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ARTICLE INFO ABSTRACT
Article History: Background aims: Chimeric antigen receptor (CAR) T cells have demonstrated remarkable efficacy against
Received 28 October 2022 hematological malignancies; however, they have not experienced the same success against solid tumors

Accepted 13 January 2023 such as glioblastoma (GBM). There is a growing need for high-throughput functional screening platforms to

measure CAR T-cell potency against solid tumor cells.
Key Words: Methods: We used real-time, label-free cellular impedance sensing to evaluate the potency of anti-disialo-
CAR-T therapy ganglioside (GD2) targeting CAR T-cell products against GD2+ patient-derived GBM stem cells over a period
cellular Immunotherapy of 2 days and 7 days in vitro. We compared CAR T products using two different modes of gene transfer: retro-
il_lcoet;:as(t)?gi viral transduction and virus-free CRISPR-editing. Endpoint flow cytometry, cytokine analysis and metabolo-
P v mics data were acquired and integrated to create a predictive model of CAR T-cell potency.
Results: Results indicated faster cytolysis by virus-free CRISPR-edited CAR T cells compared with retrovirally
transduced CAR T cells, accompanied by increased inflammatory cytokine release, CD8+ CAR T-cell presence in
co-culture conditions and CAR T-cell infiltration into three-dimensional GBM spheroids. Computational modeling
identified increased tumor necrosis factor o concentrations with decreased glutamine, lactate and formate as
being most predictive of short-term (2 days) and long-term (7 days) CAR T cell potency against GBM stem cells.
Conclusions: These studies establish impedance sensing as a high-throughput, label-free assay for preclinical
potency testing of CAR T cells against solid tumors.
© 2023 International Society for Cell & Gene Therapy. Published by Elsevier Inc. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)

Introduction of T cells that have been genetically modified to express chimeric
antigen receptors (CAR) has brought new successes in cancer treat-

Cellular immunotherapies have rapidly emerged as a new class of ment. Since 2017, six CAR T-cell therapies have been approved by the
cancer treatments. Along with checkpoint blockade, the emergence Food and Drug Administration for treating B-cell acute lymphoblastic
leukemia, large B-cell lymphoma, mantle cell lymphoma and multi-
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being designed against invasive solid tumors like glioblastoma
(GBM), critical in vitro challenges prevent the identification of process
parameters of CAR T-cell effectiveness, such as CAR T-cell prolifera-
tion, time to exhaustion, dosing strategy, and rate of target cell killing
[2—-8]. Although cellular product preparation, validation and supply
chain transport are well-regulated, there are currently no uniform
technical standards for CAR T-cell manufacturing or in-process
potency testing. The lack of high-throughput, label-free methods to
evaluate real-time CAR T-cell potency in vitro is a critical bottleneck
that hinders the assessment of desirable quality attributes during
manufacturing of cellular therapies.

Chromium 51 (°!Cr) release assays are considered the gold stan-
dard for monitoring immune cell-mediated killing and continue to
be used to test CAR T-cell products today. Although °'Cr release
assays are sensitive, they represent an indirect measure of cell killing
and need to be limited to short-term 4-h assessments to avoid risking
spontaneous leakage of hazardous radioactive isotopes from the tar-
get cells [9]. Second, this method is not sensitive to measurements
involving low effector-to-target (E:T) ratios and therefore requires
very high E:T ratios to observe cell killing [9]. Other cytotoxicity
assays commonly used include flow cytometry or fluorescent
dye—based measurements of cell killing, and reporter assays or lac-
tate dehydrogenase release, which involve genetically engineering
the target cells with a fluorescent or bioluminescent reporter (which
could affect realistic cell—cell interactions or behavior). Additional
deficiencies include small target sample numbers or endpoint meas-
urements that are not conducive to the parallel assay processing
needed to gain insights into the multifaceted potency of effector
cells.

Real-time, label-free cellular impedance sensing can be used to
obtain dynamic measurements of cellular adhesion and subsequent
cell-mediated cytotoxicity. Originally developed to monitor cell bar-
rier formation and cellular motility, cellular impedance changes are
now being used to sensitively measure cell proliferation, spreading,
wound healing and cytotoxicity [10—16]. All cells exhibit passive
electrical behaviors, owing to the presence of an insulating lipid
bilayer separating ionic cytoplasm from ion-rich media that creates
interfacial polarization under an applied field [17,18]. Therefore,
when cells are cultured directly on electrodes embedded in the cell
culture substrate, and a small alternating current is applied, the cur-
rent flow is impeded between electrodes and the system impedance
increases with cell coverage [19]. Adherent cell death and detach-
ment therefore reduces the measured impedance, which is recorded
by the impedance platform in real time [20—22]. While impedance is
extremely sensitive to adherent cells, immune effector cells are non-
adherent and do not directly affect impedance signal [23].

CAR T cells are traditionally manufactured using lenti- or retrovi-
ruses due to the high-efficiency of gene transfer. However, viral
transduction can infer broad and nonspecific genomic integration
that subsequently risks heterogeneous CAR expression, potentially
leading to inadequate responses in the patient [24—27]. CRISPR/Cas9
genome editing can insert the CAR transgene into a specific genomic
locus to reduce risks associated with insertional mutagenesis and
ensure usage of a promoter that will yield high surface expression.
Editing also can be multiplexed to rewire T-cell responses toward
more potent T-cell phenotypes [28—-31]. The combination of multiple
in vitro assays encompassing both endpoint and temporal data can
demonstrate differential cytotoxic potency of CAR T-cell products
against patient-derived tumor cells.

Here we describe a non-invasive, label-free impedance assay to
detect anti-cancer potency of retrovirally (RV) transduced and virus-
free CRISPR-edited (VFC) CAR T-cell products [32] derived from
matched donor T cells. RV and VFC CAR T cells targeting anti-disialo-
ganglioside (GD2) were cocultured with patient-derived GBM stem
cell (GSC) monolayers in multi-well impedance plates, and real-time,
label-free changes in impedance as a measure of cytotoxicity were

acquired continuously over 2 and 7 days in vitro. CAR T-cell-medi-
ated GSC cytotoxicity was validated by measuring temporal differen-
ces in CAR T-cell activation and exhaustion immunophenotype,
cytokine release and cellular infiltration into three-dimensional GBM
spheroids. Results were further validated by conducting impedance
biosensing of VFC and RV CAR T-cell potency against an additional
GD2+ neuroblastoma line. Experimental results were subsequently
evaluated using a symbolic regression predictive modeling software
to identify indicators of CAR T-cell potency. These findings provide a
template for real-time, label-free CAR T-cell potency assessment that
can be adopted by the cell-manufacturing industry.

