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Introduction: Cell therapies have revolutionized cancer treatment, with chimeric
antigen receptor (CAR) T-cell therapies at the forefront for the treatment of
hematological cancers. However, current manufacturing protocols rely on rapid
T-cell activation, which can induce exhaustion and undesirable phenotypes,
ultimately reducing the efficacy and persistence of CAR T-cells. Given the
importance of T-cell activation as a fundamental step to achieve proliferative
phenotypes for cell engineering and expansion, approaches are needed to
control activation and increase CAR T-cell quality. To address this need, in this
work, we utilized a bioinspired, scalable, tunable platform to direct T-cell
activation and decrease exhaustion during CAR T production.

Methods: Hydrogel-coated membranes (HCMs) were designed with different
co-stimulatory ligands and a physiologically-relevant substrate modulus inspired
by the native microenvironment in which T cells are programmed. Phenotype,
activation, and exhaustion markers were used to compare T cells cultured with
HCMs or industry standard TransAct. Next, transduction with a CD19 CAR
lentivirus was performed, and the killing potential of the resulting CAR T
product was evaluated using an in vitro cytolysis model.

Results: With this controlled and well-defined system, we hypothesized that a
combination of ligands inspired by antigen-presenting cells would promote
desired T-cell phenotypes with reduced exhaustion and thereby improved
killing efficacy. We found memory phenotypes, minimal exhaustion, and similar
activation profiles with HCMs. Additionally, increased T-cell transduction and
decreased exhaustion for the CAR T population were observed with HCMs.
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Further, the killing potential of the resulting CAR T product was evaluated, finding
improved in vitro cytolysis of target cells with lower variability with HCMs.

Discussion: These results demonstrate the importance of lower T-cell
exhaustion in CAR T manufacturing and present significant opportunities to
modulate T-cell phenotypes for cell therapy applications using engineered
bioinspired materials that display combinations of co-stimulatory molecules.

biomaterials, hydrogel, T cell, cell therapy, CAR T, bioinspired, coating, ligand

1 Introduction

Cell therapies have emerged as a critical tool in the treatment of
cancer (1-3). In particular, chimeric antigen receptor (CAR) T-cells
have gained importance as a targeted cancer therapy, where T-cell
lymphocytes from humans are engineered to express a CAR protein
to enable the recognition and killing of cancer cells (4, 5). Indeed,
CAR T therapies have become a pivotal treatment for hematological
cancers, with a remission rate of 40%-90% (5, 6). Existing
manufacturing protocols require isolation of T cells from the
donors followed by ex vivo activation, transduction, expansion, and
autologous infusion of the modified cells (7, 8). However, high
variability of CAR T function between donors and the overall
scalability of the process are two contributing factors hindering
broader adoption of this treatment paradigm (9, 10). Innovative
approaches are needed for controlling T-cell quality during CAR T
production, from T-cell activation and transduction to killing efficacy.

Activation of T cells is a fundamental step to achieve
proliferative and functional T-cell phenotypes (11). Existing
techniques aim to promote a rapid activation that drives robust
cell proliferation; however, this approach can lead to a large fraction
of exhausted CAR T-cells, limiting their efficacy (9, 12). Current
industry standards for T-cell activation (e.g., TransAct, Dynabeads)
are based on synthetic particles that mimic the signals of antigen-
presenting cells (APCs) by presenting antibody fragments of anti-
CD3 and anti-CD28 to achieve T-cell activation and expansion
through immunomodulation (13-15). While anti-CD3 and anti-
CD28 are the most common ligands to initiate activation (16), the
fast activation they promote can lead to T-cell exhaustion (17, 18).
Promotion of desired phenotypes during activation and
transduction also is important for product efficacy. T cells are
broadly categorized as either i) naive (Tn) or ii) effector (Teff)
before activation and either iii) central memory (Tcm) or iv)
effector memory (Tem) after activation (19, 20). Notably, central
memory phenotypes (Tcm) have greater antitumor effects and
proliferation compared to effector memory phenotypes (Tem)
(21, 22). Further, naive and stem-like populations have been
found to enhance overall CAR T performance (19, 20). Taken
together, CAR T production processes are needed that not only
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promote activation, but also promote desired phenotypes with
limited exhaustion for increased efficacy and persistence of CAR
T treatments.

Engineering the microenvironment of T cells during the CAR T
manufacturing process, inspired by native T-cell programming in
the human body, affords opportunities for controlling CAR T
quality and efficacy. T cells are natively programmed in the
lymphoid organs by antigen-presenting cells (APCs) (23).
Scaffolds and microcarriers that mimic this microenvironment
during ex vivo T cell culture have been shown effective at
promoting T-cell activation and expansion (24-28). For example,
porous micro-rods functionalized with lipid bilayers have been used
as scaffolds for T-cell stimulation (25), where the density of anti-
CD3/anti-CD28 displayed can been tuned for personalizing the
level of stimulation on an individual-specific basis (29). We recently
have established an approach for integrating bioinspired substrates,
functionalized hydrogel-coated membranes (HCMs), into a scalable
flow-based membrane device, controlling the microenvironment of
T cells while enhancing their transduction through lentiviral
concentration polarization (30). These versatile and tunable
materials have the potential to further promote activation and
expansion of T cells while controlling their phenotype and
exhaustion in a well-defined environment by the addition of co-
stimulatory ligands targeting specific T-cell receptors.

In this work, we exploit the modular, well-defined bio-inspired
hydrogel platform to assess the role of ligand presentation in T-cell
activation and expansion. The HCM platform is based on poly
(ethylene glycol) diacrylate (PEG-diPhotodegradableAcrylate,
PEGdiPDA) hydrogel that integrates acryl-PEG-biotin pendant
groups to enable functionalization with a range of co-stimulatory
molecules (Figure 1A, Supplementary Figure S1) (30). Four different
co-stimulatory ligands, anti-CD3, anti-CD28, anti-4-1BB, and anti-
0X40, were selected as bio-inspired molecules to evaluate their
activating effect as artificial APCs. Anti-CD3 and anti-CD28 were
used to emulate APC mimics used industrially within
biomanufacturing workflows (e.g., TransAct, a soluble colloidal
polymeric nanomatrix that presents anti-CD3 and anti-CD28) (16,
31, 32), which promote fast activation and often exhaustion (14). We
previously have shown that an HCM functionalized with anti-CD3
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(A) Schematic representing HCM formation using PEGdiPDA (black), acryl-PEG (black) and acryl-PEG-biotin (green) to form a hydrogel coating
(green) on top of the regenerated cellulose membrane (brown), creating an HCM with physiologically-relevant mechanical properties that can be
functionalized with ligands of interest in addition to integration within devices. (B) Table representing concentration of antibodies used in each HCM
that are color coded by concentration: dark red is 10 pg-mL™* of antibody, medium red is 5 pg-mL™* of antibody, and light red is 3.33 pg-mL™* of
antibody. Every combination had a total concentration of 20 pg-mL'1 of antibodies to be able to compare between groups. Specifically, for
hypothesis testing, the total 20 ug-mL™* of ligand per condition was achieved with 10 ug-mL™* anti-CD3 with 10 pg-mL™ total of co-stimulatory

molecule(s) i) anti-CD28, ii) 1:1 anti-CD28/4-1BB, iii) 1.1 anti-CD28/OX40, or iv) 1:1:1 anti-CD28/4-1BB/OX40 (All

