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Abstract

In the recent decade, chimeric antigen receptor (CAR)-T cell therapy has revolu-

tionized strategies for cancer treatments due to its highly effective clinical efficacy

and response for B cell malignancies. The success of CAR-T cell therapy has stimu-

lated the increase in the research and development of various CAR constructs to

target different tumor types. Therefore, a robust and efficient in vitro potency

assay is needed to quickly identify potential CAR gene design from a library of

construct candidates. Image cytometry methodologies have been utilized for vari-

ous CAR-T cell-mediated cytotoxicity assay using different fluorescent labeling

methods, mainly due to their ease-of-use, ability to capture cell images for verifica-

tion, and higher throughput performance. In this work, we employed the Celigo

Image Cytometer to evaluate and compare two CAR-T cell-mediated cytotoxicity

assays using GFP-expressing or fluorescent dye-labeled myeloma and plasmacy-

toma cells. The GFP-based method demonstrated higher sensitivity in detecting

CAR-T cell-mediated cytotoxicity when compared to the CMFDA/DAPI viability

method. We have established the criteria and considerations for the selection of

cytotoxicity assays that are fit-for-purpose to ensure the results produced are

meaningful for the specific testing conditions.
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1 | INTRODUCTION

Cancer is one of the leading causes of mortality worldwide [1], where

surgical resection, chemotherapy, and radiotherapy have been tradi-

tionally employed for clinical treatments [2]. However, patients with

relapsed or refractory tumors and poor outcomes require novel cancer

treatment methods. In the past decade, immunotherapies such as

immune-checkpoint inhibitors [3], as well as cell therapies have dem-

onstrated clinical efficacy against malignant cells [2].

Specifically, chimeric antigen receptor (CAR)-T cell therapy has

emerged as a promising strategy to improve the clinical responses for

B cell malignancies. In 2017, the US Food and Drug Administration

(FDA) approved the first anti-CD19 CAR-T therapy for treating pedi-

atric and young adult patients with refractory or relapsed B-cell acute

lymphoblastic leukemia [4]. Currently, there are six CAR-T cell prod-

ucts available in the market including Kymriah, Yescarta, Tecartus,

Breyanzi, Abecma, and Carvykt [2,5–9]. With the increasing number

of CAR-T cell therapies being developed, a robust potency assay is
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needed to facilitate the identification of the most optimal CAR gene

design from a library of construct candidates.

Traditionally, in vitro CAR-T cell-mediated cytotoxicity is

assessed using release assays such as 51Cr (radioactivity), calcein

(fluorescence), and LDH (enzymatic) [10–12]. However, release

assays indirectly measure cell death via molecules released in super-

natant and typically limited to only endpoint assays [13–15]. In

addition, handling and disposing of 51Cr hazardous materials is less

preferred [13–15]. Luciferase reporter assay, although highly sensi-

tive, has similar drawbacks as the release assays [16]. Finally, flow

cytometry method can directly measure cell death and viability, but

can be time-consuming and requires a large number of CAR-T cells

when the effector-to-target (E:T) ratio is high [17]. Furthermore,

additional steps are required for adherent cells that require trypsini-

zation. In the last decade, image cytometry methodologies have

been employed for various cell-based assays due to their ease-of-

use, ability to capture cell images for verification, and higher

throughput performance. Previously, the use of Celigo Image Cyt-

ometer for CAR-T cell-mediated cytotoxicity assay has been demon-

strated for adherent cells and compared to 51Cr release, luciferase

assay, and flow cytometry [15–17]. Different image cytometry

assays can be performed depending on the fluorescent labeling

methods. One method is to engineer target cells with genes encod-

ing fluorescent proteins (GFP, BFP, mCardinal, etc.) and count the

number of fluorescent protein positive cells over time to determine

the lysis percentages [15–17]. As the target cells die from cell-

mediated cytotoxicity, the dead/dying target cells would become

non-fluorescent [15–17]. Another method is to label the target cells

with a fluorescent tracer dye and then stain them with a viability

dye to directly determine the target cell viability [18]. This method

is more challenging due to the fact that the tracer dye-stained tar-

get cells may lose fluorescence over the coculture time frame, which

may cause unintended loss of cell counts and resulting in artificially

lower viability measurements [13]. Another challenge is the nonspe-

cific staining of effector cells with the viability dye, which may also

cause artificially lower viability if the dead effector cells are directly

on top of the target cells, where image analysis identifies the target

cells as dead.