Methods
Cell Culture

GSCs (N08-30) were isolated from primary human GBM tissue,
molecularly characterized and established in culture according to
procedures approved by Emory University Institutional Review Board
protocol 45796 (D.J.B). GSCs were maintained in Neurobasal A
Medium (Thermo Fisher Scientific, Waltham, MA, USA) containing 1%
penicillin—streptomycin and 0.5% L-glutamine and supplemented
with 1% N2, 2% B27, basic fibroblast growth factor (10 ng/mL), human
epidermal growth factor (20 ng/mL) and 0.4% relative humidity. Cells
were fed or supplemented medium every 2 days unless passaged or
extracted for use in in vitro assays.

CHLA20 human neuroblastoma cells (a gift from Mario Otto) were
maintained in Dulbecco’s Modified Eagle Medium high glucose
(Gibco, Thermo Fisher Scientific) supplemented with 10% fetal bovine
serum (Gibco, Thermo Fisher Scientific) and 1% penicillin—strepto-
mycin. Cells were fed or supplemented medium every 2 days unless
passaged or extracted for use in impedance assays.

Naive healthy donor T cells (HF24W) were isolated from whole
blood and established in culture according to procedures approved
by the University of Georgia Institutional Review Board protocol (IRB
ID: MODO00008066). H24FW T cells were maintained in ImmunoCult-
XF T cell Expansion Medium (STEMCELL Technologies, Cambridge,
MA, USA) and were fed with medium every 2 days unless passaged
or extracted for use in in vitro assays. At 24 h before use in co-culture
impedance assays, T cells were activated with ImmunoCult CD3/
CD28 Activation Serum (STEMCELL Technologies). Cells were incu-
bated at 37°C, 5% CO,.

T cells were originally isolated from healthy donors as approved
by the institutional review board of the University of Wisconsin-
Madison (#2018-0103) and established in culture as described previ-
ously [33]. Bulk T cells were cultured in ImmunoCult-XF Expansion
Medium before stimulation and subsequent electroporation (VFC
CAR-T or VFC mCherry) or spinoculation (RV CAR-T) to insert the CAR
transgene (pSFG.iCasp9.2A.14G2A-CD28-0X40-CD3z, a gift from Mal-
colm Brenner) as described elsewhere [33]. GD2 RV and VFC CAR T
cells produced at University of Wisconsin-Madison by one donor
were frozen in 90% fetal bovine serum + 10% dimethyl sulfoxide at 10
million cells/vial and shipped on dry ice to University of Georgia for
use in these studies. GD2 CAR T cells were thawed briefly in a 37°C
water bath and transferred into fresh ImmunoCult basal media with
ImmunoCult CD3/CD28 Activation Serum for expansion before use in
assays.

Co-culture assays for impedance measurement

For impedance measurement in the Axion Maestro platform using
patient-derived GSCs, each 96-well impedance plate (Axion Biosys-
tems, Atlanta, GA, USA) was prepared by coating with 0.05% polye-
thylenimine, followed by 20 wg/mL laminin overnight at 37°C.
Assays using CHLA20 neuroblastoma cells did not require coating
before use. After coating was complete, wells were rinsed thrice with
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deionized water and then overlaid with 100 uL of cell culture media.
The plate was placed into the analyzer to record baseline readings of
the background impedance without cells present. After a baseline
was established, the plate was removed from the analyzer and was
seeded with 50 000 GSCs in a volume of 200 pL/well. After cell plat-
ing, the plate was left in the cell culture hood for 1 h at room temper-
ature to ensure settling and attachment of the cells down to the
microelectrodes on the bottom surface. The plate was then returned
to the analyzer for data collection. Data were collected every 1 min
for 48 h for cell monolayer growth measurement. For T-cell co-cul-
ture assays, data collection was briefly paused at 48 h, and the media
was replaced with 200 uL of media containing either dosages of T
cells or media alone. The plate was returned to the analyzer and data
acquisition resumed 200 L of media was replaced every 48 h over a
period of 7 days. Changes in impedance are reported as the resistive
component of the complex impedance, which is similar to quantifica-
tions described previously [34—36]. Using AxIS Z software (Axion
BioSystems), all data are corrected for “media alone” to remove any
changes in media only impedance over time. Data were then normal-
ized to the impedance at the time of addition of effector cells. The %
cytolysis calculations use the “target cell alone” (i.e., no treatment
control) and “full lysis” controls to determine % of target cell cytolysis
at every collected time point as follows:

Z t)— Z is (£
%Cytolysismmp,e(t) _ sample( ) FullLysts( )

= x 100%
ZTargetOnly (t) - ZFulILysis ( t) ’

Imaging and flow cytometry

Patient GSCs were labeled with fluorescently conjugated antibod-
ies against GD2, CSPG4, CD133/1 and EGFR (Table 1) to quantify
expression of CAR T-cell target antigens using imaging flow cytome-
try. GSCs were stained in FACS buffer (1X phosphate-buffered saline
supplemented with 2% fetal bovine serum) and then events were
acquired using the Amnis ImageStreamX MarklIl imaging cytometer
(Luminex Corporation, Austin, TX, USA) for analysis using the IDEAS
software (Luminex Corporation).

Healthy donor H24FW T cells or GD2 CAR-T cells cultured in
ImmunoCult medium (STEMCELL Technologies) or recovered from
GSC impedance assays were collected after 96 h and labeled with
fluorescently conjugated antibodies against CD3, CD4, CD8, CD69,
CD137, PD-1, LAG3 and TIM3 (see Table 1). CAR was detected using
1A7 anti-14G2a isotype antibody (Biological Resources Branch,
National Cancer Institute, Bethesda, MD, USA) conjugated to APC
using a Lightning-Link APC Antibody Labeling kit (Novus Biologicals,
Littleton, CO, USA). T cells were stained in fluorescence-activated cell
sorting buffer and then flow cytometry was performed on an

Table 1
Antibodies used in flow cytometry, immunocytochemistry
and immunohistochemistry.

Name Company Catalog number
Zombie Yellow  BioLegend 423103
CD133/1 Miltenyi Biotec ~ 130-113-108
EGFR BioLegend 352918

GD2 BioLegend 357308
CSPG4 eBioscience 53-6504-82
CD3 BioLegend 300470

CD4 BD Biosciences 561840
CD8a BioLegend 300908
CD69 BioLegend 310930
CD137 BioLegend 745079

PD-1 BioLegend 367425
LAG-3 BioLegend 369307

TIM3 eBioscience 25-3109-41
CD3 BioLegend 300402

CcC3 Cell Signaling 9661S

NovoCyte Quanteon flow cytometer (Agilent Technologies, Santa
Clara, CA, USA) before data analysis using Flow]Jo 10.7.1 software
(Becton Dickenson, Franklin Lakes, NJ). The live/dead Zombie Yellow
Fixable Viability Kit (BioLegend, San Diego, CA, USA) was used to
exclude dead cells, and populations of interest were identified after
gating for: live, size, forward and side scatter, and then CD3+ cells.