3:1), as well as v) 20 ug'mL™ total

with equal amounts of all ligands (1:1:1:1 anti-CD3/CD28/4-1BB/OX40 All 1:1). (C) Timeline of activation and transduction (top) or CAR T killing assay
(bottom) experiments performed. Specifically, the timepoints selected for the study were day 1, day 3, and day 9 based on their importance for
characterization of i) initial cellular states (day 1), /i) upon activation and the day of transduction (day 3), and iii) upon final production of CAR T

products (day 9). Created with Biorender.

and anti-CD28 (1:1, 20 ugmL™ total) produced activation results
comparable to TransAct (30). We hypothesized that adding anti-4-
1BB, an enhancer of T-cell survival by suppression of activation
induced cell death (33), or anti-OX40, an enhancer of effector T-cell
function and survival (34), would enable superior APC mimicry and
drive creation of improved functional CAR T-cell products with the
modular bio-inspired platform. Further, given the essential nature of
anti-CD3 for T-cell activation (16), we hypothesized that maintaining
a constant concentration of anti-CD3 across all tested combinations
was important (35, 36). To test these hypotheses, we investigated T-
cell activation, transduction, and expansion at different ratios of anti-
CD3/CD28/4-1BB/OX40 co-stimulatory molecules (Figure 1B) over
the typical timeframe utilized for industrial CAR T biomanufacturing
(Figure 1C). Leveraging the tunability of the HCM platform, we
found that combinations of co-stimulatory molecules enable a
preference for central memory (Tcm) phenotype and reduction of
exhaustion when compared to T-cells activated with TransAct.
Building from these tunable phenotypes, we found that HCM-
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generated CD19 CAR T-cells show increased killing efficacy against
target (Raji-luc-2) cells as compared to TransAct-generated CAR T-
cells. Furthermore, the hydrogel was formed on top of a flat-sheet
regenerated cellulose membrane, enabling future integration into a
tangential flow filtration device for combining the effects of co-
stimulation and flow during the production of CAR T-cells (30).
Overall, this work demonstrates the utility of the modular HCM
platform for CAR T manufacturing and the overall potential for
persistent CAR T therapies.

2 Materials and methods

2.1 Materials

All specialty reagents used are specified in the methods section
as described. All antibodies were purchased from Biolegend (San
Diego, CA).
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2.2 Formation of HCMs

HCMs were created as described in detail in our prior work (30).
Briefly, building block PEGdiPDA and photoinitiator lithium phenyl-
2,4,6-trimethylbenzoylphosphinate (LAP) were synthesized by
established protocols as previously described, and their chemical
identity verified with '"H NMR (Supplementary Figures S2, S3) (30).
All other building blocks were purchased from commercial sources and
used as received. Specifically, hydrogels were formed using PEGdiPDA,
PEG-monoacrylate (M,, ~ 400 Da from Monomer-Polymer, Ambler,
PA), biotin-PEG-acrylate (M,, ~ 5 kDa from Biopharma PEG Scientific
Inc., Watertown, MA), and LAP. The monomer solution was
composed of 4.1 wt% PEGdiPDA, 3.4 wt% PEG-monoacrylate, 1
mg-mLf1 biotin-PEG-acrylate, and 3 wt% LAP, a formulation
previously shown to result in physiologically-relevant mechanical
properties (30). Flat sheet membranes (regenerated cellulose with 300
kDa molecular weight cutoff (MWCO)) were supplied by EMD
Millipore Corporation as the base substrate on which the hydrogel
was polymerized. Membranes were cut into 2 by 4 cm rectangles prior
to coating with the hydrogel. HCMs were prepared by applying 80 LIL
of monomer solution to the membrane that was seated on a glass draw
plate, and the solution was then spread across the membrane using a
wet film applicator wire (Gardco, Pompano Beach, FL). Polymerization
was achieved by irradiation with filtered, collimated light (A=400-500
nm, I, = 5 mW-cm™) from an Omnicure (Excelitas Technologies,
Mississauga, ON, Canada) for 90 s. The storage modulus was measured
using in situ rheometry (DHR 30, TA Instruments, New Castle, DE) to
ensure achieving an average Young’s modulus on the order of ~ 10 kPa
upon polymerization (Supplementary Figure S4). After polymerization,
the HCMs were cut into rounds using an 8 mm biopsy punch. Rounds
were transferred into an untreated 48-well plate and incubated with
70% ethanol for 10 minutes for sterilization. After removing the
ethanol, the HCMs were incubated with PBS for 30 minutes; the
PBS wash was removed, and HCMs were incubated at room
temperature overnight with fresh PBS.

Stability of the hydrogel layer on the membrane was verified by
adding acrylate-Rhodamine B (BioChemPEG Scientific Inc.,
Watertown, MA) to the monomer solution at a concentration of 20
uM, allowing measurement of the height of the hydrogel at
physiologically relevant conditions over time using confocal
microscopy (Zeiss LSM 800, White Plains, NY) and Image J.
Hydrogel rounds were incubated in PBS at 4 °C and at 37 °C (with
5% CO2), and the PBS was replaced every 3 days. The height of four
hydrogel rounds stored in each condition was measured at two
locations on each gel and three points at each location.
Measurements were done at days 1, 3, and 9 (Supplementary Figure
S5), corresponding to key timepoints in the presented studies and the
typical timeframe for manufacturing of CAR T cells.

2.3 Functionalization of HCMs

HCMs were functionalized using avidin-biotin chemistry. First,
under sterile conditions, HCM rounds were blocked with 1% BSA
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solution for 1 h at room temperature. After blocking, the BSA
solution was removed and 300 WL of 50 pug-mL"' Neutravidin
solution was added (NA; ThermoScientific, Waltham, MA) and
incubated for 4 h at room temperature. Afterwards, HCMs were
washed with PBS twice for 15 min. The biotinylated cell activating
antibodies anti-CD3, anti-CD28, anti-41BB, and anti-OX40 were
added to the HCM surface and incubated at 4 °C overnight at
designated combinations and concentrations (Figure 1B).
Specifically, the concentrations tested were 1:1 (anti-CD3, anti-
CD28), 2:1:1 (anti-CD3, anti-CD28, and anti-41BB), 2:1:1 (anti-
CD3, anti-CD28, and anti-OX40), 3:1:1:1 (anti-CD3, anti-CD28,
anti-41BB, and anti-OX40) and 1:1:1:1 (anti-CD3, anti-CD28, anti-
41BB, and anti-OX40). All the concentrations tested were studied at
a total concentration of 20 pg-mL™. For activation experiments,
before using the functionalized HCMs, two washes with PBS were
performed to remove any unbound antibodies. Finally, HCMs were
transferred to a 96-well plate for cell culture.

