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Chimeric antigen receptor (CAR)-T cell therapy represents a
breakthrough for the treatment of hematological malignancies.
However, to treat solid tumors and certain hematologic can-
cers, next-generation CAR-T cells require further genetic
modifications to overcome some of the current limitations.
Improving manufacturing processes to preserve cell health
and function of edited T cells is equally critical. Here, we report
that Solupore, a Good Manufacturing Practice-aligned, non-
viral physicochemical transfection system, can be used to
manufacture multi-edited CAR-T cells using CRISPR-Cas9 ri-
bonucleoproteins while maintaining robust cell functionality.
When compared to electroporation, an industry standard,
T cells that were triple edited using Solupore had reduced levels
of apoptosis and maintained similar proportions of stem cell
memory T cells with higher oxidative phosphorylation levels.
Following lentiviral transduction with a CD19 CAR, and sub-
sequent cryopreservation, triple-edited CAR-T cells manufac-
tured using Solupore demonstrated improved immunological
synapse strength to target CD19+ Raji cells and enhanced
cellular cytotoxicity compared with electroporated CAR-T
cells. In an in vivo mouse model (NSG), Solupore triple-edited
CAR-T cells enhanced tumor growth inhibition by more than
30-fold compared to electroporated cells.

INTRODUCTION
Chimeric antigen receptor (CAR)-expressing T cell therapies have
revolutionized the clinical approach to hematological malignancies
and now offer effective treatment options in relapsed and refractory
indications.1–6 At the beginning of 2024, over 1,800 clinical trials
have investigated CAR-T therapies, with over 30,000 patients
receiving a CAR-T cell treatment since the first US Food and Drug
Administration (FDA)-approved product in 2017.7 Despite some clin-
ical success resulting in six FDA-approved CAR-T therapies, the over-
all response rate (ORR) in many indications is poor.8,9 Advancements
in addressing the challenges of CAR-T cell use in the clinic are being
made.10 Of late, there has been a shift in focus to addressing the impact
of manufacturing processes on the phenotype of CAR-T cell products
and their functional capacity for clinical use. The rare T cell subset
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population, known as stem cell memory cells (TSCM)
11,12 has been

shown to confer greater levels of engraftment, expansion, and persis-
tence in vivo,13–17 ultimately resulting in a more potent and durable
targeted cytotoxic response. Despite some level of plasticity within
T cell subsets that are, at least in part, terminally differentiated to cen-
tral memory or effector memory T cells in vitro,18 the maintenance or
retention of TSCM cells is of critical importance when manufacturing
CAR-T cells for clinical therapies.19 Thus, reducing the length of the
in vitro expansion phase may yield higher quantities of TSCM cells.
In support of this, the rapid manufacturing approach applied in the
anti-BCMA CAR-T, durcabtagene autoleucel (T-Charge) (the study
was registered at ClinicalTrials.gov: NCT04318327),20 and the dual-
targeting BCMA CD19 CAR-T, GC012F studies, demonstrated a
100% ORR in relapsed/refractory multiple myeloma (r/rMM) (these
studies were registered at ClinicalTrials.gov: NCT04236011 and
NCT04182581).21,22 It is apparent that further advancements
throughout the CAR-T manufacturing process are required to pro-
duce CAR-T cells that are healthier, metabolically fitter, and more
effective clinically, without compromising the safety profile of the
product.23 As such, improvements in genetic engineering methods
to maximize cell fitness of complex and advanced CAR-T products,
through manufacturing processes, are of pivotal importance for
improving clinical outcomes. A non-viral standard for delivering
gene-modifying cargo to target cells is reversible electroporation,
which temporarily increases the membrane permeability to otherwise
impermeable cargo using an electric pulse of sufficient magnitude to
overcome the capacitance of the membrane of the target cell, facili-
tating delivery.24–27 Despite decades of protocol and buffer optimiza-
tion, adverse effects of electroporation, such as membrane damage,
higher anaerobic respiration, decreased ATP availability, oxidative
stress, activation of NLRP3 inflammasome leading to proptosis, in-
duction of apoptosis, and even necrosis, remain a concern.28 As
Clinical Development Vol. 33 March 2025 ª 2024 The Author(s).
r Inc. on behalf of The American Society of Gene and Cell Therapy.

1

-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

http://ClinicalTrials.gov
http://ClinicalTrials.gov
https://doi.org/10.1016/j.omtm.2024.101389
mailto:jfrankish@avectas.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.omtm.2024.101389&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Molecular Therapy: Methods & Clinical Development
such, it is critical to advance alternative delivery technologies that can
facilitate the manufacturing of emerging CAR-T therapies, with a
focus on the health and function of the manufactured product post-
process and prior to patient dosing. Previously, we reported
a physicochemical transfection system, Solupore, which uses an
ethanol-containing delivery solution (DS) with gene editing cargo
that can reversibly permeabilize the membrane of target cells.29,30 Sol-
upore maintains high viability, gene expression homeostasis, and
improved efficacy in vivo using a CD19 CAR mRNA transfection.
In this article, we demonstrate that Solupore can achieve complex
gene editing of a lentiviral transduced, cryopreserved product while
maintaining high cell viability, higher levels of TSCM CAR-T cells,
and improved fitness of the final cell product compared with electro-
poration, with potential future applications in a rapid manufacturing
approach. The outcome is a simulated manufacturing process using a
clinical grade Good Manufacturing Practice (GMP)-aligned closed
transfection system that yields highly potent CAR-T cells without
compromising their regulatory responses and results in a significantly
improved product in vivo.Currently, there is limited understanding of
the cellular consequences of manufactured CAR-T cells. This research
offers further insight into T cell function following complex editing
and highlights the need to advance manufacturing processes so that
cell health is maintained.

RESULTS
Solupore transfection can efficiently deliver complex cargo

sequentially to T cells while maintaining high viability and

proliferative capacity

As proof of concept that the Solupore transfection process can deliver
complex cargo to T cells while maintaining viability, multiplex gene
editing using CRISPR-Cas9 ribonucleoproteins (RNPs) was conduct-
ed with guide RNAs (gRNAs) targeting TRAC (T cell receptor a con-
stant), B2M (b2microglobulin), and CD7 (3 mg Cas9/1� 106 cells; 1:2
single guide RNA [sgRNA]molar ratio). Freshly thawed CD3+ T cells,
isolated from leukopaks, were activated via CD3/CD28 for 3 days
post-thaw and transfected with RNPs using Solupore. Two Solupore
transfection devices were used. The Solupore research tool (RT) is an
open, manual device, and the Solupore single-use system (SUS) is an
automated and closed clinical SUS. Both Solupore systems performed
similarly with TRAC knockout (KO) efficiencies of 73.9% and 73.1%,
CD7 KO of 63.7% and 67.5%, and B2M KO of 52.5% and 51.4% for
RT and SUS, respectively, across four donors (Figure 1A). Levels of
triple KO (TKO) were also comparable at 46.8% and 51.7%, respec-
tively, for RT and SUS. KO efficiencies for each target were also com-
parable. Individual KO data are displayed in Figure S1 for both Solu-
pore and electroporation (N = 4 donors), along with associated
recovery percentages.

To determine whether the total number of TKO cells could be
increased without compromising cell viability, Solupore and electro-
poration processes were used to conduct sequential multiplex trans-
fections on the same population of T cells 24 h after the initial trans-
fection. Solupore and electroporation processes demonstrated similar
TKO efficiency of 46% for a single multiplex transfection (Figure 1B).
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When the sequential multiplex transfection was employed within
24 h, the TKO efficiency following the second Solupore transfection
increased from 46% to 70% (Figure 1B), and Solupore demonstrated
a 74% increase in the final yield of TKO cells, with the number of live
TKO cells increasing from 1.75 � 108 to 2.36 � 108. When the
same study was conducted using electroporation, TKO efficiencies
increased from 59% to only 66% following sequential electroporation
(Figure 1B). Furthermore, the total number of electroporated TKO
live cells decreased by 55% (2.63 � 108 to 1.46 � 108, representing
a loss of transfected cells, reducing the overall yield.

To investigate the contrasting impacts of each transfectionmethod on
final cell yield, cell death responses were examined by analyzingmem-
brane integrity and caspase-3 activity of transfected cells at 30 min
post-transfection. Cells underwent a single multiplex triple edit of
TRAC, CD7, and B2M (hereafter referred to as triple-edited cells)
by either Solupore SUS or electroporation transfection. Cells from
three donors were used, each carried out in duplicate. The percentage
of healthy cells, as determined by live/dead staining, significantly
decreased to 80% at 30 min post-electroporation compared with
95% and 92% for untransfected and Solupore-transfected popula-
tions, respectively (Figure 1C). More than 15% of cells recovered
from electroporation transfection showed signs of early apoptosis,
compared to 6% after Solupore transfection (Figure 1C). Late-stage
apoptotic cells were identified by measuring the influx of a mem-
brane-impermeable dye into caspase-3 active cells. An additional
9% of electroporation-transfected cells were observed to be in late-
stage apoptosis, while only 6% of Solupore-transfected cells were in
late-stage apoptosis (Figure 1C). Cumulatively, the overall percentage
of apoptotic cells 30 min post-transfection corresponds to 24% for
electroporation, compared with 12% for Solupore and 6% for un-
transfected control T cells across four separate healthy donors.