In this work, we employed image cytometry to evaluate and com-

pare two CAR-T cell-mediated cytotoxicity assays, which utilized GFP-

expressing or fluorescent dye-labeled (non-GFP-expressing) suspen-

sion tumor cells (myeloma, plasmacytoma) in coculture with different

CAR-T cells expressing CAR of various targeting specificity. The cyto-

toxicity assays were conducted over a 72-h incubation time frame to

assess the sensitivity level of each labeling method. We have found

that the GFP-based method showed higher sensitivity in detecting

CAR-T cell-mediated cytotoxicity when compared with the CMFDA/

DAPI viability method. Additionally, given that both GFP and CMFDA/

DAPI methodologies showed different advantages and disadvantages

for performing the CAR-T cell-mediated cytotoxicity assay. It is critical

to establish an appropriate cell-mediated cytotoxicity assay to enable

efficient and effective testing of new and novel CAR constructs. Fur-

thermore, we present the criteria and considerations for the selection

of cytotoxicity assays that are fit-for-purpose to ensure the results pro-

duced are meaningful for the specific testing conditions.

2 | MATERIALS AND METHODS

2.1 | Preparation of the target cancer cells with
and without GFP

The U266 myeloma cancer cell line was obtained from the Biore-

source Collection and Research Center (BCRC) and maintained in

RPMI-1640 (Sigma-Aldrich) with 15% FBS, 1x P/S, 1x HEPES, 1x NaP.

The NCI-H929 plasmacytoma cancer cell line was purchased from

ATCC (CRL-9068) and maintained in RPMI with 10% FBS, 1x P/S, 1x

HEPES, 1x NaP, and 0.05 mM 2ME. The U266 and NCI-H929 paren-

tal cell lines were directly utilized for the CMFDA/DAPI viability assay

and were also engineered to express cytoplasmic GFP to perform the

GFP-based cytotoxicity assay. All cell types were counted in a stan-

dard 96-well plate (#3599, Corning) to determine the concentration

for the cell plating in the subsequent procedures.

2.2 | Preparation of the effector cells

Peripheral blood mononuclear cells (PBMCs) were first separated from

blood samples of healthy donors using the Ficoll–Hypaque gradient

separation method. Next, CD3+ T cells were isolated from PBMCs

using the EasySep™ Human T Cell Isolation Kit (StemCell Technolo-

gies) following manufacturer instructions. T cells were then activated

by co-incubation for 2 days with Dynabeads™ (ThermoFisher Scien-

tific). Following the removal of the Dynabeads, activated T cells were

harvested and utilized in the subsequent experiments. Electroporation

of activated T cells was carried out using the Nucleofector™ 4D

(Lonza) and the Quantum Nufect™ Kit (GenomeFrontier). The T cells

were electroporated with the combination of a Quantum pBac™-CAR

donor vector and a Quantum pBase™ expressing helper plasmid

(GenomeFrontier) following manufacturer instructions. Four types of

effector cells were generated for the subsequent experiments, A-

CAR-T, B-CAR-T, CD20/19-CAR-T, and activated T cells only.

2.3 | Fluorescent staining of target cells with
5-chloromethylfluorescein diacetate

The 5-chloromethylfluorescein diacetate (CMFDA) staining solution

(Cayman Chemical) was first diluted in Phosphate Buffered Saline

(PBS) to produce a working concentration of 3 μM. Next, the non-

GFP-expressing target cancer cells (U266, NCI-H929) were centri-

fuged at 300g for 5 min and washed with PBS. Subsequently, the cell

pellets were resuspended in the working concentration of CMFDA

and incubated for 30 min in the dark at room temperature. After the

incubation, the CMFDA-stained cells were centrifuged and washed

three times with RPMI containing 10% FBS.
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2.4 | CAR-T cell-mediated cytotoxicity assay using
CMFDA/DAPI viability method