Cytokine assessment

Media samples were collected at every media change during
impedance assays and then immediately flash frozen on liquid nitro-
gen and stored in —80°C. Then, 100 L samples were shipped on dry
ice to Eve Technologies (Eve Technologies Corp., Calgary, Alberta,
Canada) for analysis using the MILLIPLEX Human Cytokine Array
Proinflammatory Focused 13-Plex Discovery Assay (MilliporeSigma,
Burlington, MA, USA) performed using the Luminex 200 system
(Luminex Corporation) according to manufacturer’s protocol.

NMR metabolomics analysis of media samples

For two independent co-culture experiments, 50 L of media was
collected from each culture well at each time point, flash-frozen in
liquid nitrogen and stored at —80°C. Samples were transported to the
CCRC facilities on dry ice for NMR analysis. Run order of samples was
randomized. Samples were prepared in two batches for each rack of
NMR samples to be run. For each rack, samples were removed and
sorted on dry ice, then thawed at 4°C for 1 hour. Samples were then
centrifuged at 2990g at 4°C for 20 min to pellet any cells or debris
that may have been inadvertently collected with the media. Then, 5
L of 100/3 mM DSS-D6 in deuterium oxide (Cambridge Isotope Lab-
oratories, Tewksbury, MA, USA) was added to 1.7-mm NMR tubes
(Bruker BioSpin, Billerica, MA, USA), followed by 45 (L of media from
each sample that was added and mixed, for a final volume of 50 uL in
each tube. Samples were prepared at 4°C and in predetermined, ran-
domized order. The remaining volumes from each sample (~4 uL)
was combined to create an internal pool. This material was used for
internal controls as well as metabolite annotation.

NMR spectra were collected on a Bruker Avance IIl HD spectrome-
ter at 600 MHz using a 5-mm TXI cryogenic probe and TopSpin soft-
ware (Bruker BioSpin). One-dimensional spectra were collected on
all samples using the noesyprid pulse sequence under automation
using ICON NMR software. Two-dimensional HSQC and TOCSY spec-
tra were collected on internal pooled control samples for metabolite
annotation. One-dimensional spectra were manually phased and
baseline corrected in TopSpin. Two-dimensional spectra were proc-
essed in NMRpipe [37]. One-dimensional spectra were referenced,
water/end regions removed and normalized with the PQN algorithm
[38] using an in-house MATLAB toolbox (The MathWorks, Inc., Natick,
MA, USA). Raw and processed data and relevant processing scripts
are available on Metabolomics Workbench (https://github.com/artedi
son/Edison_Lab_Shared_Metabolomics_UGA) [39].

Two-dimensional NMR spectra collected on pooled samples were
uploaded to COLMARm web server [40], where HSQC peaks were
automatically matched to database peaks. HSQC matches were man-
ually reviewed with additional two-dimensional and proton spectra,
as well as using GISSMO mixture simulation [41,42] to confirm the
match. Annotations were assigned a confidence score based upon the
levels of spectral data supporting the match as previously described
[43]. Annotated metabolites were matched to non-overlapped fea-
tures in processed 1D spectra and integrated using an interactive
MATLAB script to obtain quantitative values. These values were
batched corrected between the two independent experiments using
the ComBat method implemented in MetaboAnalyst web server
[44,45]. Fold changes of batch corrected metabolite abundances were
then calculated relative to control media. These values were used for
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subsequent standalone statistical analysis implemented in MetaboA-
nalyst, as well as predictive modeling.

Immunocytochemistry for T-cell-mediated apoptosis in GSC spheroids

In total, 50 000 target GSCs were plated into 96-well spheroid plates
and left to aggregate for 48 h. Effector cells were plated at 1:1 ratio and
left in co-culture for 48 h. At endpoint, spheroids were removed from
culture for 4% paraformaldehyde fixation and then embedded in OCT
for sectioning. Cryosections were acquired at 10-;m thickness using a
cryostat (Leica Biosystems, Buffalo Grove, IL, USA) onto charged glass
slides for subsequent staining with CD3, cleaved caspase-3 (CC3), GD2
and DAPI (Table 1). Images were acquired using a Zeiss LSM 710 confo-
cal microscope equipped with Zen software (Carl Zeiss, Oberkochen,
Germany). Quantification for T-cell infiltration into spheroids, and
amount of CC3+ and GD2+ GSCs was performed using Volocity 6.3 soft-
ware (PerkinElmer, Waltham, MA, USA).

Regression analyses for predictive modeling

Symbolic regression was performed using Evolved Analytics’
DataModeler software (Evolved Analytics, Rancho Santa Fe, CA, USA).
DataModeler uses genetic programming to create symbolic regres-
sion models and selects for the fittest models defined as those with
the best trade-off of greatest accuracy (R? value) and lowest complex-
ity as identified by a pareto front. The collection of the fittest models
forms ensembles, where the models in the ensemble agree at
observed data points but diverge in extrapolated parameter spaces to
provide a trust metric. Models considered for ensemble inclusion
were processed to ensure all top-level additive terms passed an anal-
ysis of variance (ANOVA) test of P < 0.005, as well as an interval arith-
metic test to ensure no singularities within the nominal variable
ranges. Feature selection was achieved by looking at which variables
are present within the candidate models. Graphics and tables were
generated by DataModeler.

In this analysis, DataModeler’s SymbolicRegression function was
used to develop algebraic models. The fittest models were analyzed
to identify dominant variables using the VariablePresence and Varia-
bleCombinations functions. CreateModelEnsemble was used to define
trustable models using selected variable combinations and these
were evaluated using the ModelSummaryTable to identify key statis-
tical attributes with prediction and residual performance assessed
visually via the EnsemblePredictionPlot and EnsembleResidualPlot
functions, respectively. The ResponsePlotExplorer and ResponseCom-
parisonExplorer functions were used to examine interactive effects
and the MultiTargetResponseExplorer was used to examine the
impact of common variables for multiple responses.

Statistical analysis

All analyses for direct mean comparisons of E:T impedance
responses, cytokine analyses and immunocytochemistry were per-
formed using Student’s t-tests and one-way ANOVAs for significance
with appropriate post hoc tests using GraphPad Prism, version 9.0
(GraphPad, San Diego, CA, USA). Metabolite changes between co-cul-
ture groups were tested for significance with one-way ANOVA, and
Tukey post-hoc test to identify significant comparisons, using Metab-
oAnalyst.