Transfection processes can affect T cell proliferative capacity and
hence cell yield. Following a triple edit by either Solupore or electro-
poration transfection, T cell proliferation was assessed in three indi-
vidual donors using 24-well G-Rex bioreactor plates. To account
for variations in growth conditions for different processes, prolifera-
tion was measured in two different media types, TexMACS and
CTSOpTmizer, each supplemented with either interleukin-2 (IL-2)
or IL-7 + IL-15. For IL-2-supplemented media, no negative impact
was observed in proliferation capacity relative to untransfected con-
trol cells for both Solupore and electroporation (Figure 1D). However,
a decrease in the proliferation of cells transfected using electropora-
tion was observed in the presence of IL-7 and IL-15 in comparison
to IL-2-based stimulation in CTSOpTmizer media, although this
was not statistically significant (Figure 1D). This IL-7- and IL-15-
associated decrease in proliferation was not as apparent for Solupore
or untransfected T cells (Figure 1D).

TSCM retention is enhanced following Solupore

Given the importance of TSCM cells in CAR-T products, this popula-
tion was assessed via flow cytometry for CD4+ and CD8+ triple-edited
T cells derived from three healthy donors. This assessment occurred
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Figure 1. Solupore demonstrates efficient delivery of complex cargo, while maintaining cell expansion and viability

(A) Solupore-based CRISPR-Cas9 RNP KO of TRAC, CD7, and B2M in single transfection of multiplexed guide RNAs (gRNAs) using either the research tool (RT) or the

clinical-grade single-use system (SUS), measured 72 h post-transfection. (B) Sequential transfection (a second transfection with multiplexed gRNAs) of the same edited

population of cells, examining yield and triple KO (TKO) efficiency following 7 days of proliferation of two independent healthy donors, each in duplicate. Solupore single TKO

transfection efficiency = 46.23 ± 1.66, sequential efficiency = 70.10 ± 4.42. Electroporation single TKO transfection efficiency = 59.61 ± 6.42, sequential efficiency = 66.30 ±

1.06. (C) Healthy and apoptotic cells were measured by flow cytometry using a dual-color live/dead stain as well as a caspase-3 activity dye (Nucview-405). Samples were

measured 30 min immediately post-transfection using a non-transfected sample as a control for healthy cells from each donor (three donors in duplicate, n = 6). Unpaired

t test; healthy cells p < 0.0001, early apoptosis p < 0.0001, and late apoptosis p = 0.0389. (D) Untransfected and Solupore- and electroporation-edited cells from n = 3 donors

were cultured at 1� 106 cells per well on day 0 in a 24-well G-Rex in either TexMACS or CTSOpTmizer and stimulatory cytokines and expanded for 7 days. Cell counts were

performed on days 3, 4, 5, and 7 post-transfection to compare cell proliferation between growth conditions. Data represented as mean +/- SD.
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after a single multiplex transfection (day 0) following either the Solu-
pore or the electroporation process. The cells were measured again
4 days post-transfection. On day 0, at 4 h post-transfection, CD4+
Molecu
T cells had retained 29%of their CD4+ TSCM phenotype after Solupore,
compared to 24% after electroporation transfection (Figure 2A). By
day 4, both Solupore-transfected and electroporation-transfected cell
lar Therapy: Methods & Clinical Development Vol. 33 March 2025 3
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Figure 2. Analysis of TSCM phenotype over time

(A and B) CD4+ (A) and (B) CD8+ T cells were expanded for 0–4 days post-transfection in a 24-well G-Rex plate and stimulation with TransACT and IL-2 (N = 3 donors in

duplicate). TSCM phenotype (CD45RA+ CD45RO� CD62L+ CCR7+ CD95+) was measured by flow cytometry, and a comparison of results for Solupore and electroporation

TKO transfected T cells and untransfected control cells is shown. (C and D) CAR-T cells were generated via lentiviral transduction, and the TSCM phenotype of CD4+ andCD8+

CAR-T cells was analyzed 24 h post-transduction (pre-cryopreservation; C) and (D) post-thaw. n = 3 donors, paired t test, p = 0.0396 (C). Data represented as mean +/- SD.
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populations consisted of 27% CD4+ TSCM cells (Figure 2A). The CD8+

subpopulation comprised, on average, 40% TSCM cells on day 0 for
both processes (Figure 2B). By day 4, 39% of Solupore-transfected cells
retained the TSCM phenotype compared with 29% of electroporation-
transfected cells (Figure 2B). Two days after transfection, cells were
transduced with a lentiviral vector to express CD19 CAR (scFv-
41BB-CD3z), and the TSCM phenotype of both CD4+/CD8+ T cells
was examined 24 h post-transduction. Solupore-transfected CAR-T
cells retained 34% CD4+ TSCM cells and 48% CD8+ TSCM cells in
contrast to electroporation-transfected cells, which retained only
16% and 26%, respectively (Figure 2C). However, 24 h post-transduc-
tion, cells were cryopreserved and TSCM retention was assessed post-
thaw, and no significant differences were observed between Solupore
and electroporation. CD4+ T cells retained a similar TSCM phenotype
across all conditions, including the untransfected control, while for
CD8+ TSCM cells, Solupore-transfected cells retained 36% compared
with 28% for electroporation-transfected cells (Figure 2D).

Solupore transfection yields metabolically fitter and more

functionally responsive T cells

Oxidative phosphorylation within the tricarboxylic acid cycle is associ-
ated with a more naive phenotype or TSCM-rich population

31 and con-
fers a greater level of effector function upon a metabolic switch to
glycolysis for effector T cells.32–35 Thus, the oxygen consumption
rate (OCR) of triple-edited cells from either the Solupore or the electro-
poration process was examined using the Seahorse analyzer assay.
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Transfected cells were cryopreserved 72 h post-transfection, and they
were measured 24 h post-thaw. The maximal respiration for Solu-
pore-transfected cells was significantly higher than that of electropora-
tion-transfected cells, with an OCR of 76 pmol/min compared to 53
pmol/min (Figure 3A). The spare respiratory capacity of the overall
population of Solupore-transfected cells was 60 pmol/min and for
the electroporation-transfected population, it was 41 pmol/min (Fig-
ure 3A). For both maximal and spare respiration, the OCR of electro-
poration-transfected cells was like that of the untransfected control,
while for Solupore-transfected cells the OCR was significantly higher
for both (Figures 3A and 3B). To determine whether this spare respi-
ratory capacity positively correlated with T cell functionality, cytokine
secretion in response to phorbol 12-myristate 13-acetate (PMA) and
ionomycin stimulation was examined 4 days post-transfection in a
G-Rex 24-well bioreactor. Certain regulatory cytokines such as IL-2,
IL-10, and interferon-g (IFN-g), were elevated in Solupore triple-edi-
ted cells, with IL-2 and IFN-g being significantly increased for Solu-
pore-transfected cells in comparison to electroporation (Figure 3C).
Other cytokines related to cytotoxicity were not differentially expressed
based on transfection mechanism (Figure S2). Furthermore, we exam-
ined whether the enhanced responsiveness of Solupore-edited cells
could be negated by an equally strong feedback inhibition response.
We assessed surface expression levels of exhaustion markers in
response to repeated stimulation with PMA and ionomycin. Solu-
pore-transfected cells had a significant increase in programmed cell
death protein 1 (PD-1) expression (43.41% expression) in response
025



Figure 3. Metabolic health and function of Solupore-transfected cells

(A) Untransfected, Solupore-transfected, or electroporation-transfected cell metabolic potential at 24 h post-thaw (cells were cryopreserved 3 days post-transfection) (n = 3

individual donors, two-way ANOVA statistical analysis, p < 0.05). (B) Representative OCR profile at 24 h post-thaw. (C) Cytokine profiling 4 days post-transfection. Data were

normalized to cell counts on day 4 of the experiment to correlate with relative cytokine production per cell (paired t test, p = 0.0085 [IL-2], p = 0.0498 [IFN-g]). (D) Surface

marker phenotype data for CD8+ T cells (CTLA-4, LAG-3, PD-1, TIGIT, TIM-3) was 7 days post-transfection after three rounds of stimulation with PMA (10 ng/mL) and

ionomycin (250 ng/mL) (stimulation on days 0, 3, and 5 post- transfection). Unpaired t test, untransfected versus Solupore p = 0.0267, untransfected versus electroporation

p = 0.0047 (CTLA-4), Solupore versus electroporation p = 0.0461 (LAG-3), untransfected versus Solupore p = 0.0005, untransfected versus electroporation p = 0.005,

Solupore versus electroporation p < 0.0001 (PD-1). Data represented as mean +/- SD.
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to repeated stimulation (on days 0, 3, and 5) compared to electropora-
tion-transfected cells (18.79% expression) (Figure 3D). Cytotoxic T
lymphocyte-associated protein 4 (CTLA-4) was significantly lower
for both transfection processes than the untransfected control, in line
with CD3/CD28 agonism. Lymphocyte activation gene-3 (LAG-3)
expressionwas increased for Solupore-transfected cells (53.45% expres-
sion) in comparison to electroporation (42.87% expression), but only
slightly increased compared to untransfected control 47.58%. There
were negligible differences in T cell immunoreceptor with immuno-
globulin and ITIM domain (TIGIT) and T cell immunoglobulin and
mucin domain 3 (TIM-3) across all conditions (Figure 3D).
Molecu
Solupore transfection improves CAR-T binding and killing of

CD19+ cancer cells

The strength of the immunological synapse between a CAR-T cell and
a target cancer cell, otherwise known as cellular avidity, has been
shown to play an essential role in the effector function of cytotoxic
T cells and, ultimately, the efficacy of treatment both pre-clinically
and in the clinic.36–40 We measured cellular avidity on triple-edited
CAR-T cells, both pre-cryopreservation and post-thaw. Of samples
transduced 48 h prior, the percentage of CAR-T cells bound at a
maximum disruptive force of 1,000 pN of force was significantly
higher for Solupore triple-edited CAR-T cells in comparison to
lar Therapy: Methods & Clinical Development Vol. 33 March 2025 5
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electroporation triple-edited CAR-T cells or untransfected CAR-T
cells (Figures 4A and 4B). A total of 58% of Solupore triple-edited
CAR-T cells remained bound to target Raji cells, in contrast to 49%
of electroporation triple-edited CAR-T cells (p < 0.01). Furthermore,
this difference was greater when samples were cryopreserved and
thawed. Solupore triple-edited CAR-T cells showed over 70% of cells
remaining bound post-thaw at maximum disruptive force, in com-
parison to electroporation triple-edited CAR-T cells, which reduced
to just over 38%, while 51% of untransfected CAR-T remained bound
to the target cells (Figure 4B). This increased cellular avidity was
examined as to whether it conferred a more potent cytotoxic effect
in vitro on Solupore-edited CAR-T cells. CD19+ target Raji and
Nalm-6 cells were co-cultured with triple-edited CAR-T cells derived
from either Solupore or electroporation triple-edit transfection. Solu-
pore transfection resulted in a cytotoxic profile for both Raji and
Nalm-6 cells significantly higher than the electroporation transfection
(area under the curve [AUC] p < 0.01) (Figures 4C and 4D). Further-
more, key cytokines related to cytotoxicity were quantified when
CAR-T cells were co-cultured with Raji cells. The cytokine profile
of triple-edited CAR-T cells from Solupore transfection was in line
with the enhanced cellular avidity and cytotoxic capacity (Figure 4E).