The CMFDA-labeled target cancer cells (U266, NCI-H929) were plated

in the 96-well plates at a seeding density of 5000 cells/100 μl per well

in phenol red-free culture medium (RPMI). The CAR-T (A-CAR, B-CAR,

CD20/19-CAR) and activated T cell concentrations (negative control)

were adjusted in 50 μl of the phenol red-free culture medium and

added to the 100 μl of target cells per well, which generated three dif-

ferent effector-to-target (E:T) ratios (5:1, 1:1, 0.2:1). Another negative

control was produced by adding 50 μl of culture medium. A positive

control was produced by heat-shocking a sample of the CMFDA-

labeled target cells in a 65�C water bath for at least 30 min. The posi-

tive control was included to allow appropriate image acquisition and

analysis settings for the image cytometer. At each observation time

point (0, 24, 48, 72 h), 50 μl of 16 μM DAPI (BioLegend) were added

and mixed in each well to label membrane-permeable dead cells. The

plates were then centrifuged at 300g for 1 min and immediately

scanned using the image cytometer. The counted number of CMFDA-

labeled and CMFDA/DAPI double positive cells were used to calculate

the viability of the target cells to determine the CAR-T cell-mediated

cytotoxicity effects. Each condition was performed in triplicate.

2.5 | CAR-T cell-mediated cytotoxicity assay using
GFP-based method

Two multiple myeloma cell lines, U266 and NCI-H929, were engineered

with GFP-luciferase containing lentiviral vector to generate the GFP-

expressing stable lines, GFP-U266 and GFP-NCI-H92. These two GFP-

expressing target cancer cell lines were plated in the 96-well plates at a

seeding density of 5000 cells/100 μl per well in phenol red-free culture

medium (RPMI). The CAR-T (A-CAR, B-CAR, CD20/19-CAR) and acti-

vated T cell concentrations (negative control) were adjusted in 50 μl of

the phenol red-free culture medium and added to the 100 μl of target

cells per well, which generated three different effector-to-target (E:T)

ratios (5:1, 1:1, 0.2:1). Another negative control was produced by adding

50 μl of culture medium. The plates were then scanned and analyzed at

0, 24, 48, and 72 h using the image cytometer to assess the effects of

CAR-T cell-mediated cytotoxicity. The number of GFP positive cells

remaining in the wells at each time point was used to calculate the lysis

percentages. It is important to note that at time points beyond 0 h, the

wells were mixed to break apart the large effector/target cell clusters

and then centrifuged to settle down the target cells, which enabled

appropriate single cells identification. Images were acquired and analyzed

both pre- and post-mixing to demonstrate the image analysis improve-

ments. Each condition was performed in triplicate.

2.6 | Image cytometric analysis for CAR-T cell-
mediated cytotoxicity assay

The Celigo Image Cytometer (Nexcelom Bioscience) was used to per-

form the two CAR-T cell-mediated cytotoxicity assays. The

capabilities of the high-throughput image cytometry system have

been described previously [13–17]. The image cytometer was

employed to determine the cytotoxicity effects with the two different

cell-based assays. Figure S1 demonstrates the detailed description of

Celigo image acquisition process. It is important to note that fluores-

cence background correction was not utilized for data analysis.

For the CMFDA/DAPI viability method, the Celigo Application of

“Target 1 (Bright field: BF) + 2 (Blue) + Mask (Green)” was used to

measure the target cell viability by counting the total number of

CMFDA+ target cells in the green channel (exposure: 8–50 ms, focus

offset: 30–35 μm) and DAPI+ target cells in the blue channel (expo-

sure: 40–60 ms, focus offset: 0 μm). The BF images were acquired

with auto-exposure for visualization purposes. The ANALYZE parame-

ters were only required for the green mask channel (CMFDA), which

were set to: “Algorithm = Fluorescence,” “Intensity Threshold = 3,”
“Precision = High,” “Cell Diameter = 10,” “Dilation Radius = 0,”
“Background Correction = uncheck,” “Separate Touching

Objects = Check,” “Minimum Cell Area = 50.” The ANALYZE param-

eters for the blue channel (DAPI) were set to:

“Algorithm = Fluorescence,” “Intensity Threshold = 3,”
“Precision = High,” “Cell Diameter = 10,” “Dilation Radius = 0,”
“Background Correction = uncheck,” “Separate Touching

Objects = Check,” “Minimum Cell Area = 50.” The CMFDA and DAPI

fluorescent intensities were then plotted in the GATE function, where

the viability percentages were directly measured in the scatter plot.

