it is prudent to
highlight this antibody’s sensitivity to permeabilization in
light of its popularity. Importantly, the effect of sample
preparation conditions on antibody utility is cell-type
dependent, meaning that results for a single antibody
clone can vary among cell types when different sample
preparation strategies are applied. For example, consider
the data for anti-TNNI3 clone 19C7. Specifically, the inten-
sity of the hPSC and hPSC-CM histograms change, and
they overlap to a varying degree based on sample prepara-
tion protocol. Overall, these data clearly demonstrate how
technical details can drastically affect results obtained and
highlight why all experimental variables must be empiri-
cally tested on individual clones and cell types, as the per-
formance of one antibody is not predictive for another
antibody under the same conditions. Furthermore, the per-
formance of an antibody clone is lot dependent; thus ex-
periments to verify optimal conditions must be performed
on a lot-to-lot basis.

These data also highlight why simply comparing signals
from an antibody to that of an equivalent amount of
isotype control is insufficient to conclude an antibody is

detecting the desired target; hence negative cell-type con-
trols are essential. Based on the literature survey, data
from negative cell-type controls are not typically reported,
so it is unclear whether they are routinely implemented
and not reported or rather not included. Another impor-
tant aspect that requires attention to detail includes data
acquisition and analysis. Flow cytometry data are depen-
dent on instrument characteristics (e.g., laser strength, fil-
ter block selection, and detector sensitivity). Therefore,
recording these experimental details, as advised (Lee
et al., 2008), is a suggestion we enthusiastically echo.
Once data are collected, they must be analyzed, and this
is a step that can introduce bias and influence interpreta-
tion. In this study, the exclusion of doublets was not found
to influence the interpretation of the resulting positivity of
the population. However, for studies where incomplete
dissociation or other protocol-dependent differences result
in more doublets, a doublet-exclusion gating strategy may
be critical to accurate interpretation of results. Conse-
quently, important considerations for data collection and
analysis, including suggestions regarding the number of
events to collect and how to adjust laser power settings,
are provided in our SOP. Finally, considering the observed
lack of details reported in the published literature, our
experimental observations regarding key experimental de-
tails that drastically affect data quality, and recent calls for
data reporting guidelines and standards (Lee et al., 2008),
we have generated a suggested “Checklist for Publication”
in the SOP, which contains details to be included when
publishing flow cytometry-based assessments of hPSC-
CMs, including sample preparation information and con-
trols that are important for enabling the successful replica-
tion and interpretation of experimental data.

Although these studies focused on the use of antibodies
to detect intracellular markers, alternative strategies are
possible. For example, genetic modification of cell lines
to express a transgene marker (e.g., GFP) driven by a
cell-type or tissue-restricted promoter can offer a conve-
nient antibody-independent strategy to assess heterogene-
ity within a cell population. However, it is not always
practical to generate transgenic lines, especially for high-
throughput studies of iPSCs derived from multiple pa-
tients. Although cell surface markers offer the significant
advantage of being amenable to detection on live cells,
thereby enabling live cell sorting, a single cardiomyo-
cyte-specific surface marker has not yet been widely vali-
dated, although there are reports of marker combinations
(Skelton et al., 2014; Veevers et al., 2018) and markers of
cardiomyogenic progenitors (Dubois et al.,, 2011; Yang
et al., 2008) that can be helpful in assessing cell identity.
Moreover, detection of cell surface proteins can be
complicated because of their potential sensitivity to the
enzymatic conditions necessary to prepare single-cell
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suspensions for flow cytometry, and the biological effects
that can be triggered by the binding of antibodies to crit-
ical cell surface proteins. For these reasons, the current
study focused on developing an SOP that is universally
applicable to high-throughput hiPSC studies and uses
well-validated markers for cardiomyocyte identity. Immu-
nofluorescence microscopy is another technique that can
be used for quality assessment of hPSC-CM differentiation
cultures. Microscopy offers the ability to visualize the
localization of an analyte, but quantitation of cellular het-
erogeneity or antigen abundance is challenging. In this
way, flow cytometry is advantageous as it provides quan-
titative, single-cell measurements to accurately assess pop-
ulation heterogeneity with high sensitivity. However, it
can be difficult to dissociate adherent cells and maintain
cellular integrity during sample processing. Therefore, it
is possible that different cell types (even from the same
well) respond differently to collection and sample prepa-
ration strategies. As such, perhaps the most critical step
for accurate flow cytometry data is the collection of cells
and the preparation of a single-cell suspension of viable
cells. The dissociation conditions provided in the SOP
routinely provide ~94% viability of cells immediately
before fixation (example data in SOP). Differences in cell
dissociation and associated cellular integrity can serve as
confounding variables when making inferences regarding
the population based on the measured sample (i.e., the
cells that make it into the cytometer). Therefore, imaging
remains an important complement to flow cytometry.