Substrate modification with antibody at the different
concentrations studied was confirmed using anti-CD3 at 5, 10,
and 20 pg-mL’', subsequently incubated with a 20 pg-mL™
secondary antibody overnight at 4 °C (AF647 goat anti-mouse
IgG1) (Supplementary Figure S1). Confirmation of the stability of
HCM functionality over 9 days at physiologically relevant
conditions was performed by incubating 8 mm HCM rounds
functionalized with 20 ug-mL™" of anti-CD3 in complete RPMI
(37 °C, 5% CO,, humid). Different samples were collected at
timepoints of interest (days 1, 3, and 9), washed with PBS (twice),
fixed with 4% paraformaldehyde (PFA, 10 min), and then washed
and stored in PBS (twice) at 4 °C. After the completion of the
experimental time course, all samples were stained with 20 ug-mL™
secondary antibody (AF647 goat anti-mouse IgG1) for 2.5 hours at
room temperature (Supplementary Figure S6). Supplementary
Figures S1 and S6 images were taken using a confocal microscope
(Zeiss LSM 800, White Plains, NY), and total integrated
fluorescence intensity was quantified using FIJI’s measure function.

2.4 Isolation of hPBMCs

Human peripheral blood mononuclear cells (hPBMCs) were
purchased from Lonza (Basel, Switzerland) from eight different
healthy donors. Toward minimizing donor-to-donor variability,
donors were selected of the same ethnicity (African American),
age range (30-55 years), and non-smoking status (Supplementary
Table S1). The cells were thawed and incubated for 2 h in RPMI-
1640 medium (Corning, Tewksbury, MA) supplemented with 10%
heat-inactivated fetal bovine serum (hiFBS) and 1% penicillin-
streptomycin (P/S). After 2 h incubation, CD3+ T-cells were
isolated using Human Pan T-Cell Isolation Kit (Miltenyi Biotec,
Auburn, CA). After isolation, T-cell purity was tested using flow
cytometry (FACSAria Fusion, BD Biosciences, San Diego, CA), with
anti-CD3-AF700, achieving a purity of >95% (Supplementary
Figure S7). Isolated T cells were then used for experiments
immediately after isolation.
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2.5 Activation of CD3+ T cells

Activation of CD3+ T cells was studied after 1, 3, and 9 days of
incubation with HCMs or TransAct. Cells were cultured in media
with interleukin 2 for the duration of the whole experiment (IL-2,
50 TU-mL™"), and media with fresh IL-2 was changed every 3 days
(Figure 2). For the cells activated with TransAct (Miltenyi Biotec,
Basel, Switzerland), cells were incubated at 1:1000 concentration
and fresh TransAct was added at every media change with the
same concentration.

A

10.3389/fimmu.2025.1513148

For flow cytometry preparation, cells were washed twice with
PBS and stained with zombie red (Biolegend) for 10 min at room
temperature to determine viability. After the first staining step, cells
were washed twice with FACS (2% hiFBS in PBS) and stained with
the following panel (clones indicated in parentheses): CD25-BV711
(M-A251), CD45RA-BV605 (HI100), PD-1-BV650 (EH12.2H7),
Cell trace-BV421, CD62L-FITC (DREG-56), CD4-PE-Cy5
(OKT4), CD69-PE-Cy7 (FN50), CD45RO-PE (UCHLI1), CD8-
AF700 (SK1), CCR7-APC-Cy7 (G043H7), and Tim3-APC
(A18087E). All samples were gated using single-color controls

; \
Jrﬂ r]f med|a+IL2 ﬂ Ia change change .ma ‘ ®
media + IL-2 media + IL-2 l _
" naive activated
Cell seedlng 1 day 3 days 9 days
Day 3 Day 9
B C D )
15.0-
2.04 1S 15.0 *
512.5- Kok kdkokk  dkkdkok  kdkokk  dkkkk  kekkok i x 125 *
£ 10.04 2159 | $ ' E 4004
s = S ‘ ® s
M1 2 1.0 : £ 7519 ‘
£ 5.0+ L8 £ 50-
[ 'S 0.5 S
o 25+ o o 25
- <o - & *
°-°||||||||||||°-°||||.. 0.0-—T—T—T—T T
¢} ) & @ © NN S B PN D
v Q 5 N v Q
b'b* b‘b* b’b* 85\ 8§ 85§ bﬁ 6& b@ b& 60* b@ @“Zo‘b\oo,»q}y; ’@0.‘.?\\ v}\ «(y':oﬁj\oo%%\y; ‘@0.‘.?3\ VS\
Q7 O
© © o
* oo"-‘ & oo"-’ &
I .
E Cell counts x F Normalized cell counts
skk o 2.0 ns
3000000 - &
o
o 1.5+
£
_1 2000000 T )
<]
E = 1.0 _ <====TransAct
0 k=]
3 N
1000000 T 0.5-
£
1
2
0 0.0-
day 3 day 9 day 3 day 9
TransAct [l CD3/CD28 [ CD3/CD28/4-1BB [ CD3/CD28/0X40 HH Al 3:1 All 1:1
FIGURE 2

(A) Schematic representation of T cell activation using HCMs, showing increase in T cell activation by shift in T cell color from light orange to brown.
Created with Biorender. (B) Proliferation index of T cells at day 3 and 9 showing statistically significant cell growth for all the groups. (C) Proliferation
index of all the different groups studied on day 3 showing no significant differences between groups. (D) Proliferation index of all the different groups
studied on day 9, showing significantly lower Pl for 3 groups compared to TransAct. (E) Cell counts for all the conditions on day 3 and day 9 (donor
2 was excluded from cell counts due to measurement errors). (F) Normalized cell counts to TransAct for each donor on day 3 and day 9 (donor 2
was excluded from normalized cell counts due to measurement errors). Color schemes: TransAct (blue), HMCs, CD3/CD28 (black), CD3/CD28/4-
1BB (pink), CD3/CD28/0OX40 (green), All 3:1 (dark purple), All 1:1 (light purple). Four different donors with n>3 for each donor were used as
representative sample population. *p< 0.05, **p<0.01 and ****p< 0.0001. Statistical significance was determined using one-way ANOVA with Tukey
comparison test between Transact and HCMs, and standard deviation is shown in all the graphs.
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and FMOs (Figure 3). Experiments were performed with 4 donors
and in triplicates or more for each donor and run on a flow
cytometer (FACSAria Fusion, BD Biosciences, San Diego, CA).
ECS ExpressTM software (De Novo Software, Pasadena, CA) was
used to analyze the data, and all samples were gated using
fluorescence minus one and single-color controls.