For the GFP-based method, the Celigo Application of “Target
1 (BF) + 2 (Green)” was used to calculate the lysis percentages by

counting the total number of GFP+ target cells in the green channel

(exposure: 80–100 ms, focus offset: 30–35 μm, gain: 50). The BF

images were again acquired with auto-exposure for visualization pur-

poses. The ANALYZE parameters were only required for the green

channel (GFP), which were set to: “Algorithm = Fluorescence,” “Inten-
sity Threshold = 5,” “Precision = High,” “Cell Diameter = 10,” “Dila-

tion Radius = 0,” “Background Correction = uncheck,” “Separate
Touching Objects = Check,” “Minimum Cell Area = 50,” “Minimum

Cell Aspect Ratio = 0.2.” The BF “Intensity Threshold” was set to

255, so only cells were counted in the green channel. The lysis per-

centages were calculated using the Equation (1),

%Lysis¼ 1� #GFPTreated
#GFPNegative

� �
�100 ð1Þ

where #GFPTreated represented remaining target cells in coculture, and

#GFPNegative represented target cells alone. This equation normalized

the results to the negative control.

3 | RESULTS

3.1 | CAR-T cell-mediated cytotoxicity of U266
and NCI-H929 using CMFDA/DAPI viability method

A-CAR and B-CAR are CAR-T cells targeting two specific antigens

overexpressed in multiple myeloma cancer cells. Here we evaluated
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the cytotoxicity effects of A-CAR and B-CAR, as well as

CD20/19-CAR and activated T cells (negative controls) on two multi-

ple myeloma target cell lines, U266 and NCI-H929, using the

CMFDA/DAPI viability method. Examples of the U266 and NCI-H929

fluorescent overlay images and intensity scatter plots at different E:T

ratios and time points for A-CAR, B-CAR, CD20/19-CAR, and acti-

vated T cells are shown in Figures 1 and 2 and Figures S2 and S3. In

the fluorescent images, one can clearly observe the increase in the

CMFDA+DAPI+ U266 and CMFDA+DAPI+ NCI-H929 cells, as well as

dead effector cells that are DAPI+ only. As the time increased in

F IGURE 1 Example fluorescent overlay images and fluorescent scatter plots for the A-CAR construct on U266 tumor cells. (left) CMFDA and
DAPI fluorescent overlay images showing increase of DAPI positive cells over time. (right) Fluorescent scatter plots of DAPI in respect to CMFDA
also showing increase of DAPI populations [Color figure can be viewed at wileyonlinelibrary.com]

F IGURE 2 Example fluorescent overlay images and fluorescent scatter plots for the A-CAR construct on NCI-H929 tumor cells. (left) CMFDA
and DAPI fluorescent overlay images showing increase of DAPI positive cells over time. (right) Fluorescent scatter plots of DAPI in respect to
CMFDA also showing increase of DAPI populations [Color figure can be viewed at wileyonlinelibrary.com]
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respect to the E:T ratios, the reduction of the CMFDA+ target cells

and increase of CMFDA+DAPI+ cells are visualized for A-CAR and B-

CAR. In addition, the fluorescent scatter plots of the CMFDA in

respect to DAPI displayed an increase in the DAPI populations over

time indicating a reduction in viabilities. In contrast, the

CD20/19-CAR and activated T cells did not show notable changes in

the fluorescent images.

The viabilities were monitored from 24 to 72 h for U266 and 0 to

72 h for NCI-H929. When determining their viabilities, the results are

measured directly from each sample independently at each time point,

where no normalization is applied. The time- and E:T-dependent viabil-

ity results are shown in Figure 3. In the time-dependent viability results

for U266, the A-CAR and B-CAR constructs showed the highest cyto-

toxicity effects with the highest reduction in viabilities (Negative minus

Treated) of �40% and 30% at 5:1 ratio and 72 h, respectively

(Figure 3A,B). The CD20/19-CAR construct showed a much lower

cytotoxicity at �15% (Figure 3C), whereas the activated T cells did not

show any noticeable reduction in viability (Figure 3D). In contrast, the

time-dependent viability results for NCI-H929 showed decreases in

viabilities (Negative—Treated) of �30% and 25% at 5:1 ratio and 72 h

for A-CAR and B-CAR, respectively (Figure 3E,F). The CD20/19-CAR

construct and activated T cells did not show any noticeable reduction

in viability (Figure 3G,H). The overall target cell viability decreased for

the negative control may indicating the alloreactive T cell toxicity.