Results

Real-time profiling of GSC adherence, expansion, and T-cell-mediated
cytolysis using cellular impedance

To determine the optimal seeding density for impedance cytotox-
icity assays, patient-derived NO8 GSCs were seeded within a range of

10 000—-100 000 cells/well of a 96-well impedance assay plate for 48
h [9—-11] before co-culture with a fixed ratio of 10:1 activated healthy
donor T cells (H24FW) to NO8 GSCs. GSC cell death resulting in reduc-
tion of impedance magnitude was observed at 48 h post-seeding
across all seeding densities tested (see supplementary Figure 1A,B).
Different ratios of activated H24FW T cells cocultured with GSC
monolayers seeded at a fixed, 50 000 cell density indicated T-cell
ratio—dependent non-specific cytotoxicity as indicated by corre-
sponding changes in cellular impedance (see supplementary Figure
1C). The addition of T cells or CAR T cells alone had impedance signa-
tures below lysis only controls; therefore, any observed impedance
changes within co-cultures were believed to result from antigen-
dependent recognition and cytotoxicity by RV or VFC CAR T cells (see
supplementary Figure 1D,E).

GD2 is highly expressed in patient-derived GSCs

GD2 is a promising target for CAR T-cell therapy of GBM and has
demonstrated potent anticancer activity in other solid tumors
[46,47]. To determine whether anti-GD2 CAR T cells would be rele-
vant effectors for use in GBM impedance cytotoxicity assays, we per-
formed imaging flow cytometry on NO8 GSCs along with other highly
expressed cell surface antigens including GD2, CSPG4, CD133/1, and
EGFR. Results indicated that GD2 and CSPG4 were the most abun-
dantly expressed antigens and were significantly overexpressed
when compared to CD133/1 and EGFR in N08-30 GSCs (Figure 1A).
GD2 however, had a significantly greater mean fluorescence intensity
compared with all other antigens tested (Figure 1B).

Differently engineered GD2 CAR T products demonstrate significant
differences in real-time cytolysis kinetics but not in endpoint cytolysis

Three different CAR T-cell products were included in cell imped-
ance cytotoxicity assays to determine differences in cytolysis kinetics
and endpoint cytolysis. These included anti-GD2 RV CAR T, anti-GD2
VFC CAR T and VFC mCherry CAR T (mCh or mCherry) cells. The VFC
mCherry CAR T cells contain the same disruption of the TRAC locus as
the anti-GD2 CAR T cells but with a signaling-inert mCherry fluores-
cent protein instead of a CAR domain. These three CAR T-cell prod-
ucts were cocultured with N08-30 GSCs in 96-well cell impedance
plates at 0.1, 1 and 10:1 E:T ratios, and impedance readings were con-
tinuously acquired for 7 d in vitro. At the 7-d experiment endpoint,
gross cytotoxicity was calculated as a function of the reduction in
impedance as described within the Methods section, which was
found to be similar between the two anti-GD2 CAR T cells across all
E:T ratios tested. No significant GSC cytotoxicity was observed in VFC
mCherry control-treated wells (Figure 2A). Although endpoint cytoly-
sis values were found to be similar between the RV and VFC-treated
GSCs after 7 d of co-culture (Figure 2B), statistically significant differ-
ences in KT50 values between VFC and RV CAR T-cell treatments
were observed across all E:T ratios tested (Figure 2C), indicating a
faster rate of GSC cytolysis by VFC CAR T cells when compared with
RV CART cells.

CAR T cells cocultured with GSCs demonstrate significant differences in
activation and exhaustion markers

CART cells were cryopreserved in the vapor phase of liquid nitrogen
until use in impedance assays. After thawing and pre-activation with
the ImmunoCult Human CD3/CD28/CD2 T Cell Activator system (STEM-
CELL Technologies), a subset of cells was removed immediately for test-
ing post-thaw viability. All CAR T-cell subsets demonstrated
comparable levels of post-thaw viability greater than 70% as detected
using Zombie Yellow staining (see supplementary Figure 2A) and
revealed no statistically significant differences in cell proliferation as
measured by fold change increase over the first 48 h in culture after
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Fig. 1. GD2 is highly expressed in patient-derived GSCs. (A) ImageStream analysis of tumor-associated antigens on NO8 GSCs. Representative merged brightfield and fluorescent
images of GD2, CSPG4, CD133 and epidermal growth factor receptor (EGFR) collected via imaging cytometry. Quantifications represent 12 separate acquisitions of 1 x 10° events.
Error bars represent mean =+ standard deviation. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001 determined by one-way ANOVA with post-hoc Tukey test. (B) ImageStream

files were further analyzed for mean fluorescence intensity (MFI) values across positive cells for each marker. N = 12 for each marker. Error bars represent mean =+ standard devia-
tion, determined by one-way ANOVA with post-hoc Tukey test. (Color version of figure is available online.)
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Fig. 2. Impedance assays demonstrate equal GSC killing ability at 7-day endpoint but reveal differential cytolysis kinetics between RV and VFC CAR T-cell products. (A) Cytolysis val-
ues plotted over time across mCh, RV and VFC-treated GSC monolayers. Plotted values are obtained from four experimental replicates containing 10—12 technical replicates each.
(B) Percent cytolysis values were derived from target cell alone and full lysis control curve data. Percent cytolysis values at 7-day impedance assay endpoint shown across the com-
parative E:T ratios for VFC mCh, RV CAR T-cell and VFC CAR T-cell products. N = 12 for VFC mCh, N = 24 across RV and VFC CAR T-cell treatments. Error bars represent mean = stan-
dard deviation. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001 determined by one-way ANOVA with post-hoc Tukey test. (C) KT50 values were computed by AXIS Z software
using no treatment baseline and lysis control curve data. N = 12 for VFC mCh, N =24 across RV and VFC CAR T-cell treatments. Mean values reported herein appropriate data set.
Error bars represent mean + standard deviation, determined by one-way ANOVA with post-hoc Tukey test. (Color version of figure is available online.)
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Fig. 3. VFC products display increased CD8+ cytotoxic lymphocyte populations and increased CD137+ activation in response to co-culture with GD2+ GSCs, compared with the maintenance of
helper CD4+ populations and increased early exhaustion marker PD-1+ within RV products. Bar plots depicting flow cytometry data for time-matched RV and VFC CAR T cells within four
repeated impedance experiments over 7 days of co-culture with GD2+ GSCs. All flow cytometry acquisitions represent 1 x 10° events. N =4 across RV and VFC CAR T-cell treatments. Error bars
represent mean =+ standard deviation. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001 determined by two-way repeated-measures ANOVA. (Color version of figure is available online.)

thawing (see supplementary Figure 2B). We detected significant differ-
ences in CAR+ cell numbers 48-h post-thaw, with RV CART cells demon-
strating significantly more CAR+ T cells (57.4% in RV CAR T cells
compared with 21.9% in VFC CAR T cells) (see supplementary Figure 2C).
These changes reflected the greater efficiencies of gene transfer by RV
before cryopreservation [32]. At baseline (see supplementary Figure
3A), both RV and VFC CART cells demonstrated a high number of CD69+
cells (~50%), indicating T-cell activation, presumably from pre-activa-
tion in the post-thaw culture conditions (Figure 3). A subset of VFC CAR
T cells also expressed significantly greater levels of the activation
marker CD137 before coculture with GSCs (Figure 3). Although the ini-
tial presence of PD-1 was observed in both RV and VFC CART cells before
co-culture with GSCs, neither group contained greater than 10% of cells
expressing LAG-3 or TIM3 exhaustion markers (Figure 3).