2.6 T-cell proliferation

Cell proliferation was assessed by measuring decreased
fluorescence intensity from a Cell Trace-BV421 (Invitrogen,
Waltham, MA). Briefly, prior to seeding on substrates for
activation studies, cells were stained with 5 uM Cell Trace
solution at 37 °C for 20 min in the dark. The remaining dye was
quenched using 5 times the volume of media and incubated for
5 min. After quenching the dye, cells were centrifuged at 300 RCF
for 10 minutes and resuspended in fresh media for seeding and
commencing related cell culture studies. FCS ExpressTM software
was used to determine proliferation profiles at days 3 and 9 by
comparing the peak on day 1 to the unstained sample, as reported in
Supplementary Figure S8. Proliferation index (PI) is defined as the

10.3389/fimmu.2025.1513148

total number of cell divisions divided by the number of cells that

underwent division.

2.7 T-cell transduction with LentiBrite

Transduction experiments were performed after 3 days on cells
activated in a 96-well plate with either HCMs or TransAct. On day 3,
cells were counted, and the plate was centrifuged at 200 RCF for 10
minutes to first remove 100 QL of media and then add 100 UL of virus
solution. Target cells were transduced with LentiBrite GFP lentivirus
(EMD Millipore Corporation, Darmstadt, Germany) at a multiplicity
of infection (MOI) of 1. After 24 h, cells were removed from plates
and centrifuged at 300 RCF for 5 minutes to remove any
unbound virus.

For flow preparation, cells were first stained with zombie yellow
(Biolegend) for 10 min at room temperature to determine viability.
After the first staining step, cells were washed twice at 300 RCF for 5
minutes with FACS (2% hiFBS in PBS) and stained with the
following panel: CD62L-BV421 (DREG-56), CD4-PE-Cy7 (RPA-
T4), CD45RO-BV750 (UCHLI1), CD8-AF700 (SK1), Tim3-APC-
Cy7 (F38-2E2), all purchased from Biolegend. All samples were

Early activation Late activation Exhaustion Phenotype
(CD69) (CD25) (Tim3) (CD62L/CDA45RO)
107' 107'
Tim3+
0.83%
L]
>| = < < 8
8|8 a a 8
o | 3 3
z| 8 a a 8
()
6.30%'102 CIS:‘SRén 105
5 10-06% 82.95%
1007 Tn cm
10"
< < < a
Q Q o
2|4 2 2 8 10
m 2
[a) 102]
i Teffm . 16.91%
-10°-10” 1q:im3 10" 10° 0.00%10" CII:"):SRéo‘ 10°
FIGURE 3

Representative flow cytometry gating scheme for phenotype, activation (early and late), and exhaustion, shown from the same donor activated using
TransAct. Flow cytometry profiles are representative of sample changes through the duration of activation experiments for days 1, 3, and 9. Orange
arrows represent the increase or decrease of the studied markers through the total length of the experiments.
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gated using single-color controls and FMOs. Experiments were
performed with 4 donors and in triplicates or more for each donor,
run on the flow cytometer (ACEA NovoCyte, Agilent Technologies,
Santa Clara, CA), and analyzed with NovoExpressTM software
(ACEA NovoCyte, Agilent Technologies, Santa Clara, CA). All
samples were gated using fluorescence minus one and single-
color controls.

2.8 T-cell transduction with CAR 19
lentivirus

Transduction experiments were performed after 3 days of
activation on a 96-well plate with HCM combination All 3:1 or
TransAct. On day 3, cells were counted, and the plate was
centrifuged at 200 RCF for 10 minutes to remove 100 pL of
media and then add 100 uL of virus solution. Target cells were
transduced with CD19-CAR virus (Vector Biomed, Gaithersburg,
MD) at an MOI of 1, 2, and 5. After 24 h, cells were removed from
plates and centrifuged at 300 RCF for 5 minutes to remove any
unbound virus.

For flow preparation, cells were washed twice with FACS buffer
(2% hiFBS in PBS) and incubated with CD19-Fc (R&D Systems,
Minneapolis, MN) at room temperature for 10 min. Cells were
washed twice at 300 RCF for 5 minutes with FACS buffer to remove
unbound protein and stained with anti-human-Fc AF647 (Jackson
ImmunoResearch, West Grove, PA) for 20 min. Cells were washed
with FACS buffer twice at 300 RCF for 5 minutes and stained with
Tim3-BV421 (F38-2E2). Experiments were performed with 3
donors and in triplicate or more for each donor, on a flow
cytometer (ACEA NovoCyte, Agilent Technologies, Santa Clara,
CA) and analyzed with NovoExpressTM software. All samples were
gated using fluorescence minus one and single-color controls.

2.9 Killing assays with Raji cells

After transduction with CAR 19 virus, CAR T-cells were
expanded for 5 days in RPMI supplemented with 10% heat-
inactivated fetal bovine serum (hiFBS), 1% penicillin-
streptomycin (P/S), and IL-2, achieving the number of cells
needed for killing assays and mirroring timeframes of activation,
transduction, and expansion typically used during CAR T-cell
production. Raji-Luc2 (CCL-86-LUC2, ATCC, Manassas, VA)
were used as target cells for the experiments, and impedance was
used to determine cell viability with xCELLigence RTCA MP
(Agilent Technologies, Santa Clara, CA). Cell media used for
Raji-Luc2 cell culture was ATCC-formulated RPMI-1640 Medium
with 10% hiFBS and 1% P/S. RTCA E-plates in 96-well format were
used and tethered with 50 uL of tethering dilution (4 pL of
Tethering reagent (anti-CD40) + 500 pL of tethering buffer),
xCELLigence immunotherapy kit (8100005, Agilent Technologies,
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Santa Clara, CA). Plates were incubated at 4 °C overnight. Tethering
reagent was removed and washed twice with PBS, then 50 UL of Raji
media was used to perform a background measurement. Killing
assays were set at 1:1 and 3:1 Effector to target ratio, keeping the
number of Raji-Luc2 (CCL-86-LUC2, ATCC, Manassas, VA) cells
constant at 50,000 cells per well. Raji cells were stained with
CellTrace BV421 following the same protocol as indicated for T
cells for later image analysis. Volumes of 50 pL of Raji cell
suspensions were added to the plate and were equilibrated for 30
minutes, then placed on the xCELLigence overnight for initial
impedance measurements. After 24 h, 100 uL of CAR T-cells at
different concentrations were added to the Raji cells and left for 30
minutes at room temperature to equilibrate. After 30 minutes,
cytolysis reagent was added to the positive control and the plate
was attached to the xCELLigence for impedance measurement for 3
days, measured every 15 minutes. Brightfield and DAPI channel
(excitation — 359 nm, emission — 457 nm) images were taken using
confocal microscopy (Zeiss LSM 800, White Plains, NY) in 24 hours
intervals over the 3 days to characterize Raji cell cytolysis
(Supplementary Figure S9).