In the E:T-dependent viability results, the NCI-H929 target cells

showed lower cytotoxicity response when compared to the U266 tar-

get cells for the different CAR-T cells engineered with various CAR

constructs (Figure 4). The A-CAR showed the earliest and the highest

E:T-dependent cytotoxicity effects, followed by B-CAR,

CD20/19-CAR, and activated non-engineered T cells. It is interesting

to note that at time 0 h, a slight E:T ratio-dependent viability reduc-

tion is already present for the A-CAR.

F IGURE 3 Comparison of the time-
dependent viability measurement between
U266 and NCI-H929 for each CAR
construct and activated T cells at different
E:T ratios
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3.2 | CAR-T cell-mediated cytotoxicity of U266
and NCI-H929 using GFP-based method

The cytotoxicity effects of various CAR-T constructs on GFP-U266

and GFP-NCI-H929 were also assessed and compared using the

GFP-based method by using the GFP expressing counterparts of

these cell lines as target cells. Examples of the GFP fluorescent

images for mixed and unmixed wells at different E:T ratios and time

points for A-CAR, B-CAR, CD20/19-CAR, and activated non-

engineered T cells are shown in Figures 5 and 6 and Figures S4 and

S5, respectively. One can clearly observe the decrease in the num-

ber of GFP-U266 cells over time and in respect to higher E:T ratios,

whereas the GFP-NCI-H929 target cells showed notably lower

reductions. In the unmixed wells for A-CAR and B-CAR, multiple

large clusters are formed for GFP-U266 indicating cytotoxic activi-

ties from the CAR-T effectors cells, which has been observed in

previous publication [17], whereas GFP-NCI-H929 did not show

much. It is critical to mix the wells prior to image cytometric analy-

sis to accurately count individual GFP+ target cells if there are for-

mations of large clusters.

F IGURE 4 Comparison of the E:T-dependent viability measurement between U266 and NCI-H929 for each CAR-T cell type and activated T
cells at different E:T ratios
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The time-dependent results for GFP+ cell count and the calcu-

lated lysis percentages are shown in Figures 7 and 8. The unmixed

analysis results are shown in Figures S6 and S7, which displayed sig-

nificantly higher variation due to the clustering of the target cells.

For the U266 target cells, the GFP+ cell counts decreased for all E:

T ratios when cocultured with the A-CAR-T cells (Figure 7A),

whereas only the 5:1 and 1:1 ratios showed significant decrease in

GFP+ cell counts for the B-CAR-T cells (Figure 7B). For the GFP-

NCI-H929 target cells, the A-CAR showed cytotoxicity effects at

the 5:1 and 1:1 ratios, and the B-CAR only showed an effect at 5:1

ratio. These results indicated that the A-CAR was more sensitized

to GFP-U266 cancer cells due to higher expression of antigen for

A-CAR, as expected from previous internal studies. The GFP+ cell

counts for both target cells increased over time for CD20/19-CAR

and activated T cells for each E:T ratio comparable to the negative

control, indicating the lack of cytotoxic activities (Figure 7C,D, and

F IGURE 5 Example GFP fluorescent images of mixed and unmixed wells for the A-CAR-T cells on U266 tumor cells. (left) Mixed wells
showing single cell suspension. (right) Unmixed wells showing large clusters [Color figure can be viewed at wileyonlinelibrary.com]

F IGURE 6 Example GFP fluorescent images of mixed and unmixed wells for the A-CAR-T cells on NCI-H929 tumor cells. (left) Mixed wells
showing single cell suspension. (right) Unmixed wells showing large clusters [Color figure can be viewed at wileyonlinelibrary.com]
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G,H), as expected because they did not specifically target the two

tumor cell lines.