Within the first 48 h of coculture with GSCs, we detected signifi-
cant increases in the amount of CD8+ T cells present in VFC CAR T
cells that were recovered from GSC co-culture, compared with RV

and pre-assay VFC CAR T cells (Figure 3). Both RV and VFC popula-
tions retained high CD69+ activation marker expression after 7 days
in co-culture, but there was a significant increase in CD137+ activa-
tion as well in VFC CAR T cells compared with RV CAR T cells
(Figure 3). There were no significant differences in PD-1+ expression
between RV and VFC CAR T-cell populations after co-culture, but
there was a significant increase in PD-1+ RV CAR T cells between the
start of assay and 7 d in culture. At the 7-d experiment endpoint,
there were no significant differences in the distribution of LAG-3+ or
TIM3+ populations in RV and VFC CART cells, either between groups
or compared with their pre-assay populations (Figure 3).

CAR T-cell products exhibit differential release of proinflammatory
cytokines and extracellular metabolites after coculture with GD2+ GSCs

To examine further the observed functional differences between
RV and VFC CAR T cells, media was sampled before and during
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impedance assays for analysis of secreted cytokines that are associ-
ated with a proinflammatory response. Cytokines in pooled media
from CAR T-cell cultures were measured before CAR T-cell coculture
with GD2+ GSCs in impedance assays. Both RV and VFC CAR T cells
secreted granulocyte-macrophage colony-stimulating factor (GM-
CSF), tumor necrosis factor (TNF)e, interferon (IFN)y, interleukin
(IL)-8 and IL-13 before antigen recognition (“RV pre” and “VFC pre”;
Figure 4A,B), reflecting either activation from expansion or tonic sig-
naling. After 48 h of exposure to GD2+ GSCs, pooled media from 10:1
E:T ratio wells were analyzed for the same proinflammatory cyto-
kines (“RV 48h” and “VFC 48h”). After antigen stimulation, VFC CAR T
cells secreted elevated levels of GM-CSF, IFNy, IL-5, IL-6, IL-8, IL-13,
MCP-1, and TNFx (Figure 4A,B). In comparison, RV CAR T cells dem-
onstrated little-to-no changes in cytokine levels except for GM-CSF,
IFNy and IL-13 after antigen stimulation compared with the pre-anti-
gen group (Figure 4A,B), indicating potential exhaustion.

'H-NMR analysis of media samples taken at the same time points
profiled changes to relative concentrations of metabolites within
each coculture system to indirectly assess CAR T-cell function. A heat-
map representing all annotated metabolite fold-changes indicates
unique patterns in CAR+ cells cocultured with GSCs when compared
with the CAR-mCherry or GSCs alone (Figure 4C, see supplementary
Figure 4A). Media from all cocultures showed decreased alanine
when compared with media from GSCs alone (Figure 4C). Signifi-
cantly increased levels of pyruvate and glutamate were detected in
media sampled from both CAR T cell/GSC cocultures compared with
mCherry-treated and untreated GSC culture media. This was also
accompanied by a decrease in alanine, glutamine, formate and gluta-
mate in media from CAR T-cell/GSC cocultures. In particular, RV CAR
T/GSC co-cultures exhibited significantly reduced glutamine, formate
and ethanol in media after 48 h of coculture compared to media from
mCherry/GSC cocultures and GSC-only controls (Figure 4D). Media
from RV CAR T cell/GSC cocultures also showed significantly reduced
glutamine when compared with VFC CAR T-cell/GSC cocultures.

CAR T cells cocultured with GSC spheroids corroborate findings from
impedance assays

We conducted coculture assays to validate CAR T-cell-induced
cytotoxicity against three-dimensional GSC spheroids. GSC spheroids
formed from an initial seeding density of 50 000 cells were cocul-
tured at a 1:1 ratio with RV or VFC CAR T cells for 48 h before fixation
and embedding for sectioning and immunostaining. After 48 h, GSC
spheroids treated with VFC CAR T cells contained significantly less
total GSCs remaining, and a significantly greater percentage of those
remaining were found to be positive for the apoptosis marker CC3+
when compared with GSC spheroids treated with RV CAR T cells
(Figure 5B,E). This increased cell death was accompanied by a greater
number of total CD3+ VFC CAR T cells detected within spheroids at
endpoint (Figure 5C), accompanied by a reduction in GD2+ GSCs
found in both treated spheroid groups (Figure 5D). Together, these
results further validate findings from impedance-based CAR T-cell
potency assessment.

Impedance cytotoxicity assays against GD2+ CHLA20 neuroblastoma
cells

To probe whether differential CAR T-cell performance was related
to tumor cell specific interactions, the two CAR T-cell products (RV or
VFC) were cocultured with GD2+ CHLA20 neuroblastoma cells in 96-
well impedance plates at E:T ratios ranging from 0.1:1, 1:1 or 10:1
and impedance readings were acquired after 5 days of coculture. GD2
antigen density on CHLA20 cells was assessed as described previously
for NO8-30 GSCs using flow cytometry. Results indicated that CHLA20
neuroblastoma cells demonstrated a lower GD2+ population (70%)
when compared with GSCs (90%) (see supplementary Figure 3C).

Over the course of 4-d impedance assays, we found initial faster cyto-
toxicity by RV CAR T at 1:1 and 10:1 E:T ratios compared with the
VFC CAR T-cell-treated CHLA20 cells (see supplementary Figure 5A),
although endpoint cytotoxicity was found to be similar between the
two anti-GD2 CAR T-cell treatments across all E:T ratios tested (see
supplementary Figure 5B).

No significant differences in cytolysis were detected at subse-
quent timepoints or in other E:T ratios tested (i.e., 0.1:1, 10:1), with
both RV and VFC CAR T cells performing equally over time (see sup-
plementary Figure 5B).