Solupore transfection results in a significantly more effective

CAR-T cell therapy in vivo

Triple-edited CAR-T cells were manufactured according to the sche-
matic overview shown in Figure 5A and were dosed in an immuno-
deficient NOD-scid IL2Rgammanull (NSG) mouse model inoculated
with Raji-luciferase (Raji-Luc) cells. At 3 days post-inoculation,
NSG mice were randomized into groups of eight, within five treat-
ment arms for dosing: PBS vehicle control containing no CAR-T cells,
untransfected T cells, untransfected T cells that were transduced to
express CD19 CAR (untransfected CAR-T), Solupore triple-edited
CAR-T cells, and electroporation triple-edited CAR-T cells. For
each group, excluding the PBS control, there were three dosing
groups: 1 � 106, 2 � 106, and 4 � 106 cells/mouse. In vivo imaging
system (IVIS) imaging was conducted over a 25-day period. At the
highest dosing group, 4 � 106 cell/mouse, untransfected T cells lack-
ing CD19 CAR were unable to inhibit Raji-Luc cell proliferation and
showed similar tumor growth inhibition to the PBS vehicle control,
with a total flux of more than 2 x 109 photons per second (p/s)
(Figures 5B and 5C). Solupore CAR-T cells, along with untransfected
CAR-T cells, caused significantly slower tumor progression in com-
parison to electroporation-transfected CAR-T cells, which had a tu-
mor progression of 1.72 � 106 p/s on day 4 to 4.48 � 108 p/s on
day 25, a 260-fold increase in tumor burden (Figure 5B). The tumor
burden was more than 30-fold higher than that found for Solupore
Figure 4. Comparison of effector function of CAR-T product generated from S

(A and B) Cellular avidity was measured using the z-Movi and is represented as percenta

(n = 3 donors; donors A–C were used for [A], while donors D–F were used for [B]). Paired

with triple-edited and cryopreserved T cells (CD19 CAR+). Cytotoxicity was measured us

ratio (Raji) and 4:1 ratio (Nalm-6); n = 3 (mean of three donors). AUC analysis was pe

p = 0.0089 [C], 0.0015 [D]). (E) Cytokine profiling from supernatants of a 1:1 co-culture

Supernatants were harvested 24 h post-co-culture. Data represented as mean +/- SD

Molecu
triple-edited CAR-T cells and was extremely statistically significant
(p < 0.0001) (Figures 5B and 5C). Furthermore, both Solupore-trans-
fected CAR-T cells and untransfected CAR-T cells demonstrated a
dose-dependent tumor growth inhibition. Untransfected CAR-T cells
demonstrated the most effective tumor growth in both the 1 � 106

and the 2 � 106 dosing arms (Figure 5D). Solupore transfection
was comparable to electroporation transfection in the lowest dosing
arm, offering little tumor growth inhibition (Figures 5D and 5E).
At the 2 � 106 dose, Solupore triple-edited CAR-T cells significantly
improved the tumor growth-inhibition capacity in comparison to
electroporation triple-edited CAR-T cells. This difference was striking
at the highest dose of 4� 106 cells per mouse. The linearity of the dose
response for each treatment arm is demonstrated when each dosing
arm at the day 25 time point is graphed together (Figure 5E).

By day 13 of the study, the percentage of engrafted CAR-T cells in the
cohort that received Solupore triple-edited CAR-T cells was over
5.4-fold higher (p < 0.001) than that observed in the mice group
that received electroporation triple-edited CAR-T cells (Figure 6A).
To determine whether engraftment or efficacy was influenced by the
editing efficiency of the TRAC target, we measured CD3� cells over
time and compared the editing efficiency to tumor burden in each
mouse at day 25 (Figures 6B and S3). R2 analysis suggested no corre-
lation with the KO efficiency of TRAC for Solupore or electroporation-
transfected cells. Furthermore, TRAC KOwas maintained throughout
the study for both Solupore- and electroporation-transfected cells
(Figure 6B). The TKO phenotype at terminal endpoint was examined
from homogenized spleen tissue, and Solupore triple-edited CAR-T
cells were 43% TKO compared with electroporation triple-edited
CAR-T cells, which had a 47% TKO (Figures 6C and 6E). Despite
poor tumor control by electroporation-transfected cells, the expression
of early activation markers for CD4+ T cells was higher in these cells
compared to Solupore-transfected and untransfected control cells
(Figure 6F). A decrease in CD107a expression occurred in the CD8+

T cell population for electroporation triple-edited CAR-T cells on
day 13 from 95% to 70% and at terminal endpoint (day 26) from
93% to 66% (Figure 6G). This reduction in CD107a expression on
days 13 and 26 correlates with an increase in the exhaustion marker
PD-1 (Figure 6H). Expression of PD-1 in electroporation-transfected
cells was elevated compared to untransfected and Solupore-transfected
cells on days 13, 18, and 26, reaching over 64% of CD8+ T cells, 2-fold
higher than Solupore-treated cells (Figure 6H).

DISCUSSION
For difficult-to-treat hematological malignancies such r/r chronic
lymphocytic leukemia (CLL) or r/r MM, it is important to improve
olupore and electroporation triple-edited T cells

ge of cells bound to target cells after a maximal force of 1,000 pN has been applied

t test, p = 0.001 (A), 0.0486 (B). (C and D) Raji and Nalm-6 cells (CD19+) co-culture

ing the Incucyte S3 Live-Cell Analysis System for 48 h. Representative figure for 1:1

rformed to compare the differences between sample cytotoxicity (unpaired t test,

between Raji cells and untransfected, Solupore, and electroporation CAR-T cells.

.
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Figure 6. In vivo study analysis of cell product engraftment and activation

Flow cytometry analysis of blood draws from mice on study days 7, 13, 18, and 26 (A, B, and F–H) or homogenized spleens at the study endpoint (day 26, C–E).

(A) The percentage of engrafted CAR-T cells in mice based on human CD45-expressing (B and C) KO of TRAC across untransfected (UT), Solupore (SOL),

and electroporation (EP) groups by flow cytometry. unpaired T-test p = 0.0008 (A) and unpaired T-test p <0.0001 (C). (D and E) TKO quantification from homogenized

spleen cells. (F) Early activation marker quantification by expression of the surface markers CD25 and CD69. (G and H) Cytotoxic populations determined by

expression of CD8+ CD107a+ T cells (G) Mann-Whiteny test p = 0.0281 and exhaustion assessed by expression of PD-1 (H) unpaired T-test p <0.0001 Day 18.

p = 0.0051 Day 26. Data represented as mean +/- SD.
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next-generation CAR-T therapies to overcome current shortcom-
ings.41 Of equal importance is to increase understanding of the com-
plexities of manufacturing processes and their impact on cell product
function. By defining critical quality attributes (CQAs) of cell thera-
peutic products, next-generation manufacturing using complex
gene editing processes can be improved to maximize product quality
and potency and thus improve clinical success. T cells are complex42;
hence, understanding the impact that manufacturing processes have
on these cell products is vital to advance the development of adoptive
cell therapies.
Figure 5. Tumor growth analysis in NSG mice inoculated with CD19+ Raji-LUC

(A and B) IVIS imaging and tumor burden measurement using luminescent target Raj

comparing Solupore TKO CAR-T cells with untransfected CAR-T cells, untransfected c