The calculated and normalized lysis percentages for A-CAR

showed as high as �90% at the 5:1 ratio (Figure 8A), whereas B-CAR

showed �80% lysis for the U266 target cells (Figure 8B). Similarly, the

GFP-NCI-H929 target cells showed �90% and 80% lysis percentage

for A-CAR and B-CAR at 5:1 ratio (Figure 8E,F), respectively, but the

A-CAR displayed a sharp decrease at 1:1 ratio to �35% and no killing

shown for the B-CAR at 1:1 ratio. Both the CD20/19-CAR and acti-

vated non-engineered T cells showed insignificant changes in lysis

percentages, confirming the lack of cytotoxic activities. The lysis per-

centages were calculated based on the Equation (1), where the results

were normalized to the negative control, which was a standard prac-

tice for determining the cytotoxicity effects. The calculated lysis

F IGURE 7 Comparison of the time-dependent GFP cell count between U266 and NCI-H929 for each CAR-T cell type and activated T cells at
different E:T ratios
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percentages were higher than the CMFDA/DAPI viability reduction,

which may have demonstrated the improved assay sensitivity for the

GFP-based method. It is important to note that the negative lysis per-

centages indicated target cell proliferation in comparison to the nega-

tive control.

4 | DISCUSSION

In the recent decade, plate-based image cytometry method has been

effectively utilized for high-throughput cell-mediated cytotoxicity

assays [14–17]. The advantages of using image cytometry for CAR-T

cell-mediated cytotoxicity assay are the ability to perform high-

throughput analysis, time-course measurement, and visualization of

cell killing in bright field and fluorescent images without utilizing a

large amount of target and effector cells. In this work, we evaluated

two different image-based assays to assess the cytotoxic potencies of

CAR constructs with the CMFDA/DAPI viability and the GFP-based

methods.

The CAR constructs we tested specifically targeted myeloma and

plasmacytoma, which are suspension tumor cells. Suspension cells do

not require trypsinization for the initial preparation and their circular

morphology can present better fluorescent imaging. However, they

tend to form large clusters of effector/target cells around the edges

of the wells making it difficult to perform image segmentation. These

clusters can cause inaccurate counting of live target cells, which can

F IGURE 8 Comparison of the time-dependent lysis percentages between U266 and NCI-H929 for each CAR-T cell type and activated T cells
at different E:T ratios
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result in a large variation when calculating the lysis percentages for

the GFP-based method.

In order to resolve this issue, the cells in each well are mixed and

the entire plates are centrifuged to decluster the clumps, thus improv-

ing image analysis. Without mixing, the cell counting results are typi-

cally lower (Figures S8–S9) for CAR constructs that can induce high

activation in T cells as observed for A-CAR and B-CAR, which can

form more clusters. As coculture time increased, the cell counting

results became closer for mixed and unmixed wells, due to the fact

that most of the target cells have been killed leading to lower number

of clusters. When calculating the lysis percentages, the clusters did

increase the variation and also resulting in highly negative values

(Figures S10–S11). The negative lysis percentages did return to nor-

mal as coculture time increased due to less clustering. It is interesting

to note that NCI-H929 cell type did not form as large or as many clus-

ters as the U266, thus the lysis percentages were less affected. Simi-

larly, the CMFDA/DAPI viability was not affected because the

procedure already required mixing with the DAPI stain. The Colony

Application within the Celigo Software may be utilized to count the

number of large clusters/aggregates in bright field or fluorescent

imaging for additional analysis.

The CMFDA/DAPI viability and GFP-based methods are used to

characterize different aspects of the CAR-T cell-mediated cytotoxic-

ity. The viability stains can determine the actual live/dead target cell

populations, but the accuracy can be affected by the E:T ratios and

the starting effector cell viability. The GFP-based method is based on

the killing process of the CAR-T cells inducing target cell apoptosis

and permeabilizing the cells allowing GFP to leak out. Both methods

can be used to depict cytotoxic potential of the CAR-T. The results

presented here demonstrated higher values and range for the GFP-

based method potentially indicating higher assay sensitivity. Further-

more, this method is the simplest way to determine cytotoxicity

effects without disruption from nonspecific staining of effector or tar-

get cells.