Immunophenotyping of CAR T cells recovered from CHLA20
impedance assays demonstrated increased CD69+ RV CAR T cells
(47%) compared with VFC (19%) at endpoint (see supplementary
Figure 5C). Finally, media sampled from CAR T/CHLA20 cocultures
was pooled and analyzed for proinflammatory cytokines. Within 48 h
of co-culture with CHLA20 cells, RV CAR T cells released significantly
greater amounts of GM-CSF, IFNy, IL-8. MCP-1 and TNFo when com-
pared with VFC CAR T cells, coinciding with increased cytolysis
observed within the first 24 h (see supplementary Figure 5D).

Data integration and predictive modeling analyses indicate increased
TNFa release and reduced glutamine, lactate and formate as predictive
markers of CAR T-cell potency against NO8 GSCs

We inputted the experimental outcomes into DataModeler soft-
ware to determine predictive markers of RV or VFC CAR T-cell cyto-
toxic potency. DataModeler evolves hundreds to thousands of
symbolic regression models and uses the fittest models (with the
highest accuracy (R?) and lowest complexity as determined using a
Pareto front) and creates ensembles to identify leading parameters
and parameter combinations which capture prediction and uncer-
tainty. Machine learning and DataModeler software specifically have
been used recently to predict and optimize critical quality parameters
from multiomics data of cell therapy production [48,49]. Using sym-
bolic regression, we examined interactive effects of cytokine and
metabolite presence in media after 48 h in co-culture with GSCs to
predict cytolysis happening at either the same time point, or to pre-
dict cytolysis at the assay endpoint. We found that 48-h TNFo levels
were dominantly predictive of 48-h cytolysis outcomes, as seen in
the variable combination matrix and associated ensemble plot dem-
onstrating the influence of 48-h TNFa as an input parameter
(Figure 6A,B). When we examined variable contributions for end-
point 7-day cytolysis, 48-h TNF« release continued to be a top con-
tributor and was associated with reduced presence of metabolites
glutamine, lactate and formate also at 48 h (Figure 6C,D). When we
fit model ensembles to 7-day cytolysis, we found that increased cyto-
toxicity was strongly correlated to increasing concentrations of TNFa
within 48 h of co-culture (Figure 6D). Conversely, increased endpoint
cytotoxicity was correlated with decreasing amounts of glutamine,
lactate, and formate in media sampling at the same 48-h time point
(Figure 6D). As the 48-h TNF« release remained a dominant predic-
tive input for both time points, we isolated the contributions of early
48-h TNFa release to 48-h cytolysis or 7-day endpoint cytolysis sepa-
rated by treatment group as seen in the multi-response plots
(Figure GE). For both RV and VFC CAR T-cell—-treated groups, similar
curves demonstrate that early TNFa release is a stable predictor of
observed effector CAR T-cell cytolysis against GSCs at both 48-h and
7 days’ in vitro (Figure 6E).

Discussion

In this study, we investigated the potential of cellular impedance
sensing as a tool for label-free, real-time assessment of CAR T-
cell-mediated cytolysis of patient-derived GSCs. We observed differ-
ential cytolysis of GD2+ GSCs and CHLA20 neuroblastoma cells by
two anti-GD2 CAR T cell products across a range of E:T ratios tested.
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Impedance sensing has several advantages over conventional >'Cr
release assays, including the ability to perform real-time label-free
analysis without radioactive isotopes while facilitating additional
downstream analyses for potency assessment [50,51]. This is impor-
tant for detecting cytotoxicity when the onset of killing might be
delayed due to low E:T ratios or potential low-affinity T-cell interac-
tions. Both are conditions that are hard to measure with >'Cr release
but important to consider when translating cellular immunothera-
pies to the clinic.

Impedance assessments provided real-time kinetics, which com-
bined with flow cytometry, cytokine, and metabolite analysis of
media samples, were used to uncover temporal changes in CAR T-cell
potency against two different GD2+ tumor cells, GBM and neuroblas-
toma. We could detect impedance changes implicating significant
cytolysis of both GD2+ GSCs and CHLA20 cells within 24 h in E:T
ratios as low as 0.1:1 and were able to measure delayed or slower
cytotoxicity over a period of 220 h. Anti-GD2 VFC CAR T cells demon-
strated significantly increased rates of cytolysis of GD2+ GSCs com-
pared with RV CAR T cells, which demonstrated the differential
presence of T-cell activation markers and a lack of inflammatory
cytokine release. Impedance assay results were further supported by
results from three-dimensional GSC spheroid cocultures with anti-
GD2 CAR T-cell products, which also revealed increased cytolysis of
GSC spheroids by VFC CAR T cells in comparison with RV CAR T cells.
Flow cytometry, cytokine, metabolite and spheroid assay results
were used for predictive modeling analyses to identify markers of
CAR T-cell potency against cancer cells, which can be used to deter-
mine critical quality attributes (CQAs) of CAR T- cell products in the
Good Manufacturing Practices setting.

Virally transduced CAR T cells have demonstrated evidence of
tonic signaling and emergence of premature anergic or exhausted
cell phenotypes [27,52]. Non-viral CRISPR/Cas9 gene editing is more
precise compared with retroviral gene integration methods in the
ability to facilitate site-specific CAR insertion, such as under the tran-
scriptional control of the TRAC promoter [27]. Concurrent TCR knock-
out and TRAC-regulated CAR expression enable complete CAR-based
tumor cell recognition and potentially more efficient effector func-
tion, all without the constraints of MHC-limited recognition. When
compared with GSC cytolysis by RV CAR T cells, which can be