Dose-dependent response of Solupore TKO CAR-T cells, untransfected CAR-T cells, a

unpaired t test, p < 0.0001. 2� 106 day 25 p = 0.0088; 4� 106 day 13Mann-Whitney, p

represented as mean +/- SD.
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We have simulated the manufacturing of a complex edited CAR-T
product and investigated several important attributes related to
T cell health and function. We used a GMP-compliant, clinical
non-viral, closed transfection system, Solupore,29,30 benchmarked
against a current non-viral standard transfection process, the impact
of which is not completely understood for CAR-T cells.43 Previously,
Solupore-transfected cells demonstrated improved in vivo efficacy us-
ing a CARmRNA transfection in comparison to a non-viral standard
control. Here, we have generated a triple-edited, cryopreserved
CAR-T cell product and investigated specific properties related to
cells measured over 25 days

i cells expressing CD19 (Raji-LUC) in an NSG mouse model over 26 days (n = 8),

ells (negative for CAR), electroporation CAR-T cells, and PBS/vehicle control. (C–E)

nd electroporated TKO CAR-T cells. (D) Day 18 Welch’s t test, p = 0.0005, day 25

= 0.003; day 18Welch’s t test, p = 0.0005; day 25 unpaired t test, p < 0.0001. Data
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T cell functionality following a thaw cycle. The potential importance
of specific CQAs of T cells, such as OCR and cellular avidity, in com-
plex editing processes is underscored when comparing Solupore and
electroporation transfection processes. It is well understood that elec-
troporation is stressful to cells28; this is even more notable when
comparing sequential electroporation processes on a population of
cells, as shown in Figure 1B. A second consecutive transfection, if
not toxic or stressful to cells, should increase the overall yield and ed-
iting efficiency. The observed increase in yield after Solupore transfec-
tion suggests that it is a non-toxic, non-stressful process for cells,
further supported by a higher proportion of healthy cells and a lower
proportion of cells in apoptosis compared with electroporated cells
(Figure 1C). Sequential multiplex transfection using electroporation
effected a limited increase in yield of only 3.5%, in contrast to sequen-
tial multiplex Solupore transfection, which yielded 86% more
triple-edited cells. Interestingly, despite higher caspase-3 activity
and a 2-fold increase in apoptotic cells, electroporation-transfected
T cells were observed to proliferate in a trend similar to that of un-
transfected T cells and Solupore-transfected T cells. It is possible
that the apoptotic or necrotic response to electroporation, as shown
in Figure 1C, stimulates stress response pathways and inflammatory
signal transduction pathways. These pathways could act as pro-sur-
vival signals to aid in proliferation responses, for example, through
the detection of extracellular ATP.44–47 Apoptotic response and
genome-wide dysregulation after electroporation has been previously
reported compared to Solupore,29 and we hypothesize that unregu-
lated inflammatory signal transduction responses could occur imme-
diately post-electroporation to drive or prime T cells from a naive
phenotype or TSCM cells into a more mature effector state.17,48,49

Indeed, when transfecting naive T cells with mock cargo (buffer
alone), early activation markers are detected for electroporation
transfection but not for Solupore transfection (Figure S4).

Further to this, no significant drop in the retention of TSCM cells after
Solupore transfection was observed, with similar profiles of TSCM cell
retention of untransfected control cells as well as electroporation
(Figures 2A–2D). Solupore did not adversely affect the TSCM popula-
tion here, and a similar result was seen in genetic profiling by Kava-
nagh et al.29 (no adverse reaction for gene transcription). Thus, it is
reasonable to assume that the Solupore physicochemical transfection
process minimally perturbs signal transduction and genetic regula-
tion of target cells, maintaining homeostasis and a naive status,
similar to untransfected cells throughout the manufacturing process.
It is well understood that higher numbers of CARTSCM cells confer an
enhanced response in the clinic; thus, manufacturing processes that
promote the maintenance and retention of this subpopulation are
preferred. For the purpose of producing a high proportion of CAR+

cells, we included a lentiviral transduction step to support in vitro ex-
periments so that functional characterization could be achieved
following target gene KO. As gene-modifying strategies improve, a
completely non-viral product will be preferable. In this article, we
have demonstrated that following a triple edit and a transduction
step, there is a significantly higher percentage of CAR TSCM cells
post-Solupore treatment than electroporation, and this advantage is
10 Molecular Therapy: Methods & Clinical Development Vol. 33 March
maintained even after cryopreservation and thawing (Figure 2D).
Interestingly, this effect was less consistent in CD4 TSCM cells
compared to CD8 cells from the same donors from days 0 to 4 and
including thawed cryopreserved cells because there was no significant
difference between pre-cryopreserved cells and post-thaw cells for
Solupore transfection and electroporation (Figure 2C). However,
there is a noticeable trend, with the exception of donor A, which re-
tained a high TSCM phenotype for electroporation transfection. It is
likely that more donors would provide a more consistent and statis-
tically significant insight between CD4/CD8 cells.

In addition to TSCM retention, cellular metabolism has become an
increasingly important facet of immune function50–53 and, by exten-
sion, could be an essential attribute in CAR-T cell manufacturing for
clinical use.54 On examination of the temporal dynamics of oxidative
phosphorylation (OXPHOS; as measured by OCR; Figures 3A and
3B), a higher spare respiratory capacity within the manufacturing pro-
cess, after Solupore transfection, was observed. This higher spare respi-
ratory capacity confirms the enhanced retention of naive-like T cells
and is correlated with greater levels of cytokines released for a subset
of key cytokines (Figure 2C). Spare respiratory capacity may not only
confer a simple increase in cytokine release but also has been reported
to shape downstream immune responses on a systemic level, besides
having a significant role in the regulation of T cell activation and
exhaustion.55 Metabolic dysregulation has been demonstrated to pre-
cede T cell exhaustion.56 However, when analyzing the PD-1 expres-
sion in Solupore-transfected cells in response to repeated stimulation,
higher PD-1 expression correlated with higher OXPHOS. Coupled
with the maintenance of genetic homeostasis and lack of perturbation
on cell health by Solupore transfection, this suggests that the increase in
PD-1 is a healthy regulated response to repeated stimulation rather
than uncontrolled excess-inflammatory responses (Figure 3D).

It has been demonstrated that following T cell activation, there is a
poor correlation between RNA expression dynamics and the level
of encoded proteins.57,58 This suggests that the majority of proteome
regulation post-activation is post-transcriptional regulation.34 There-
fore, with CAR expression 3 days post-activation and 2 days post-
transfection (5 days total post-transfection process), it is possible
that the post-transcriptional regulation of activated T cells is impact-
ing cellular avidity. Measured cell avidity in T cells following electro-
poration transfection is comparable to untransfected T cells but is
significantly lower in comparison to Solupore-transfected T cells
(Figures 4A and 4B), suggesting that Solupore transfection is poten-
tially altering post-transcriptional regulation in a positive manner
in comparison to untransfected control. Further investigation is
required to understand this possible impact on proteomic regulation
in cell therapy manufacturing. Nonetheless, on examination of the
killing of CD19+ Raji and Nalm-6 cells by triple-edited CAR-T cells
(Figures 4C and 4D), the downstream impact is clear: higher targeted
and potent cytotoxicity of Solupore-transfected T cells compared to
electroporation-transfected T cells, which is the primary goal of man-
ufactured CAR-T products. The measured cytotoxic potency of the
Solupore-transfected T cells is supported by the measured levels of
2025



www.moleculartherapy.org
cytolysis-specific cytokines, associated with CD8+ cells, which show a
similar trend for Solupore-transfected versus electroporation-trans-
fected T cells (Figure 4E).

To determine whether the in vitro data described thus far are reflec-
tive of an improved manufactured product, triple-edited CAR-T cells
were dosed in immunodeficient mice inoculated with CD19+ Raji
cells (schematic overview, Figure 5A). The difference in response is
striking: Solupore triple-edited CAR-T cells limited tumor progres-
sion in a manner that was comparable to that of untransfected
CAR-T cells, while electroporation-transfected CAR-T cells failed
to inhibit tumor progression, resulting in a statistically significant
30-fold improvement in efficacy in the 4 � 106 cell dose groups
(Figures 5B and 5C). Furthermore, Solupore transfection demon-
strated a dose-dependent protection against tumor growth, an effect
that was not prominent for electroporation (Figures 5C and 5D).
Interestingly, untransfected control CAR-T cells had an improved tu-
mor growth inhibition profile compared with Solupore-transfected
CAR-T cells, although measured spare respiratory capacity, cellular
avidity, and cellular cytotoxicity in Solupore triple-edited CAR-T cells
were higher than in untransfected CAR-T cells (Figures 3A, 4A, 4C,
and 4D). It is thus important to note the unique qualities of individual
donors. In this research article, donor C, examined in the cell avidity
assay of cryopreserved cells (Figure 4B), was the same donor used in
the manufacturing process described in Figure 5A, and presented in
the in vivo datasets in Figures 5 and 6. In donor C, untransfected
CAR-T cells showed improved cellular avidity compared to Solu-
pore-transfected CAR-T cells, which translated to improved efficacy
in vivo. These data support suggestions in the recent literature that
cell avidity is predictive in preclinical modeling of CAR-T effi-
cacy.36–40 However, with only a single donor to compare, it is impor-
tant that further work is done on the predictive power of cell avidity in
terms of in vivo efficacy. Conversely to cellular avidity, cytokine
profiling of CD19-mediated activation of CAR-T cells in this study
appeared to act as a poor predictor of in vivo efficacy, which is incon-
sistent with PMA/ionomycin-mediated activation of T cells, a non-
specific mode of activation. Overall, this is in line with a recent
study carried out by Leick et al., which investigated functional
in vitro assays and correlated them with tumor burden reduction
in vivo and found that cytokine profiling did not correlate well
with in vivo performance.36