2.10 Statistics and data normalization

All data represent the mean +/- standard deviation of the mean
with the number of biological replicates as “N” and the number of
technical replicates as “n”. For unnormalized data, one-way
ANOVA with Tukey comparison test between TransAct and
HCMs was used to determine statistical differences. For
normalized data, a one-sample Wilcoxon test was used.
Significance is represented as * p< 0.05, ** p<0.01, *** p < 0.001,
and **** p< 0.0001.

In each experiment described in the Methods (Sections 2.5-2.9),
four different donors were used, with four technical replicates per
donor for each condition. Data normalization was performed to
allow statistical comparisons and account for variability between
donors and experiments. For experiments involving primary T cell
activation (Figures 2, 4, 5), results for each donor were normalized
to the average TransAct value for that donor: this normalization
was done by dividing the individual technical replicate value by the
average TransAct control value for each HCM condition. For
experiments involving transduction with a model lentivirus
(Figure 6), results for each donor similarly were normalized to
the average TransAct control value for that donor. For experiments
involving transduction with a CD19 CAR lentivirus (Figure 7), the
MOI of 1 served as the control during normalization: for each of the
donors, all TransAct data were normalized to the averaged MOI 1 of
the TransAct condition, and All 3:1 data were normalized to the
averaged MOI 1 of the All 3:1 condition. Before normalization, an
outlier test (Robust Regression and Outlier Removal (ROUT)
method in GraphPad Prism) was performed to control for
potential error within samples. No values were identified as outliers.
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deviation is shown in all the graphs.

3 Results

3.1 Activation of primary T cells

Well-defined hydrogel biomaterials offer the opportunity to
mimic the biophysical and biochemical properties of the native
microenvironment where T cells are activated (37). Specifically,
here, hydrogels were formed by photopolymerization of PEGdiPDA
on membranes to create substrates with physiologically-relevant
moduli and that integrate an acryl-PEG-biotin group for the
modular addition of desired bio-functionality to the system using
biotin-avidin chemistry (Supplementary Figures S1-S3) (37).
Different combinations of co-stimulatory molecules were
investigated with a constant concentration of 20 pg-mL™ total
antibody combination for easy comparison between the different
designed groups (Figure 1B), where 20 pg-mL™" of 1:1 anti-CD3:
anti-CD28 had previously been shown generally effective for T cell
activation (30, 32). The importance of four different receptor
binding ligands then was studied using anti-CD3 and anti-CD28
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in combination with anti-4-1BB and anti-OX40 at varied ratios
(Figure 1B): 10 ug-mL™' CD3 with equal balance of other
costimulatory ligand(s) for 20 ug-mL’1 total in i) CD3/CD28, ii)
CD3/CD28/4-1BB, iii) CD3/CD28/0X40, iv) CD3/CD28/41BB/
0X40 (All 3:1) and v) 5 pgmL" each for all co-stimulatory
ligands (All 1:1). TransAct, which is functionalized with anti-
CD3/CD28, was used as a control as an industry standard for T
cell activation. The capabilities of functionalized HCMs with
different co-stimulatory molecules were studied with isolated
primary human CD3+ T cells from four donors (Supplementary
Figure S7) (38, 39).

When designing biomaterials for CAR T production, activation
and expansion are critical metrics to characterize the potential to
achieve a clinical grade of CAR T-cells (14). Therefore,
proliferation, cell counts, and viability were examined at day 1, 3,
and 9 during the experiment (Figures 1C, 2A). T cell proliferation
can be used as a secondary indicator for T cell activation, since cells
that are not activated will have limited proliferation (40). Hence,
proliferation index (PI) was used to quantify the number of
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divisions over time compared to a day 1 undivided sample
(Supplementary Figure S8) (40). For all the samples, the PI was
significantly higher on day 9 compared to day 3, indicating
successful activation and increase of proliferative phenotypes
(Figure 2B). On day 3, there were no observed significant
differences between any of the HCM conditions and TransAct
(Figure 2C); however, three of the HCM conditions showed lower
proliferation compared to TransAct on day 9 (Figure 2D). A similar
trend can be observed in the total number of cells on day 3 and day
9, where CD3/CD28/4-1BB and CD3/CD28/0X40 had statistically
lower cell counts than TransAct or CD3/CD28 (Figure 2E).
However, when normalizing cell counts to TransAct for each
donor, no significant differences were found (Figure 2F).
Additionally, viability of our T cells was higher than 85% with all
the combinations, showing no statistical differences with TransAct
(Supplementary Figure S10).

The conditions that had the lowest proliferative profiles by day
9 were CD3/CD28/4-1BB, CD3/CD28/0X40, and All 3:1. Further,
lower cell counts were observed for CD3/CD28/4-1BB and CD3/
CD28/0X40 but not the All 3:1 combination (Figure 2E). Based on
these observations, we hypothesize that combining anti-41BB and
anti-OX40 is needed for co-stimulation and robust activation, as
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they do not have a strong enough proliferative and activating profile
to be used only in combination with anti-CD3 and anti-CD28 co-
stimulatory molecules. Taking a deeper look at the All 3:1 HCM
combination, one can compare the two HCM compositions that
have all of the co-stimulatory molecules but in different ratios: All
1:1 has equal amounts of all 4 costimulatory ligands, whereas All 3:1
has equal amounts of anti-CD28/4-1BB/OX40 and a higher amount
of anti-CD3. When comparing both All combinations with our
TransAct mimic (CD3/CD28), the importance of including anti-4-
1BB and anti-OX40 and differential amounts of anti-CD3 and anti-
CD28 becomes evident, demonstrating the value of the modular
HCM platform and the potential synergistic effect of using all the
molecules together to achieve successful activation.

Given our initial findings that combinations of HCMs could
yield robust expansion of T cells, we next investigated the resultant
cellular phenotypes using flow cytometry at day 1, 3, and 9
(Figures 1C, 3, Supplementary Figures S11-S15). Early activation
was studied using the type II C-lectin receptor CD69, where an
initial increase on day 1 and day 3 was observed with a subsequent
decrease by day 9 (Figure 3 left). Accordingly, late activation,
measured by the o-subunit of the IL-2 receptor CD25, exhibited
an opposite trend, with low CD25 expression on day 1 but high
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expression on days 3 and 9. Phenotypical analysis indicated a
general trend in increasing memory phenotypes over time, as
expected (30). Exhaustion was analyzed by measuring T cell
immunoglobulin and mucin domain-containing protein 3 (Tim3)
expression, finding a general increase over time (Figure 3 center).
Phenotype was characterized using the combination of L-selectin
(CD62L) and CD45RO expression (17), where we define Tn as
CD62L" CD45RO", Teff as CD62L'*" CD45R0', Tem as CD62L™
CD45ROM, and Tem as CD62L'° CD45RO™ (Figure 3 right). Data
were normalized to TransAct to remove donor-to-donor variability
and enable comparison between each combination of co-
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stimulatory molecules on the HCMs (Figure 4), where the
complete population analysis can be found in Supplementary
Figure S16 for day 3 and Supplementary Figure S17 for day 9.