There are a variety of fluorescent labeling that can be fit-for-

purpose when performing image-based cell-mediated cytotoxicity

assays [13–17]. A fit-for-purpose assay can be selected depending on

the type of tumor cells (suspension or adherent), coculture time dura-

tion (4–96 h), or E:T ratios. If the E:T ratio is too high (>10:1) or

effector cell viability is too low (less than 70%), the physical overlap-

ping of the dead effector cells on top of the target cells can artificially

decrease the viability readout. Table 1 shows a fluorescent labeling

selection table based on the type of tumor cells and coculture dura-

tion time. For suspension tumor cells, calcein AM is used to label only

live cells and typically used up to 24 h depending on the rate of spon-

taneous release of the target cells [13,14,19]. The tracer and viability

dye combination can be used up to a maximum of 72 h, after which

most of the tracer dyes would lose the fluorescent signals [18,20].

Both nuclear and cytoplasmic fluorescent protein expression can be

used for the longest duration because of the spherical morphology of

the target cells that allows focused fluorescent emission [17]. This

also applies to the tracer and viability dye combination.

In contrast, adherent tumor cells are typically more difficult to

work with because they adhere and spread out on the well surfaces,

thus decreasing the fluorescence density for cytoplasmic-labeled tar-

get cells [15,16]. Similarly, calcein AM should only be used for cocul-

ture duration less than 4 h [13]. For coculture duration less than 4 h,

there is no differences between suspension and adherent cells since

most of the target cells do not adhere and spread out completely dur-

ing that time. For coculture duration greater than 4 h, the tracer and

viability combination and the fluorescent protein expression labeling

method should all be labeling the nucleus [17]. Currently, the most

effective method is nuclear fluorescent protein labeling, which can

measure cytotoxicity up to 96 h [15–17]. In addition, an appropriate

nuclear tracer dye has not yet been identified for accurate long-term

image-based cytotoxicity assays. It is important to note that if primary

patient tumor cells are adherent, currently it is difficult to perform a

long-term cytotoxicity assay without fluorescent protein expression

and no appropriate nuclear tracer dye staining. Other methods such

as building a three-dimensional tumor spheroid model can be used for

both culture and primary tumor cells by measuring the size of the

spheroid after treatment [21–23].

It is important to mention that there are image cytometers similar

to Celigo and other high content imagers that may be used to assess

cell-mediated cytotoxicity. However, high content imagers typically

utilize higher magnifications for subcellular imaging. Although at lower

magnifications may achieve the same function, they are typically used

for their high resolution and fluorescent sensitivity for subcellular

TABLE 1 Cell-mediated cytotoxicity assay fluorescent labeling selection table

Fluorescent

labeling
selection table Co-culture time duration

Tumor cell type ≤4 h 4–24 h 24–72 h >72 h

Suspension Calcein AM, tracer/viability

dye, fluorescent protein

expression (nuclear or

cytoplasmic)

Calcein AM, tracer/viability

dye, fluorescent protein

expression (nuclear or

cytoplasmic)

Tracer/viability dye,

fluorescent protein

expression (nuclear or

cytoplasmic)

Fluorescent protein

expression (nuclear or

cytoplasmic)

Adherent Calcein AM, tracer/viability

dye (nuclear), fluorescent

protein expression (nuclear or

cytoplasmic)

Tracer/viability dye (nuclear),

fluorescent protein

expression (nuclear)

Tracer/viability dye (nuclear),

fluorescent protein

expression (nuclear)

Fluorescent protein

expression (nuclear)
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analysis. Other similar image cytometers may not be able to achieve

the speed and high-throughput function of Celigo due to its proprie-

tary optical system.

In conclusion, it is important to select a fit-for-purpose cell-

mediated cytotoxicity assay to investigate the potency of a CAR con-

struct on the target cells using image cytometry. Depending on the

specific situations, some assays are more appropriate than others to

generate more accurate results. The two assays evaluated and com-

pared in this work demonstrated different sensitivity as well as assay

procedures, which can be factored in when selecting a fit-for-purpose

image-based method. Future work will focus on the identification of a

robust and consistent nuclear tracer dye for adherent target cells.
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