influenced by both CAR and TCR-mediated cytolysis, the near-com-
plete TCR knockout in VFC CAR T cells signifies that VFC CAR T-cell
cytolysis of GSCs was entirely CAR-mediated [33]. Before use in
impedance assays, CAR T-cell products were thawed and activated
using CD3/CD28 activation beads. No significant differences were
observed in post-thaw viability, immediate proliferative ability, or in
pre-assay cytokine release (see supplementary Figure 2A,B,
Figure 4A,B). We quantified CAR+ cells in both RV and VFC CAR T cells
tested post-thaw to ensure that there were no significant post-thaw
changes compared to post-manufacturing quantifications (see sup-
plementary Figure 2C). Although RV CAR T cells contained a greater
number of CAR+ cells when compared with VFC CAR T cells post-
thaw, these ratios were comparable to CAR+ cell numbers observed
in the post-manufacturing, pre-cryopreservation assessment [32].
Label-free cell impedance sensing of CAR T-cell-induced GSC
cytolysis indicated that the anti-GD2 RV CAR T cells demonstrated a
significantly slower rate of cytolysis than VFC CAR T cells at all E:T
ratios tested (Figure 2), despite having a significantly greater number
of CAR+ cells than the VFC CAR T-cell population. These findings indi-
cate that greater CAR gene transfer efficiency detected in the RV CAR
T cells does not necessarily translate to more potent GSC cytotoxicity
and that not all CAR+ cells in the RV CAR T-cell population may be
functionally contributing to GSC cytotoxicity post-thaw. However,
potency differences between differently engineered CAR T cells were
reversed when RV and VFC CAR T cells from the same donor and
manufacturing batch were used against GD2+ CHLA20 neuroblas-
toma cells (see supplementary Figure 5). Impedance cytotoxicity
measurements using RV and VFC CAR T cells cocultured with GD2+
CHLA20 neuroblastoma cells indicated that when the same donor
and manufacturing batch of CAR T cells were used, a rescue of RV
CAR T cytotoxicity against CHLA20 neuroblastoma cells was
observed, suggesting that impedance assays can discern between
more or less potent E:T ratios between different donor cells or across
different cancer types. It should be considered that the RV CAR T cells
outperformed NV CAR T cells against CHLA20 due to variables includ-
ing the retained TCR clonotypes within RV CAR T-cell populations,
differences in secreted immunomodulatory cytokines between
CHLA20 and GSCs or differentially preserved T-cell subsets within
the CAR manufacturing methods. Studies with CAR T cells that retain
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native TCRs should consider bulk TCR sequencing to identify
expanded clones that contribute to additional cytotoxicity beyond
CAR antigen recognition. Future works should involve multiple target
tumor cell lines and multiple donor CAR T cells in a multiplexed

pipeline to better interpret differences in cytolysis, involving addi-
tional parameters to measure relevant problems plaguing the transla-
tion of autologous cellular immunotherapies including target antigen
heterogeneity, tumor microenvironmental immunosuppression,
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variable quality on isolated donor cells, manufacturing processing
and handling, and lack of manufactured cell persistence.

Davenport et al. [53] provide evidence for greater functional activ-
ity of CAR+ cells lacking a TCR, indicating that CAR+TCR+ CAR T cells
could be inhibited by the presence of the TCR, which uses similar sig-
naling molecules like CD3¢. It has also been shown that differences in
costimulatory domains and CAR insertion result in altered activation
kinetics, receptor aggregation, and signaling, which is reflected in the
time to lysis response [54,55]. The current methods for assessing in
vitro functionality of CAR T-cell products do not reliably predict in
vivo responses in animal models, let alone human trials, but parallel
processing of potency assay markers such as time to lysis responses,
cytokine or metabolite changes, and predictive modeling could help
bridge those gaps. The differences in cytolysis of GD2+ GSCs observed
in our studies may have stemmed from random CAR insertion and
presence of native TCR in RV CAR T cells, or perhaps from the behav-
ior of target GSCs within respective assays. However, the lack of
observed differences in cytotoxicity between RV and VFC CAR T cell
products cocultured with CHLA20 cells suggest that multifocal target
cell contributions to these co-culture platforms also influence CAR T-
cell potency beyond target antigen expression. Our findings suggest
that cell impedance-based assessment of real-time kinetics of cytoly-
sis by CAR T cells can help identify functional differences between
CAR T-cell products by providing temporal resolution of activation
and lysis.

Immunophenotyping of both RV and VFC CAR T cells suggest that
they responded similarly to coculture with GD2+ GSCs, with both
CAR T-cell products expressing a high number of CD69+ and few
exhausted cells (LAG-3+, TIM3+) after 7 d in coculture with GSCs
(Figure 3). Interestingly, while RV CAR T cell populations maintained
a high number of CD69+ cells over 7 d of GSC exposure, VFC CAR T
cells demonstrated a significantly greater presence of CD137+ cells
that continued to increase over 7d in coculture (Figure 3). CD137 is
expressed by tumor-infiltrating lymphocytes that show a stronger
response to tumor antigens, acting as a potent costimulatory mole-
cule for T cells and its function has been linked to T-cell persistence
and expansion [55-59]. We speculate that the greater number of
CD137+ VFC CAR T cells is likely responsible for antigen recognition
and more potent anti-tumor activity against GD2+ GSCs, but exacting
the mechanism underpinning the differential response we observed
against GD2+ CHLA neuroblastoma cells was outside the scope of
data within this study. The greater persistence of CD137+ activated
VFC CART cells when compared with RV CAR T cells corroborates dif-
ferences in cytolysis kinetics, suggesting that they possessed a signifi-
cant functional advantage over RV CAR T cells (Figures 2 and 3).
Although neither RV nor VFC CAR T cells demonstrated any prema-
ture expression of exhaustion markers before GSC coculture, a wide
distribution of PD-1+ cells was detected in experimental replicates of
both RV and VFC CART cells, with RV CAR T cells demonstrating a sig-
nificant increase in PD-1+ cells after coculture with GD2+ GSCs
(Figure 3). Increased PD-1+ RV CART cells, in combination with a lack
of inflammatory cytokine release by RV CAR T cells within 48 h of
antigen exposure to GD2+ GSCs, could support the observed lack of
functional cytotoxicity by RV CAR T cells at early coculture timepoints
and signal the shift from activation to exhaustion earlier than VFC
CAR T cells (Figure 4). In contrast to results from coculture of CAR T
cell products with GSCs, we found that RV and VFC CAR T cells pro-
duced from the same donor and manufacturing batch showed no sig-
nificant differences in activation and exhaustion marker presence
when cocultured with CHLA20 cells (see supplementary Figure 5),
which corroborate comparable real-time and endpoint cytolysis of
CHLA20 neuroblastoma cells by CAR T cell products across all E:T
ratios tested.

Evidence of T-cell activation in both RV and VFC CART cells before
GSC antigen exposure was confirmed by the presence of inflamma-
tory cytokines in media (Figure 4A). Before antigen exposure, RV CAR

T cells were found to release elevated amounts of IL-8, IL-13 and
TNFe, reflecting activation due to the expansion method or tonic sig-
naling of the CAR. However, the observed cytokine release by RV CAR
T cells is completely diminished after antigen exposure, in contrast to
the continued and enhanced cytokine release by VFC CAR T cells in
co-culture with GSCs (Figure 4B). Attenuated proinflammatory cyto-
kine release by RV CAR T cells along with the continued presence of
highly activated cells corroborates decreased cytotoxic activity
observed in impedance cytolysis assays. In contrast to findings from
CAR T-cell/GSC cocultures, evidence from cytokine analysis of media
from CAR T cell/CHLA20 cocultures confirmed enhanced RV CAR T
anti-cancer activity in comparison to VFC CAR T cells within the first
48 h, in combination with elevated post-antigen exposure release of
GM-CSF, IFNy, IL-8, and MCP-1 (see supplementary Figure 5). Cur-
rently used CQAs in CAR T-cell manufacturing include short-term
cytolysis and IFNy release [56—62]. However, despite their use as
potency indicators for CAR T-cell products, neither cytotoxicity nor
IFNy release alone are predictive of clinical efficacy and safety in vivo
due to the complex features of CAR T cells and the tumor microenvi-
ronment [63,64]. Our secretome analyses not only found that differ-
ences in IFNy release within co-cultures were linked to cytotoxicity,
but also significantly implicated TNFo release in predicting tumor
cytotoxicity of RV and VFC CAR T cells through additional predictive
modeling. Like IFNy, TNF« is also released during T-cell activation,
and loss of TNF sensitivity in the tumor microenvironment has been
implicated as a mechanism of tumor immune evasion [65,66].