T cells on all HCM compositions exhibited a statistical decrease
in early- and late-stage activation compared to TransAct on day 3
(Figure 4A). This lower activation rate was correlated with lower
exhaustion on day 3 for T cells that were activated using HCMs
(Figure 4B). Notably, the combination of CD3/CD28, the same co-
stimulatory molecules as TransAct, had the highest activation as
well as the highest exhaustion of the HCM combinations on day 3.
Day 3 is the transduction step in the general CAR T manufacturing
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process, making this time point of particular interest to minimize
exhaustion (30, 41). By day 9, all HCM conditions had a similar
early- and late-stage activation to TransAct (Figure 4C), with the
exception of the All 3:1 and All 1:1 conditions, which showed
slightly lower late-stage activation. Importantly, the lower
exhaustion observed on day 3 translated into the All 3:1
condition having statistically lower exhaustion on day 9
(Figure 4D). This observation was noteworthy since the All 3:1
combination maintained the concentration of anti-CD3 at 10
ugmL' and decreased the concentration of anti-CD28 to 3.33
pgmL™ in addition to incorporating anti-4-1BB and anti-OX40 at
the same concentration of 3.33 p.g-mL'l. In these data, the addition
of anti-CD3 and anti-CD28 for achieving a strong late-stage
activation is evident, as already noted on PI and cell count
experiments; however, this strong activation may also contribute
to exhaustion. The use of other co-stimulatory molecules with lower
induction of activation (e.g., anti-4-1BB and anti-OX40), as well as
decreased concentrations of anti-CD28, provides sufficient
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activation (e.g., proliferation, phenotype) while decreasing
exhaustion in early and late time points.

The next step was to analyze population phenotypical changes
of T cells during activation with HCMs. To characterize the shifts in
the full population from naive and effector phenotypes to memory
phenotypes, the populations on day 1, 3, and 9 were represented
next to each other for each HCM condition and TransAct. As can be
observed in Figure 5A, T-cell phenotype consistently shifted from a
predominantly naive phenotype to memory phenotypes (Tcm and
Tem). When comparing with TransAct on day 9, we also observe
that HCM conditions generally show a trend of a greater fraction of
Tcm and smaller fraction of Tem. After observing this general
trend, we normalized the fraction of memory phenotypes to
TransAct at day 3 and day 9 to normalize the donor-to-donor
variability (Figures 5B, C). On day 3, a significant decrease of Tem
cells can be observed compared with TransAct with a similar Tcm
phenotype; this was due to the general larger number of naive T
cells remaining in the HCMs. The increase of Tn at early time
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points (day 1 and day 3) can also be associated with the slower but
more uniform activation achieved by HCMs as shown in Figure 4.
When comparing the memory phenotypes on day 9, all of the HCM
conditions show a trend of increased Tcm (as indicated by averaged
normalization values greater than one) and decreased Tem cells (as
indicated by averaged normalization values less than one)
(Figure 5C). With the exception of the CD3/CD28 HCM, these
trends were not statistically significant, owing in part to donor-to-
donor variability. However, in aggregate, our results support that
HCMs promote a gradual and uniform shift from naive T cells to a
predominant central memory phenotype by day 9, where a central
memory phenotype is desirable for CAR T efficacy (21, 22).

3.2 Transduction of primary T cells

In our activation experiments, we observed that T cells activated
with HCM combinations of CD3/CD28, All 3:1, and All 1:1 led to
significantly lower T-cell exhaustion and Tem phenotype on day 3;
hence, we decided to focus on those combinations moving forward and
not pursue further experiments with CD3/CD28/0X40 and CD3/
CD28/4-1BB conditions. We next aimed to understand how these
differences in activation impact viral transduction. For transduction
experiments, cells were activated for 3 days with HCMs or TransAct;
after 3 days, transduction was performed using a model GFP lentivirus
with an MOI of 1, and GFP production was characterized using flow
cytometry after 24 hours (Figure 6A). Transduction percentage was
established using an untreated sample (not transduced) to gate at a
<1% positive population as shown in the representative histograms
(Figure 6B). For ease of comparison and due to donor-to-donor
variability, GFP+ expression was normalized to TransAct (data
without normalization can be found in Supplementary Figure S18),
showing each donor with a dot on the bar graph (Figure 6C). The
combination of CD3/CD28 had a similar transduction profile as
TransAct, as expected since both systems use the same co-
stimulatory molecules. Interestingly, while some donors in the
combinations of All 3:1 and All 1:1 had similar transduction to
TransAct, a few conditions showed notable improvements. In
particular, the All 3:1 HCM had two donors with a 3-to-4-fold
increase in transduction. This observation may be attributable to the
increase in naive T cells on the All combinations compared to
TransAct (Figures 5A, E, F), where an increase in naive populations
has been linked to stem-like memory phenotypes increasing
transduction (22, 42). Taking a deeper look at the exhaustion profiles
of the non-transduced and transduced populations, cells activated with
HCMs show a decrease in Tim3 expression that is also reflected in the
transduced population (Figure 6D).

Given the promising transduction of the All 3:1 combination
compared to the other two combinations tested, we sought to
translate these results to a clinically relevant virus. A third-
generation CD19-CAR lentivirus (Vector BioMed) was used to
generate CD19-CAR T-cells. Transduction experiments were
performed following the same workflow used with the GFP
lentivirus (Figure 6A) and two different MOI conditions were
tested (MOI 1 and 5). Transduction percentage was based on
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gating the untreated sample (not transduced) at <1% positive
population (Figure 7A), and an increase in CD19-CAR
transduction was successfully achieved between MOI 1 and MOI
5. To avoid discrepancies in CD19-CAR expression due to batch-to-
batch variability, CD19+ expression was normalized to the MOI 1
condition for each donor (data without normalization can be found
in Supplementary Figure S19). An MOI of 5 was used to compare
CD19+ expression for each donor between the All 3:1 HCM and
TransAct activation. Three of the four donors demonstrated
improved transduction when using the All 3:1 HCM combination
(Figure 7B), confirming the potential of HCM-driven activation to
increase transduction. Tim3 was again used to characterize
exhaustion of the full population (Figure 7C) and the transduced
population (Figure 7D). Three out of four donors showed a
significant decrease in Tim3 expression in the full population,
with one donor showing significantly reduced exhaustion in the
transduced CD19 population. While not significant for all the
donors after transduction, a general decrease in exhaustion with
the All 3:1 HCM condition relative to Transact could be observed
for the majority of donors. Note that the transduced CD19
population for each donor generally shows an increase in the
percentage of the population exhibiting Tim3 after transduction.
This finding is consistent with literature that shows a general
increase in exhaustion of CAR T-cells after transduction (43, 44),
reiterating the importance of approaches to promote lower
exhaustion profiles during activation for CAR T production.