In conclusion, while flow cytometry offers the advan-
tages of high-throughput, population-based, single-cell,
and quantitative analyses, accuracy of measurement is
dependent on numerous technical variables, which
are often overlooked and underreported. To facilitate
enhanced rigor regarding the application of flow cytometry
for the assessment of heterogeneity within hPSC-CM cul-
tures, a comprehensive SOP based on the results of the cur-
rent study is provided. The SOP contains a detailed experi-
mental protocol and a substantial number of observations,
suggestions, and considerations for customization to assist
new users in its implementation. Of course, we advocate
that laboratories validate this protocol independently for
their own cell lines and differentiation protocols. However,
as the current study demonstrates its replicability among
three laboratories, the SOP is expected to benefit both es-
tablished laboratories and those new to this field. Finally,
we present a workflow for establishing the fit-for-purpose
use of other antibody clones or protocols in—and
beyond—the assessment of hPSC-CMs. We expect this
workflow will be useful in addressing the need for addi-
tional phenotypic resolution of hPSC-CMs by serving as a
framework by which to validate marker proteins and the
antibodies that detect them. Overall, we hope that by
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adhering to rigorous standards for antibody validation
and use, reporting of experimental details, and presenta-
tion of data, these studies will promote enhanced utility
and dialogue regarding hPSC-CMs for a variety of research
and translational applications.

EXPERIMENTAL PROCEDURES

A complete record of the experimental details for all procedures
can be found in Supplemental Information.

Cell Culture and Reagents

Laboratory 1 (used for initial screen and all method development):
Undifferentiated hiPSCs (DF6-9-9T line) were maintained in
monolayer culture and differentiation was performed as described
(Bhattacharya et al., 2014; Kropp et al., 2015). Laboratory 2: Undif-
ferentiated hiPSCs (19-3 line generated from a healthy donor) were
differentiated to hPSC-CMs as described (Burridge et al., 2014).
Laboratory 3: Undifferentiated hESCs (H7 line) were induced to
differentiate as described (Wang et al., 2015). All experiments
were performed using hPSC-CMs from day 20 to 25 of differentia-
tion. Normal human ventricular cardiac fibroblasts (Lonza Cat. no.
CC-2904) were cultured per the vendor’s recommendations.

Parallel Reaction Monitoring

Day 25 hPSC-CM cell lysate and recombinant human TNNI3
(ProSpec, PRO-324) were digested with trypsin and analyzed by
liquid chromatography-tandem mass spectrometry using an Orbi-
trap Fusion Lumos (Thermo). In initial discovery studies, data-
dependent acquisition was used for selection of peptides that
had favorable characteristics (i.e., well-defined chromatographic
peak, easily ionized). Subsequently, stable isotopically labeled syn-
thetic peptides were obtained for the three best-performing TNNI3
peptides and used as internal standards. A targeted mass spectrom-
etry assay was developed using PRM (Peterson et al., 2012) to selec-
tively detect three peptides from TNNI3 and four peptides from
TNNT2 at their observed mass and time of elution from prelimi-
nary experiments of recombinant protein and cell lysate, respec-
tively. This assay was applied to day 25 hPSC-CMs, and hPSC
and cardiac tissue samples (collected with Institutional Review
Board approval) were included as negative and positive controls,
respectively.

Flow Cytometry

Three protocols were used to prepare hPSC-CM:s for flow cytometry
(Table 1). All protocols were performed at room temperature using
100 pL for all solutions unless otherwise indicated. Wash steps
were performed with Dulbecco’s PBS (Sigma, D8537) and centrifu-
gation at 200 g for 3 min. For the initial screen, the amount of anti-
body used was selected based on the published literature or manu-
facturer’s recommendation when available. When unavailable,
1 pg was used. The initial screen was performed using two biolog-
ical replicates, while all subsequent analyses were performed using
three biological replicates. Data were acquired on a BD LSR II flow
cytometer using the filter cubes described in Table 1 and were
analyzed using FlowJo v.10 (Flow]o).



Epitope Competition Assay

Synthetic peptides (>99% purity, Genscript) with sequences repre-
senting the epitopes including TNNI1 (VEVGDWR), TNNI2
(RDVGDWR), TNNI3 (REVGDWR), and TNNT2 (EEEENRRKAE
DEARKKKALSN) were generated and resuspended according to
the manufacturer’s guidelines. Respective antibodies were incu-
bated with each blocking peptide (10,000x molar excess of anti-
body) for 30 min at room temperature in blocking solution.
Following incubation, this peptide-antibody mix was added to
the fixed cell sample and sample preparation proceeded according
to protocol 2 (Table 1).

Co-immunodetection Experiments

For co-immunodetection, primary antibodies were added simulta-
neously in two combinations: anti-TNNT2 clone 1C11/anti-
TNNI3 clone 2Q1100 and anti-TNNT2 clone 1C11/anti-TNNI3
clone CS. To avoid the complication of spectral overlap, the sec-
ondary antibody used in co-immunodetection experiments for
anti-TNNI3 clone C5 was anti-mouse IgG2b-Alexa Fluor 647
(Thermo Fisher Cat. no. A21242).

Cell Mixing Experiments

Samples were generated by mixing hPSC-CMs with hPSCs at ratios
of 100:0, 75:25, 50:50, 25:75, and 0:100 such that the total number
of cells in the mixed sample was 1 X 10° and subsequently
prepared according to protocol 2 (Table 1). A finalized protocol
(Supplemental Information) was shared with two laboratories
(Dr. Paul Burridge, Northwestern; Dr. Kenneth Boheler, Hong
Kong University), each of which used different cell lines and differ-
entiation protocols than were used in SOP development.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental
Procedures, six figures, and one table and can be found with this
article online at https://doi.org/10.1016/j.stemcr.2018.12.016.
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