Initiation of T-cell activation results in the rapid reprogramming
of cellular metabolism towards increased one-carbon metabolism,
glutaminolysis and glycolysis, in order to meet the biosynthesis
demands of proliferation, differentiation and effector function
[67—70]. Consumption of glutamine is implicated in T-cell activation,
which is increased in both CAR T-cell products compared with GD2+
GSCs alone, but more so in RV when compared with VFC CAR T cells,
corresponding to the differences in CAR+ and CD69+ populations
between the two groups [71,72] (Figure 4C,D). The first product of
glutamine metabolism is glutamate, which serves as a metabolic
nexus to either amino acid or glutathione synthesis for T cell activa-
tion [73,74]. Formate is a byproduct of the one-carbon cycle that
takes place in mitochondria, and may be a marker of increased cen-
tral memory T-cell subpopulations [36]. Although we did not detect
any statistically significant differences in formate production
between RV and VFC CAR T-cell co-cultures, it is on average lower in
RV, possibly reflecting less mitochondrial activity and CAR T-cell
activity. Increased serine and glycine in conditioned media of VFC
CAR T-cell cocultures may also reflect differential activity in the one-
carbon cycle.

RV CAR T cells appear to broadly demonstrate increases in con-
sumption of several metabolites compared to VFC CAR T cells
(Figure 4C). This could result from the dual CAR+TCR+ cells in the RV
CAR T cells responding to GD2+ GSCs, compared to the CAR+TCR- VFC
CART cells. RV CAR T cells also demonstrated increased variability in
metabolite profiles across multiple experimental replicates when
compared with mCh and VFC CAR T cells, which could have resulted
from variable CAR insertion when compared to targeted CAR inser-
tion in mCh and VFC CART cells (Figure 4D).

Significant differences in pyruvate, glutamine and glutamate in CAR-
TCR-mCherry CAR T cells indicate that CAR insertion plays an important
role in the downstream activation and metabolic pathways of CAR T
cells that could be impacting performance in functional cytotoxicity
assays (Figure 4C,D). Multivariate principal component analysis of quan-
tified metabolites demonstrates clustering based on CAR+ cells, recon-
firming that successful CAR expression has lasting effects on the
metabolism of engineered T cells that can translate to potency differen-
ces of CAR T-cell products (see supplementary Figure 4B).

It should be noted that the conditioned media profiles detected by
cytokine release assays and NMR metabolite analyses are an
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accumulation of all cellular activity in the culture, including the GSCs
and different engineered T-cell products, which is why examining
differences between co-cultures and controls is important for inter-
pretation. In addition to the metabolic activity of the different T cell
products, GSC metabolism, cytokines or metabolites released from
GSC death, and total cell numbers present in the culture at sampling
influence these media profiles. However, previous co-culture experi-
ments have suggested that T-cell metabolism appears to dominate
the observed changes in co-culture media profiles, so inferences can
be made about the differential metabolic activity between different
T-cell products. Taken holistically, our findings indicate that changes
in the secretome including TNFe, glutamine, formate and glutamate
in conditioned media from GSC coculture assays reflected differential
CAR T-cell cytotoxicity outcomes. Lymphocyte metabolism is linked
to antitumor response, and CAR T cells demonstrate altered meta-
bolic programming when manufactured from different patient T-cell
subsets or when manufactured using different co-stimulatory
domains [75-77].

In addition to increased interest in CAR T-cell metabolism, there
is increased urgency in understanding the impact of tumor-
secreted immunomodulatory signals on CAR T-cell function. Ideally,
potency assays will encompass a spectrum of these clinically rele-
vant functions within a cellular therapy product as CQAs, as well as
reflect patient-specific or microenvironment-specific markers for
success. One assay alone is likely insufficient to measure potency of
CAR T-cell therapies and will instead require multiple complemen-
tary assays that measure simultaneous characteristics associated
with quality, consistency, and stability [78]. In an attempt to
address this, we integrated results from impedance, immunophe-
notyping, cytokine, and metabolomics analyses and used nonlinear
predictive modeling to derive CQAs of CAR T cell potency. This
approach allowed us to compare the predictive capabilities of indi-
vidual assays relative to the benefits of integrated datasets. Taking
this approach, we found that 48-h cytokine levels and in particular,
TNFo release, were most predictive of CAR T-cell cytotoxicity at 48
h (Figure 6A,B); whereas a combination of 48-h cytokines (TNFa)
and 48-h metabolites (glutamine, lactate and formate) were most
predictive of 7-d endpoint CAR T cell cytotoxicity (Figure 6C,D) for
both RV and VFC CAR T cells. Furthermore, the results predict that
the combination of high levels of TNF« release and low levels of
glutamine, lactate and formate result in the highest level of end-
point CAR T-cell potency.

Sensitive, real-time assays to investigate E:T ratios, avidity of
interaction and time to response are needed to identify reliable CQAs
of cellular therapies for solid tumors. Manufacturing CAR T-cell prod-
ucts for patient use typically involves cryopreservation of the final
product before use, and the impact of cryopreservation on CAR T-cell
efficacy and characteristics is unclear. Cellular impedance changes
induced by CAR T-cell cytolysis of cancer cells is a fast, sensitive assay
for measuring cell killing, when compared to other in vitro platforms
that rely on either destructive labeling, endpoint readouts, or less
direct measurements of tumor cell viability. Assays measuring
impedance-based lysis kinetics can explore CAR T-cell effector cell
function, specificity and affinity to their target antigen, whereas addi-
tional inline methods can quantify other key attributes of potency in
cellular immunotherapy products. A promising application of this
impedance-based potency assessment system would be to evaluate
differences across different donor CAR T-cell products or across many
different patient-derived tumor cell lines to establish a baseline of
CAR T-cell fitness that could screen for successful manufacturing or
inform product release criteria after cryopreservation. These in vitro
potency metrics can not only help us answer fundamental questions
but could also aid in cell manufacturing workflow and decision-mak-
ing. The ability to better characterize CQAs of cellular therapy prod-
ucts in vitro may increase the likelihood of predicting CAR T-cell in
vivo responses for solid tumors.
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