Interestingly, despite surface marker expression of early signs of acti-
vation after electroporation transfection (CD4+ CD25+ CD69+ T cells
and CD8+ CD107a+ T cells) in the mouse model, limited efficacy was
observed (Figures 6F and 6G). This limited efficacy may be due to the
potentially longer-lasting adverse attributes of cells processed by elec-
troporation discussed previously, and it may be partially due to the
early onset of exhaustion observed. That said, by day 26 of the study,
the tumor burden was reaching the upper limit for electroporation-
transfected CAR-T cells, and it is therefore unsurprising that the
PD-1 expression is above 60% in this treatment group compared to
groups with limited tumor progression. Furthermore, the increase
in PD-1 expression in electroporation-transfected CAR-T cells
Molecu
observed on day 13 of the study was not consistent across all mice
in the group, and by day 18, the increase in PD-1 relative to Solu-
pore-transfected and untransfected CAR-T cells was only a small
fraction of the entire population (mean of 10.4%; Figure 6H). There-
fore, PD-1 expression cannot account for the limited efficacy in the
mice. Similarly, a correlation of TRAC KO efficiency and tumor
burden reduction was examined to understand whether the higher ca-
pacity to control tumor growth was associated with lower TRAC KO
of Solupore-transfected cells. No consistent correlation between KO
efficiency and tumor control was found (correlation coefficient of
�0.45 for Solupore transfection, 0.6 for electroporation) (Figure S3).
This suggests that CD3 expression has a limited capacity to influence
CD19+ Raji cell growth in vivo in this NSG mouse model and that the
majority of the cytotoxicity effect on tumor control is primarily
driven by CD19 CAR expression, as further demonstrated by un-
transfected T cells (CD19 CAR�) and untransfected CAR+ control
arms (Figure 6B). Aside from TRAC KO efficiency and PD-1 expres-
sion, phenotypically, Solupore CAR-T cells and electroporation
CAR-T cells are relatively equal in terms of activation markers, aside
from the noted difference in the CD8+ CD107a+ subpopulation.
Currently, transfection technology may not succeed in the generation
of >90% population carrying the phenotype of interest, as is the case
in the murine study (Figure 6E). However, the TKO phenotype is
limited due to the difficulty of achieving high efficiency for the
B2M gene for both Solupore and electroporation, limiting the overall
TKO efficiency. KO efficiency can be optimized, and as discussed
above for TRAC, appeared to have no impact on tumor burden reduc-
tion (Figure S3). Furthermore, the edited cell treatment arms at 1e6
and 2e6 cells per mouse, including Solupore transfection, performed
worse overall in terms of in vivo control of tumor growth (Figure 6D),
which calls into question the benefit of multi-edited CAR-T cells as
opposed to standard CAR-T cells.While not the purpose of this study,
multi-edited CAR-T cells are expected to improve or overcome cur-
rent hindrances in cell therapies. For example, allogeneic cell therapy
could overcome current quality control (QC) limitations on cell prod-
uct manufacturing, as well as other benefits, but would require multi-
editing to render the products safe from the effects of graft-versus-
host disease. As cell therapy development improves, multi-editing
CAR-T cells to control solid tumors could become an attractive treat-
ment option.59

In summary, when comparing two non-viral GMP transfection pro-
cesses and assessing the health and function of those cell products, the
most striking differences between the two cell populations, other than
transfection mechanism, is TSCM subpopulation retention post-pro-
cess, which is associated with a higher OXPHOS, and the cellular
avidity of CAR-T cells bound to CD19+ Raji cells. Taken together,
these attributes confer enhanced cytotoxicity potential and a more
efficacious, potent, and durable response in vivo. As CAR-T products
become more refined through genetic modification to improve effi-
cacy, manufacturing processes will increase in complexity. The devel-
opment and optimization of manufacturing processes using novel,
non-viral technologies like Solupore that foster CQAs of cell health
and function could lead to greater therapeutic success in the clinic.
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Non-viral transfection technologies that support more complex and
rapid manufacturing of potent cell products for application in diffi-
cult-to-treat malignancies, such as r/rCLL or r/rMM, can ultimately
improve complete remission rates. In this study, we showed that Sol-
upore can produce healthier and more functional cells compared to
cells modified with nucleofection. Nucleofection has been widely
adopted as a gene editing delivery platform that utilizes both gentle
and higher efficiency settings (programs EO115 and EO117, respec-
tively); similarly, MaxCyte has a high- and low-energy setting to allow
the developer to choose either higher-modification efficiencies or
higher-modification viabilities. Lastly, Thermo Fisher/CTS Xenon
also offers flexibility to programmatically change the electrical pulse
energy settings applied to the cells. Solupore is among a number of
emerging non-viral delivery technologies developed to modify cells
more gently and efficiently for clinical applications that do not rely
solely on electroporation as their delivery mechanism. These technol-
ogies include CellFE and Kytopen, which utilize microfluidic mecha-
noporation and electro-mechanoporation mechanisms, respectively.
In contrast, Solupore uses a physicochemical mechanism that we
compared with the EO115 nucleofection “gentle” transfection setting
in this study. Solupore technology advantages include excellent in vivo
CD19 CAR-mediated cytotoxicity, enablement of sequential transfec-
tions, and efficient use of reagents in GMP workflows. Disadvantages
include the relatively narrow range of cell types for which comprehen-
sive datasets have been developed, with a current application focus on
T cells. Future work in this field should include broadening the appli-
cability of this technology to other cell types and manufacturing
workflows. Based on the data presented in this research article, opti-
mizing cell health in gene-editing manufacturing processes has the
potential to improve CAR-T products and support the manufacture
of next-generation cell therapy products.

MATERIALS AND METHODS
Ethics

All experimental methods were carried out in accordance with
the approved guidelines. All gene editing work was carried out under
the Environmental Protection Agency licenses G0684-01 and G0733-
01. Leukopaks from healthy donors were sourced from BioIVT in full
compliance with Good Clinical Practice as defined under FDA and
US Department of Health and Human Services regulations and Inter-
national Council for Harmonization of Technical Requirements
for Pharmaceuticals for Human Use guidelines. The murine CAR-T
cell efficacy study was performed at The Jackson Laboratory, an
AAALAC (Association for Assessment and Accreditation of Labora-
tory Animal Care) International-accredited and Office of Laboratory
Animal Welfare-assured institution. The Jackson Laboratory adheres
to all applicable international, national, and institutional policies for
the care and use of research animals. All experiments were approved
by the Institutional Animal Care and Use Committee of The Jackson
Laboratory.

Isolation of primary human T cells

Leukopaks (BioIVT, HUMANLMX100-0001129) were obtained
from de-identified and healthy human donors. T cells were isolated
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from the fresh Leukopak, within 24 h of collection, via positive selec-
tion using the Straight from Leukopak CD4 (Miltenyi Biotec,
130117022) and CD8 (Miltenyi Biotec, 130117019) Microbead kits
and MultiMACS Cell24 Separator Plus (Miltenyi Biotec 130-098-
637), according to the manufacturer’s protocol. Briefly, CD4/CD8-
labeled Leukopak samples were loaded onto the Multi-24 Column
Block (Miltenyi Biotec, 130-095-692), where, after removing the col-
umn block from the magnetic field, the magnetically retained CD4+/
CD8+ T cells were eluted as a positively selected cell fraction. Purified
T cells were resuspended in CryoStor CS10 (STEMCELL Technolo-
gies, 07930) to achieve the desired density for cryopreservation and
transferred to labeled cryovials. Cells were frozen using a controlled
rate freezer (CRF; Thermo Fisher Scientific Cryomed) and stored in
a �150�C freezer until required.

Culture and preparation of T cells for experimental use

T cells were thawed using a 37�C bead bath and activated at a cell
density of 1 � 106 cells/mL in complete TexMACS media (Miltenyi
Biotec, 130-097-196) containing 5% Human AB Serum (Bio
IVT HUMANABSRMP-1), 120 IU/mL human IL-2 (Cellgenix,
1020-050 or Bio-Techne, BT-002-AFL-050), and activated using
TransAct (Miltenyi Biotec 130-111-160) at a final concentration of
10 mL/1 � 106 cells. T cells were left undisturbed for 72 h in an incu-
bator at 37�C, 5% CO2, and 20% O2. At 72 h post-activation, T cells
were visually inspected before QC analysis. QC release criteria
was >85% viability, R90% for CD3+ (Thermo Fisher Scientific,
17-0037-42), and >80% for CD25+ (Miltenyi Biotec, 130-113-286)
by flow cytometry (Novocyte 3000, Agilent). Cells were centrifuged
at 350 relative centrifugal force (rcf) for 7 min (at room temperature,
acceleration 9, deceleration 9). The cell pellet was resuspended in
basal TexMACS media (without serum or IL-2) and counted using
a Via-1 cassette (Chemometec, 941-0012). A master mix of cells
was then prepared for the required transfection method or assay
and verified for accurate cell density. For any required untreated
cell conditions, 12 � 106 cells in 24 mL complete TexMACS media
were seeded into a T75 tissue culture flask (Sarstedt, 83.3911.002).

Cell lines

All cell lines (Jurkat, Jurkat FMC, Nalm-6, and Raji) were originally
obtained from the American Type Culture Collection. Cells were
expanded in RPMI medium containing 10% fetal bovine serum
(FBS) maintained at a density of <2 � 106 cells/mL and kept at a
low passage. Jurkats and Jurkats FMC media were also supplemented
with 1% L-glutamine 200 mM (Thermo Fisher, 25030081) and 0.1%
v/v b-mercaptoethanol (Gibco, 21985-023). All cells were cultured
in standard conditions using a humidified incubator with set points
37�C, 5% CO2, and 20% O2.

RNP formulation for gene editing

To transfect 20 � 106 cells, 366 pmol Alt-R S.p. HiFi Cas9 Nuclease
V3 (IDT, 10007803) was combined with 732 pmol sgRNA (IDT; tar-
geting either TRAC [AGAGTCTCTCAGCTGGTACA], B2M [GGC
CGAGATGTCTCGCTCCG], or CD7 [GGAGCAGGTGATGTTGA
CGG]) and incubated at room temperature for 10 min (dose of
2025



Table 1. Delivery solution and cargo preparation

Delivery solution constituents Volume, mL

WFI 7.488

SA Buffer (stock 20�; final 1�) 4

Ethanol (stock 100%; final 5%) 4

Cas9 RNP (TRAC) 21.5

Cas9 RNP (CD7) 21.5

Cas9 RNP (B2M) 21.5

Total 80

www.moleculartherapy.org
each RNP: 3 mg Cas9/1 � 106 cells at 1:2 Cas9:sgRNA molar ratio).
Prior to use, the RNP preparation was stored at 4�C.