3.3 Antigen specificity of CAR T-cells
produced with HCMs

The final step in assessing the function of the CAR T-cell
product was to compare the in vitro killing potential between
CAR T-cells activated with the industry standard (TransAct) and
the All 3:1 HCM condition. Raji-Luc2 cells (a CD19+ leukemia
model cell line) were used as target cells and were co-cultured with
CAR T-cells produced by activation with TransAct or All 3:1 HCM
condition. To determine the viability of Raji cells during co-culture,
impedance measurements were used (45), measured with
xCELLigence (Agilent) and analyzing Raji-Luc2 cells attached to
the bottom of the plate (Figure 8A). These data were transformed to
% cytolysis by using a healthy Raji-Luc2 control and subtracting the
decrease in impedance when using CAR T-cells (Figure 8A). For
this experiment, T cells were activated with TransAct or All 3:1
HCMs conditions and transduced after 3 days of activation with an
MOI of 5. We achieved an 18% transduction for All 3:1 and 13% for
TransAct conditions, as measured at day 4; after transduction, cells
were expanded until day 9 and then killing efficacy was assessed.
Two different Effector to Target (E:T) ratios were studied, 1:1 and
3:1 E:T, defined as 1 CAR T-cell per 1 Raji cell and 3 CAR T-cells
per 1 Raji cell. As expected, there was an increase in killing potential
by increasing the E:T (i.e., increasing the number of CAR T-cells for
both conditions tested) (Figure 8B).

To further compare the differences between TransAct and All
3:1, the two different E:T ratios were plotted separately, and three
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used as representative killing potential. Statistical significance was determined using T-test, and standard deviation is shown in all the graphs,

****p < 0.0001.

relevant time points from the continuous experiment were selected.
For the 1:1 E:T ratio (Figure 8C), we observe that CAR T-cells from
TransAct and the All 3:1 HCM have a similar effect against Raji
cells. Notably, when comparing the killing potential at a higher E:T
ratio, the benefits of using the All 3:1 HCM combination for T-cell
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activation become evident, achieving a statistically significant
increase in cytolysis for all the time points studied compared to
TransAct. When looking at the final timepoint (72 h), All 3:1
achieved a 28% cytolysis with small variability, while TransAct
achieved a 19% cytolysis with larger deviation (Figure 8D). These
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results were also corroborated by image analysis using confocal
microscopy and counting the number of Raji cells previously
labeled with cell trace (Supplementary Figure S9), with a 24%
cytolysis using All 3:1 and 11% cytolysis using TransAct. After
demonstrating the efficiency of CAR T-cells activated with the well-
defined HCMs with the All 3:1 combination, we tested their
potential with a different donor at the 3:1 E:T ratio, achieving a
consistent increase in killing potential with lower standard error
compared to TransAct (Supplementary Figure S20).

4 Discussion and conclusions

In this work, we report the use of well-defined bio-inspired
hydrogels as a tunable platform to present arrays of co-stimulatory
molecules that can achieve modular control over resultant T-cell
activation, exhaustion, phenotype, transduction, and killing efficacy.
We find that permutations of anti-CD3, anti-CD28, anti-4-1BB,
and anti-OX40 conjugated on the biotin pendant groups of the
HCM result in controlled, uniform activation, a preference towards
the Tcm phenotype, and limited exhaustion of T cells, which
together support production of CAR T-cells with equivalent to
superior performance when compared to the industry standard
TransAct control. Our work lays a critical foundation for the design
of HCMs for a CAR T manufacturing application, as the HCMs are
readily integrated within a scalable TFF flow device demonstrated to
improve T-cell transduction in addition to scalability of the HCMs
themselves (30). Moreover, this work lends insight into critical
requirements for synthetic T-cell activation while highlighting the
modularity and tunability of our HCM approach.

Our choices of co-stimulatory ligands were inspired by APC-
mimicry. The CD3 T-cell receptor (TCR) complex is the first signal
that T cells use natively to initiate activation (16). However, for
successful T-cell activation, TCR engagement is not enough, and co-
stimulatory signaling is necessary (31). CD28 is commonly
provided in conjunction with CD3 as it serves as an amplifier of
TCR signaling; it is expressed in naive T cells and has been linked to
an increase in cytokine production promoting T-cell survival (31,
32). 4-1BB is a membrane protein expressed in T cells and has been
shown to enhance T-cell signaling related to survival by suppressing
activation-induced cell death by increasing antiapoptotic gene
expression (e.g., bcl-x(L), ¢-FLIP, and bfl-1) (33). Therefore, the
use of 4-1BB was hypothesized to have the potential to decrease the
expression of exhaustion markers during the CAR T manufacturing
process, which is supported by our results shown in Figures 4 and 6.
Furthermore, CD28 and 4-1BB are known to work synergistically to
promote cytokine production including IL-2, INF-y, and TNF-o
that promote proliferation of CD8 T-cells (33, 46-48). Lastly, OX40
was selected as it has been associated with activated CD4+ and
CD8+ T-cells (34) and has the potential to enhance anti-tumor
immunity by promoting T cell infiltration, a general limitation of
CAR T therapies (49, 50). OX40 is a transmembrane protein that
has been shown to be fundamental for T-cell activation in later
stages of immune response, playing a critical role to enhance
function of effector T-cells and increasing survival (34). Overall,
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our data support superior performance of the All 3:1 combination,
highlighting the benefit of all four of these molecules towards
creating an optimized T-cell product (34). Interestingly, inclusion
of either anti-4-1BB or anti-OX40 with the anti-CD3 and anti-
CD28 on HCMs yielded lower proliferation than combinations with
both anti-4-1BB and anti-OX40 (19). We hypothesize that anti-
41BB and anti-OX40 alone do not have a strong enough
proliferative and activation profile, but rather behave
synergistically, suggesting that anti-41BB and anti-OX40 need to
be combined to achieve sufficient activation. Moreover, our results
also support the importance of anti-CD28 for robust activation,
while being a driver of T-cell exhaustion.