Solupore transfection

This method describes the clinical-scale Solupore-transfection pro-
cess using the automated, closed, non-viral transfection platform
Solupore SUS (Avectas). Cargoes of required concentration were
combined with Solupore delivery solution (DS), which consists of Sol-
upore SA Buffer (Avectas, A-AVE103-0001-01), Solupore Ethanol
(Avectas, A-AVE103-0004-01), and water for injection (WFI; Fisher
Scientific, 10317002) for a final 80 mL total transfection volume
(Table 1).

Once the cargo was prepared, it was aseptically loaded into the single-
use assembly (SUA) reservoir at a concentration of 7.4 mMCas9 with
14.9 mM sgRNA per target per transfection. The target T cells (72 h
post-activation, 20 � 106 cells/30 mL of basal TexMACS media per
transfection) and transfection solutions (complete TexMACS media)
were added to transfer bags and sterile welded to the SUA as per the
manufacturer’s protocol. Following the manufacturer’s protocol, the
SUA was loaded onto the multi-use controller (MUC), and a protocol
was selected for T cell CRISPR RNP transfection. In brief, the MUC
control system was used to atomize the cargo, deliver it to cells, and
recover the cells from the SUA. Solupore’s physicochemical process
was used to deliver cargo to T cells 72 h post-activation with
TransAct and IL-2. The cargo was prepared in DS with 5% v/v ethanol
and placed in the reservoir of the SUA. In an automated procedure,
20 � 106 T cells in 30 mL basal media were pumped into the SUA
chamber. The media was removed, transiently exposing the cells on
the SUA chamber filter membrane. The Solupore spray was then
actuated, allowing temporary permeabilization of the cell membrane
and facilitating the entry of cargo. The cells were then resuspended in
5 mL complete TexMACS media, and after a short 30-s incubation,
cells were resuspended in an additional 25 mL TexMACS media
and extracted from the SUA chamber into a harvest bag for recovery
into a T-Flask in a final total volume of 30 mL cell culture media. The
recovered cells were counted using a Via-1 cassette on the NC200,
samples were taken for post-transfection analysis, and the remaining
cells transferred to the required culture vessel (T75 flask or G-Rex)
and placed in a humidified incubator with set points 37�C, 5%
CO2, and 20% O2. Cells were expanded using TexMACS or
CTSOpTmizer media containing 120 IU/mL IL-2 or 5 ng/mL IL-7
Molecu
(Bio-Techne, BT-007-AFL-025) and 2.5 ng/mL IL-15 (Bio-Techne,
BT-015-AFL-025).

Transfection using electroporation

Cells were electroporated with the 4D-Nucleofector system (Lonza
Bioscience) using the 100-mL Nucleocuvette format as per the manu-
facturer’s protocol with the P3 primary cell 4D-Nucleofector X kit L
(Lonza, V4XP-3024). As recommended by the manufacturer for hu-
man T cells, 20� 106 T cells (72 h post-activation) were centrifuged at
350 rcf for 5 min, supernatant media removed, and cells resuspended
in 800 mL PBS and divided into four 1.5-mL microfuge tubes as
200 mL aliquots of 5 � 106 T cells each. Samples were centrifuged
at 200 rcf for 5 min, and each pellet was resuspended in room temper-
ature-supplemented Nucleofector P3 buffer and gently pipetted onto
the RNP cargo, to a total volume of 100 mL. The cell and cargo suspen-
sion in each tube was transferred to four separate nucleocuvettes and
electroporated with pulse code EO-115 in the 4D-Nucleofector X
unit. The nucleocuvettes were returned to the biosafety cabinet
(BSC), and the supplied pipette was used to add approximately
500 mL of 37�C complete media to each cuvette and to pool the con-
tents of the four nucleocuvettes into the same T75 recovery flask.
Samples were harvested for cell counting using a Via-1 cassette on
the NC200.

Assessment of transfection efficiency

Assessment of transfection KO efficiency of TRAC, B2M, and CD7
was carried out by flow cytometry staining with a master mix of
anti-CD3 (BioLegend, 344816), anti-histocompatibility leukocyte
antigen (HLA) (BioLegend, 311410), and anti-CD7 (BioLegend,
343104), respectively. A sample of 1 � 105 cells was harvested on
day 4 post-transfection, washed once in fluorescence-activated cell
sorting (FACS) buffer (PBS, +0.5% FBS), and resuspended in the anti-
body master mix for 10 min in the dark at room temperature. Cells
were washed once, centrifuged, and resuspended in 100 mL FACS
buffer for acquisition on a Novocyte 3000 flow cytometer. For anal-
ysis, live cells were gated using Zombie Violet vital dye exclusion
(BioLegend, 423113), and %KO was analyzed using NovoExpress
software (version 1.6.1). Untransfected control cells were used to
establish gates by staining with Fluorescence Minus One (FMO) con-
trols for each specific marker.

Transduction with CD19 CAR lentiviral vector

Transduction of CD3+ T cells was carried out 48 h post-Solupore or
electroporation transfection. Transduction was carried out in 96-well
plates or 6-well plates coated overnight in 5 mg/mL retronectin in PBS.
CD3+ T cells were plated at 1 � 106 cells/mL in complete TexMACS
containing anti-CD19 CAR lentivirus (scFv-41BB-CD3z, 104882);
Creative Biolabs, VP-CAR-LC633) at required MOI with 50 mM
deoxynucleotide triphosphates (Brennan & Company, N0447S). For
transductions in 6-well plates, plates were centrifuged at 700 rcf
for 90 min at room temperature. Plates were then placed into a
37�C incubator at 5% CO2 and 20% O2 for 24 h. The efficiency of
transduction was measured by evaluating viable CAR expressing cells
by flow cytometry. A total of 2 � 104 cells were sampled from wells
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and stained with biotin-conjugated CD19 CAR Detection Reagent
(Miltenyi Biotec, 130-129-550), according to the manufacturer’s in-
structions, and prepared in CAR detection buffer (0.5 M EDTA,
7.5% BSA in PBS) for 10 min in the dark at room temperature. Cells
were washed in detection buffer, centrifuged, and resuspended
in secondary anti-biotin phycoerythrin (PE) (Miltenyi Biotec,
130-110-951), also prepared in detection buffer, for 10 min in the
dark at room temperature. Cells were washed in detection buffer,
centrifuged, and re-suspended in 100 mL detection buffer with 1:40
7-aminoactinomycin D (7-AAD) viability dye (Miltenyi Biotec,
130-111-568). Samples were acquired on a Novocyte 3000 flow
cytometer, and untransfected non-transduced cells were used to set
gates for viable %CAR+ expression.

Cryopreservation of CAR-T cells

Transfected, transduced CAR-T cells were harvested for cryopreser-
vation 24 or 48 h post-transduction. Where required, samples were
pooled post-harvest and weighed to accurately determine the volume
of cells. A cell count was performed as previously described and total
viable cells calculated. Samples were centrifuged at 350 rcf for 5 min.
Supernatant was removed, and pellets were resuspended in CryoStor
CS10 (STEMCELL Technologies, 07930) to achieve the desired den-
sity for cryopreservation and transferred to labeled cryovials. Prelim-
inary studies were carried out by freezing T cells at a density of 2� 106

cells/mL. Following subsequent analysis, an optimal density of
4 � 106 cells/mL was identified. Samples were frozen using the
CRF operated on the T cell program according to the manufacturer’s
guidelines. In brief, samples in cryovials were added to the CRF once
it had cooled to 4�C, and the temperature probe was placed in close
contact with the cryovials. Upon completion of a freezer run, samples
were immediately transferred to the �150�C freezer for storage until
required.

For freezing cells in Mr. Frosty (MRF; Nalgene 5100-0001), sam-
ples were centrifuged at 350 rcf for 5 min and resuspended in
CryoStor at a density of 2 � 106 cells/mL, aliquoted into 2-mL
cryovials, and placed in a room temperature MRF. After the addi-
tion of cryovials, MRF was transferred to a �80�C freezer to cryo-
preserve cells at a rate of �1 �C/min. After 24 h, the MRF was
retrieved from a �80�C freezer, and the vials were stored at
�150�C until required.

Flow cytometry for T cell phenotyping

Flow cytometry (Novocyte 3000) was utilized to examine the TSCM

and surface marker phenotype of T cells at days 0, 4, and 7 following
transfection, respectively. For each sample, 1 � 105 cells were har-
vested in duplicate or triplicate, centrifuged, and washed once in
FACS buffer. The cells were then transferred to a v-bottom 96-well
plate for staining with TSCM or surface marker phenotype antibody
master mix, prepared in FACS buffer, and incubated for 20 min at
4�C in the dark. For TSCM analysis, cells were incubated in a master
mix solution of FACS buffer containing anti-CD3, anti-CD4, anti-
CD8, anti-CD45RA, anti-CD45RO, anti-CD62L, anti-CD95, and
anti-CCR7. For surface marker characterization, cells were incubated
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in a master mix solution of FACS buffer containing anti-CD3, anti-
CD4, anti-CD8, anti-CTLA4, anti-LAG3, anti-PD-1, anti-TIGIT,
and anti-TIM3. For analysis, live cells were gated using Zombie
Aqua vital dye exclusion (BioLegend, 423101), and post-acquisition
samples were analyzed using NovoExpress software (version 1.6.1).
Flow cytometry analysis for T cells was performed on live single cells
gated as CD3+, CD4+, or CD8+, followed by the gating on each of the
specific markers. TSCM cells were classified as CD45RA+, CD45RO�,
CD62L+, CCR7+, and CD95+. Gates were determined by FMO con-
trols for each specific marker. A comprehensive list of these antibody
markers and others can be found in Table 2.

Apoptosis measurement

Apoptosis was assessed in transfected cells using a modified assay,
incorporating Nucview 405 Caspase 3 Substrate (Biotium, 10407)
and the Live/Dead Viability/Cytotoxicity Kit (Thermo Fisher,
L3224). The dyes were allowed to come to room temperature and
diluted to the desired concentration. Calcein AM, 4 mM, was first
diluted 1:150 in DMSO and then further diluted 1:20 in PBS to
achieve a final working stock of 1:3,000 (1.33 mM), and 2 mM
ethidium homodimer was diluted 1:10 in PBS to create a 0.2-mM
staining solution. Samples of 1 � 105 in 100 mL culture medium
were collected 30 min post-transfection via Solupore or electropora-
tion and subjected to apoptosis analysis. This involved the addition of
1 mL 1 mMNucview 405 Caspase 3 Substrate, 3 mL 0.2 mM ethidium,
and 1 mL 1.33 mM Calcein AM for 15 min in the dark at room tem-
perature. Subsequently, the samples were analyzed by flow cytometer,
detecting calcein (fluorescein isothiocyanate [FITC]), ethidium (PE-
Texas Red), and NucView-405 (Pacific blue).

In vitro cytotoxicity assay

CAR-T cell cytotoxicity was assessed using the Incucyte S3 Live-Cell
Analysis System (Sartorius). To evaluate the killing efficacy of effector
CAR-T cells, Nalm-6 or Raji CD19+ target cells were labeled with the
Incucyte Green Cytotoxicity Reagent (Sartorius, 4633), which fluo-
resces upon cell death. Nalm-6 or Raji cells were cultured in RPMI
with 10% FBS, maintained at <0.9 � 106 cells/mL with passage <20.
Prior to cytotoxicity assays, target cells were transferred to complete
TexMACSmedia (without IL-2) containing 5% human AB serum and
cultured overnight to prevent serum shock. On the assay day, Nalm-6
or Raji cells were centrifuged and resuspended at 4 � 105 cells/mL in
TexMACS with green cytotoxicity reagent (250 nM). Cell suspension,
100 mL, was added to row 1 of a flat-bottom 96-well plate, while 50 mL
TexMACS with green cytotoxicity reagent was added to the rows
below. Serial dilutions were performed by transferring 50 mL suspen-
sion between rows. Cells were incubated for 10 min in the dark to
incorporate the green dye. The target cells were then overlaid with
2 � 104 untransfected, Solupore-transfected, or electroporation-
transfected CAR-T cells and control untransfected non-transduced
cells. T cell-only and target cell-only wells were also included. The
cell plate was placed in the Incucyte, and images were captured every
30 min for 24 or 48 h. Analysis was performed using Incucyte 2022B
Rev2 software, and results were graphed as a ratio of cytotoxicity rela-
tive to baseline cytotoxicity at 0 h (Nalm-6) and 1 h (Raji cells).
2025



Table 2. Flow cytometry antibodies

Marker Conjugate Host Reactivity Clone Manufacturer Catalog no.

KO efficiency

CD3 phycoerythrin/cyanine7 mouse immunoglobulin G1, k human SK7 BioLegend 344816

CD7 FITC mouse immunoglobulin G2a, k human CD7-6B7 BioLegend 343104

HLA-A, -B, -C allophycocyanin mouse immunoglobulin G2a, k human W6/32 BioLegend 311410

T cell phenotyping

CD3 Brilliant Violet 421 mouse immunoglobulin G2a, k human OKT3 BioLegend 317344

CD4 phycoerythrin/cyanine7 mouse immunoglobulin G2b, k human OKT4 BioLegend 317414

CD8 Super Bright 780 mouse immunoglobulin G2a, k human OKT8 Invitrogen 78-0086-42

CD45RA FITC mouse immunoglobulin G2b, k human HI100 BioLegend 983002

CD45RO allophycocyanin REAfinity human immunoglobulin G1 human REA611 Miltenyi 130-113-556

CD62L (L-selectin) Super Bright 600 mouse immunoglobulin G1, k human DREG56 Invitrogen 63-0629-42

CD95 (FAS) allophycocyanin /cyanine7 mouse immunoglobulin G1, k human DX2 BioLegend 305636

CCR7 (CD197) phycoerythrin/Dazzle 594 mouse immunoglobulin G2a, k human G043H7 BioLegend 353236

CTLA-4 Brilliant Violet 605 mouse immunoglobulin G2a, k human BNI3 BioLegend 369610

LAG-3 (CD223) phycoerythrin/Dazzle 594 mouse immunoglobulin G1, k human 11C3C65 BioLegend 369332

PD-1 (CD279) Alexa Fluor 488 mouse immunoglobulin G1, k human EH12.2H7 BioLegend 329936

TIGIT (VSTM3) allophycocyanin /cyanine7 mouse immunoglobulin G2a, k human A15153G BioLegend 372734

TIM-3 (CD366) allophycocyanin mouse immunoglobulin G1, k human A18087E BioLegend 364804

In vivo study

CD3 Brilliant Violet 510 mouse immunoglobulin G1, k human SK7 BioLegend 344828

CD4 BD Horizon BUV496 mouse immunoglobulin G1, k human SK3 (Leu3a) BD Biosciences 612936

CD7 phycoerythrin mouse immunoglobulin G2a, k human CD7-6B7 BioLegend 343106

CD8 BD Horizon BUV395 mouse immunoglobulin G1, k human RPA-T8 BD Biosciences 563795

CD25 Brilliant Violet 711 mouse immunoglobulin G1, k human M-A251 BioLegend 356138

CD45 BD Horizon BUV805 mouse immunoglobulin G1, k human HI30 BD Biosciences 612891

CD45 Alexa Fluor 700 rat immunoglobulin G2b, k mouse 30-F11 BioLegend 103128

CD69 Brilliant Violet 421 mouse immunoglobulin G1, k human FN50 BioLegend 310930

CD107a (LAMP-1) allophycocyanin mouse immunoglobulin G1, k human H4A3 BioLegend 328620

PD-1 (CD279) Brilliant Violet 785 mouse immunoglobulin G1, k human EH12.2H7 BioLegend 329930

b2-Microglobulin FITC mouse immunoglobulin G1, k human A17082A BioLegend 395706
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Cell binding avidity assays

The strength of cell-target binding of untransfected, Solupore-trans-
fected, or electroporation-transfected CAR-T cells was measured us-
ing the z-movi Cell Avidity Analyzer (LUMICKS). Cellular avidity
was measured across multiple donors 24 and 48 h post-transduction
or on CAR-T cells 24 h post-thaw, cryopreserved at 24 h post-trans-
duction, and stored at �80�C until ready for analysis. CD19 express-
ing Raji tumor cells were seeded in a z-Movi poly-L-lysine-coated mi-
crofluidic chip for at least 2 h. Effector CAR-T cells were biologically
normalized for transduction efficiency and added to the chip at
1 � 107 cells/mL and allowed to adhere with targets for an optimized
interaction time of 5 min prior to initializing the acoustic force ramp.
During the force ramp, the z-Movi device utilizes a bright-fieldmicro-
scope to capture a time series of images. Detachment data were ac-
quired using z-Movi Tracking version 1.6.0, and post-experiment
Molecu
analysis was carried out with Ocean software. The avidity score was
calculated by the software, represented as the ratio of mean relative
force required to detach Solupore CAR-T cells from the Raji CD19+

tumor monolayer compared to untransfected, electroporation-trans-
fected, or non-transduced controls. All experiments and analysis fol-
lowed the manufacturers’ recommendations.

Seahorse metabolic profiling

T cell metabolism was analyzed using Agilent Seahorse XF HS
Analyzer and T Cell Metabolic Profiling Kit (Agilent, 103771-100),
according to the manufacturer’s instructions. On the day prior to
the assay, a Seahorse XFp sensor cartridge (Agilent, 103721-100)
was hydrated with tissue culture-grade water at 37�C in a non-
CO2 incubator overnight. An XFp poly-D-lysine (PDL)-coated mini-
plate (Agilent, 103721-100) and an aliquot of calibrant were also
lar Therapy: Methods & Clinical Development Vol. 33 March 2025 15
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incubated at 37�C in a non-CO2 incubator overnight. On the day of
the assay, the water was replaced with pre-warmed calibrant and
incubated in a non-CO2 incubator for a further 60 min. Seahorse
RPMI assay medium was prepared according to the manufacturer’s
instructions; supplemented with glucose (10 mM), pyruvate (1 mM),
and glutamine (2 mM); and warmed to 37�C. Untransfected, Solu-
pore-transfected, or electroporation-transfected CD3 T cells were
counted, and 1 � 105 cells/well were plated in duplicate or triplicate
in 200-mL assay medium onto the PDL miniplate inside a BSC. The
PDL miniplate with cells was incubated in a 37�C non-CO2 incu-
bator for 45–60 min prior to the assay. Assay medium was used to
reconstitute the metabolic inhibitor loading solutions supplied in
the kit (103771-100). A total of 25 mL was loaded into ports A, B,
and C of each well of the sensor cartridge for a final concentration
of oligomycin A (13.5 mM), BAM15 (25 mM), and rotenone/antimy-
cin A (5.5 mM). The assay was run on the Seahorse XF analyzer ac-
cording to the designed T cell metabolic profiling template. Seahorse
Analytics web-based software and GraphPad Prism were used for
data analysis and graph generation.

Cytokine array

Solupore- or electroporation-transfected CD3+ T cells were either
stimulated with PMA (Merck, P1585) and ionomycin (Merck,
I9657) or transduced populations were co-cultured with Raji cells
for cytokine analysis using the LEGENDPlex Human CD8/NK
Panel Kit (BioLegend, 741187). Cell-free supernatants were har-
vested from 24-well G-Rex on day 4 post-transfection, following
two rounds of PMA (10 ng/mL) and ionomycin (250 ng/mL) stim-
ulation on days 0 and 3. For co-culture supernatants, CD3 T cells
were transduced with anti-CD19 CAR Lentiviral vector (LVV) at
an MOI of 3 at 2 days post-transfection and co-cultured at a 1:1 ratio
with Raji cells for 24 h. The supernatants were harvested in duplicate
or triplicate, centrifuged to remove cell debris, and stored at �80�C
until the day of analysis. The concentration of IL-2, IL-4, IL-10, IL-6,
IL-17A, tumor necrosis factor-a, sFas, sFasL, IFN-g, granzyme A,
granzyme B, perforin, and granulysin in the supernatants were
determined using the LEGENDplex kit according to the manufac-
turer’s instructions. Supernatants were thawed at room temperature
and diluted with assay buffer (1:2 for co-culture and up to 1:4 for
PMA/ionomycin). In brief, on the day of assay, 25 mL diluted sample
or standard, 25 mL assay buffer, and 25 mL mixed beads were added
to the appropriate wells of a v-bottom 96-well plate and shaken at
700 rpm using a thermo-shaker (Grant-Bio PCMT HC18) for 2 h
at room temperature and protected from light. The samples were
then centrifuged and washed twice in wash buffer, and 25 mL detec-
tion antibodies were added to each well and shaken at 700 rpm using
a thermo-shaker protected from light. After 1 h, 25 mL streptavidin-
PE was added to each well and incubated for a further 30 min. The
plate was then centrifuged, washed once in wash buffer, and resus-
pended in 150 mL wash buffer, and samples were analyzed by flow
cytometry. Flow cytometry standard files were exported for analysis
using the LEGENDplex data analysis software Qognit. Results were
analyzed in Microsoft Excel and graphed using GraphPad Prism
(version 9.0).
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In vivo murine CAR-T cell-efficacy study

CAR-T cells were manufactured for an in vivo mouse study using
either the Solupore system or electroporation as a transfection mech-
anism for CD3 (TRAC), B2M, and CD7 RNP based knock-out. After
transfection and triple edit, cells were further edited to integrate and
express the anti-CD19 CAR gene using lentiviral transduction. Four
treatment groups of untransfected non-transduced, untransfected
CAR, Solupore CAR, and electroporation CAR (79%–84% CAR+)
were cryopreserved as described previously at �150�C and shipped
to The Jackson Laboratory (California) for the in vivo CAR-T cell-ef-
ficacy study. Female NOD.Cg-Prkdcscid H2-K1b-tm1Bpe H2-Ab1g7-
em1MvwH2-D1b-tm1Bpe Il2rgtm1Wjl/SzJ (JAX, 025216 [NSGDKO,
major histocompatibility complex class I/II]) mice at approximately
8–10 weeks of age were used for this study. Raji cells were maintained
in the log phase of growth, with cell density <0.9� 106 cells/mL in 5%
CO2 at 37�C until enough cells were cultured to engraft all studymice.
Mice were weighed and distributed into treatment groups based on
averaging body weight. On study day 0, 104 mice were engrafted
intravenously at 0.25 � 106 cells per mouse through the tail vein
with Raji-LUC cancer cells. On study day 3, cryopreserved CAR-T
cells were thawed, and 12 groups of mice were dosed intravenously
with the 4 CAR-T cell treatment groups at 3 concentrations
(4 � 106, 2 � 106, and 1 � 106 cells per mouse). CAR-T cells were
thawed in a 37�C water bath in batches by group and transferred to
TexMACS media containing 5% human serum, centrifuged at 350
rcf for 7 min, and resuspended in TexMACS with 5% human serum
with IL-2 for counting. Once counted, the cell density was adjusted to
1 � 106 cells/mL and rested in the incubator for 4 h at 37�C and 5%
CO2. After 4 h, cells were centrifuged at 350 rcf for 7 min and resus-
pended in 37�C PBS to achieve 2.67� 107 cells/mL for injection. The
ready-to-inject cells were placed on ice and transferred for injections.
A total of 150 mL of 2.67� 107 cells/mL were injected for a top CAR-T
dose of 4� 106 cells per mouse and further diluted 1:2 and 1:4 in PBS
to achieve 2 � 106 and 1 � 106 cells per mouse groups, respectively.
Mice were removed from the cage for body weight measurements
twice per week and detailed clinical observations three times per
week. Mice were imaged on study days 4, 7, 13, 18, 20, and 25 using
the Xenogen IVIS-Lumina system. Retro-orbital blood (55 mL) was
collected from all mice on study days 7, 13, and 18 into K2-EDTA
tubes. The collected whole blood was processed for flow cytometer
analysis. The primary endpoint was tumor burden reduction, the sec-
ondary endpoint was engraftment of CAR-T cells, and the tertiary
endpoint was the %KO cells at the terminal endpoint of the study
(day 26) in comparison to %KO cells dosed.

Flow cytometry for ex vivo whole-blood and tissue samples

For flow cytometry analysis, samples of whole blood (obtained by
retro-orbital bleed on study days 7, 13, and 18 and cardiac bleed
post-CO2 asphyxiation on study day 26) were processed, acquired,
and analyzed by The Jackson Laboratory. In brief, samples of 50 mL
were incubated with a surface antibody mix of anti-CD3, anti-CD4,
anti-CD8, anti-CD25, anti-CD45, anti-CD69, anti-CD107a, anti-
PD-1, anti-CD7 anti-B2M, and anti-mouse-CD45 in Brilliant Stain
Buffer (BD Biosciences, 563794) for 30 min in the dark at 4�C. After
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the staining, samples were lysed with 500 mL 1� Pharm Lyse ammo-
nium chloride solution (BD Biosciences, 555899) for 15 min in the
dark at room temperature. Samples were then washed twice in Dul-
becco’s PBS without Ca2+ and Mg2+ (DPBS-CMF). Centrifugation
after each wash was at 400 rcf for 5 min with brake. Cells were then
resuspended in 150 mL 1� DPBS-CMF with 7-AAD dye (BD Biosci-
ences, 559925) and 25 mL Countbright beads (Invitrogen, C36950)
were added before acquiring on FACSSymphony A5 SE flow cytom-
eter (BD Biosciences). For analysis, live cells were gated using 7-AAD
vital dye exclusion, and post-acquisition, samples were analyzed using
BD FACSDiva software (version 9.6). Flow cytometry analysis for
cells was performed as live cells gated on CD45+, CD3+, or CD3�,
then CD4+ or CD8+, followed by gating each specific marker.
CAR-T cell engraftment was defined by percentage of human
CD45+ T cells; of these, the activated T cells were characterized by
CD25+, CD69+ expression, and exhausted or cytotoxic T cells were
identified based on their expression of markers PD-1 and CD107a.
TKO efficiency was evaluated by identifying CD3�, CD7�, and
B2M� populations. Gates were determined by three fluorescence
minus multiple (FMM) controls, FMM1 (CD69/PD-1), FMM2
(CD25/CD107a), and FMM3 (CD7/B2M).

At the terminal endpoint, on study day 26, the remaining surviving
animals were euthanized by CO2 asphyxiation. In line with the BD
Biosciences “Preparation of Murine Splenocytes” procedure, the
spleen was excised and processed into a single cell suspension in
MACS cell storage solution (Miltenyi, 130-130-263) and stored in
4�C for analysis by flow cytometry. In short, the cell suspension
was prepared by pressing the spleen through a strainer, washing
with PBS, and centrifuging at 1,600 rpm for 5 min. The supernatant
was removed, and the cell pellet was resuspended in lysing solution
for 2 min at 37�C. This was followed by washing in 30 mL PBS and
resuspending the pellet in PBS to a density of 2 � 106 cells/mL. Sam-
ples were incubated in the surface antibody mix, and samples were ac-
quired and analyzed as described above.

In vivo image acquisition and analysis

Tumor progression of Raji-LUC was monitored by bioluminescence
imaging (BLI) using a Xenogen Lumina IVIS (PerkinElmer). For BLI
IVIS, mice with Raji-LUC engraftment were anesthetized with XGI-8
gas, injected intraperitoneally with 150 mg/kg XenoLight D-Lucif-
erin – K+ Salt Bioluminescent Substrate (PerkinElmer, 122796) and
placed into the IVIS imaging chamber. Mice were imaged in sequence
from the ventral position on study days 4, 7, 13, 18, 20, and 25. For
BLI quantification, the whole-body region of interest (ROI) was
selected, and BLI was recorded as radiance (photons/s/cm2/sr). Total
radiance was calculated for all groups and time points, and the bright-
ness and scale of the images were adjusted in Living Image version
4.8.0 software.

Statistical analysis

Values are given as mean ± SD of at least three donors unless other-
wise noted. All analyses were performed using GraphPad Prism
version 10.0 for Windows (GraphPad Software, www.graphpad.
Molecu
com). Statistical significance between Solupore and electroporation
experimental groups was determined using paired and unpaired t
tests for parametric data and Wilcoxon matched-pairs signed rank
or Mann-Whitney U test for non-parametric data. Comparisons of
multiple groups were performed using a one- or two-way ANOVA.
p < 0.05 was considered significant and is designated with an
asterisk in all figures: ns p > 0.05; *p % 0.05; **p % 0.01; ***p %

0.001; ****p % 0.0001.
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