Throughout these studies, activation on the HCMs relative to
TransAct yielded T cells with i) lower exhaustion in all samples tested
(Figure 4) with statistical differences for all compositions at day 3 and
for All 3:1 composition at day 9; ii) improved phenotype (i.e.,
decreasing Tem) (Figure 5) with statistical differences for most
compositions at day 3 and for CD3/CD28 at day 9; iii) similar or
enhanced transduction (Figures 6, 7) with a trend of increased
transduction for All 3:1; and iv) relevant function with statistical
increases in killing efficacy over time for All 3:1 (Figure 8).
Transduction with a relevant virus is a fundamental step of the
CAR T manufacturing process (51); therefore, a model GFP
lentivirus was used to demonstrate the potential of HCM-activated
T-cells, achieving a 3-4-fold increase for the All 3:1 combination for
two of the donors tested (Figure 6). This increase in transduction was
associated with the decrease in Tim3 expression for our HCMs
combinations. The presence of Tim3 is an indicator of T-cell
exhaustion: when T cells become exhausted, they lose function,
proliferative capacity, and effector function (52, 53). This loss of
function and proliferative capacity was associated with the lower
transduction potential of TransAct-activated T-cells. Moreover,
lentiviral vectors need cell division to infect T-cells; hence, it is
critical for proliferation and cells in G(1b) phase of the cell cycle for
successful transduction (54). Reduced exhaustion thus is not only
important for CAR T survival in the body, as noted in the literature,
but also in T-cell transduction. Notably, the lower exhaustion
observed in T-cells activated on HCM was also comparable in the
transduced population (CAR T population) (Figure 7). The
significantly lower exhaustion, the high fraction of memory
phenotypes (all Tem or Tcm), and the improved ratio of Tcm to
Tem populations that were produced from the All 3:1 HCM
combination translated to a more efficacious CAR T-cell product for
killing of target cells (Figure 8). Additionally, consistency of CAR T-
cells produced by HCMs proved to be higher than TransAct activated
CAR T-cells, for two different donors. Overall, these results speak to
the importance of a controlled, homogeneous activation of T cells for a
CAR T product with effective and consistent killing potential.

In summary, we have designed a bio-inspired modular platform
based on scalable, well-defined hydrogels with physiologically-relevant
moduli for the display of a range of co-stimulatory molecules to control
T-cell activation, phenotype, and exhaustion. We have reported the
importance of a controlled activation that is achieved by using
differential amounts of anti-CD3 and anti-CD28 (most frequently
used molecules for T-cell activation), decreasing the concentration of
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anti-CD28, and adding anti-4-1BB and anti-OX40 molecules.
Decreased T-cell exhaustion is an advantage compared to current
industry standards (e.g., TransAct) that translates into low exhaustion
in the CAR T product. Additionally, the modest but significant increase
in vitro killing efficacy observed shows the potential for applications of
the produced, low-exhaustion CAR T-cells in individuals, with future
opportunities for probing their use upon re-stimulation (29, 55).
Furthermore, the hydrogel polymerization on top of a flat-sheet
regenerated cellulose membrane allows for integration into our
previously designed tangential flow filtration device, enabling the
control provided by flow (e.g., virus concentration) as well as
scalability of the manufacturing process (30). While the presented
studies focused on the use of human cells and their killing efficacy in
vitro, future experiments in vivo will be needed to determine the long-
term success of the low-exhaustion CAR T products for translation.
Note, all experiments were performed with cells from healthy donors,
and significant differences have been reported in the literature between
cells from healthy individuals and those with leukemia when producing
CAR T-cells (e.g., lower cell counts, viability, expansion rates),
presenting an opportunity for future investigations with this platform
(56, 57). For further evaluation using cells from individuals with
leukemia, immune status and genetic background also should be
examined since these can have an effect on T-cell transduction,
activation, and Tim3 expression (58, 59). The results achieved in this
study are a first step to achieve low-exhaustion CAR T products with
enhanced performance against cancer cells. The bio-inspired hydrogel
platform has the potential to be introduced in the CAR T
manufacturing process, exploiting its facile fabrication and
modularity for controlled T-cell activation.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

Ethical approval was not required for the studies on humans in
accordance with the local legislation and institutional requirements
because only commercially available established cell lines were used.
Ethical approval was not required for the studies on animals in
accordance with the local legislation and institutional requirements
because only commercially available established cell lines were used.

Author contributions

ALR: Conceptualization, Data curation, Formal Analysis,
Investigation, Methodology, Writing - original draft. ES: Data
curation, Investigation, Methodology, Writing — review & editing.
KB: Data curation, Investigation, Methodology, Writing — review &
editing. SS: Formal analysis, Methodology, Resources, Visualization,
Investigation, Writing — review & editing. PL: Investigation, Writing —

Frontiers in Immunology

15

10.3389/fimmu.2025.1513148

review & editing. ZY: Data curation, Investigation, Methodology,
Writing — review & editing. JM: Writing — review & editing. KL:
Writing — review & editing. JS: Writing - review & editing. JA: Writing
- review & editing. AC: Writing - review & editing. CC: Writing —
review & editing. DC: Writing - review & editing. AF: Writing — review
& editing. YA: Writing - review & editing. AML: Funding acquisition,
Resources, Supervision, Writing — review & editing. CF: Funding
acquisition, Project administration, Resources, Supervision,
Validation, Writing — review & editing. AK: Funding acquisition,
Project administration, Resources, Supervision, Validation, Writing —
review & editing.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This work was performed
under a Project Award Agreement from the National Institute for
Innovation in Manufacturing Biopharmaceuticals (NIIMBL) and
financial assistance award from the U.S. Department of Commerce,
National Institute of Standards and Technology (7ONANB21H086),
as well as partial support from the Institute for Engineering Driven
Health at the University of Delaware with support from a NSF
Accelerating Research Translation grant (2331440) and from NSF
through the University of Delaware Materials Research Science and
Engineering Center (DMR-2011824). The authors acknowledge the
use of facilities and instrumentation supported by NSF through the
University of Delaware Materials Research Science and Engineering
Center (DMR-2011824) and the Delaware COBRE programs
supported by grants from the National Institute of General
Medical Sciences — NIGMS (P20GM104316, 5 P30 GM110758-
02) from the National Institutes of Health (NIH). Access to the BD
FACSAria Fusion within the Delaware Biotechnology Institute was
supported by the Institutional Development Award (IDeA) from
the NIH’s NIGMS under grant number P20GM103446.

Conflict of interest

Authors JM, KL, JS, JA, AC, and CC were employed by
company EMD Millipore Corporation. Authors DSC, HF, and
YAA were employed by company Agilent Technologies.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1513148
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Lopez Ruiz et al.

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

References

1. Fousek K, Watanabe J, Joseph SK, George A, An X, Byrd TT, et al. CAR T-cells
that target acute B-lineage leukemia irrespective of CD19 expression. Leukemia. (2021)
35:75-89. doi: 10.1038/s41375-020-0792-2

2. Ambrose C, Su L, Wu L, Dufort FJ, Sanford T, Birt A, et al. Anti-CD19 CAR T
cells potently redirected to kill solid tumor cells. PloS One. (2021) 16:¢0247701.
doi: 10.1371/journal.pone.0247701

3. Wang D, Yang X, Xella A, Stern LA, Brown CE. Chapter 12 - Potency monitoring
of CAR T cells. In: Thomas C, Galluzzi L, editors. Methods in Cell Biology, vol. 173 . San
Diego, California: Academic Press (2023). p. 173-89.

4. Potnis KC, Di M, Isufi I, Gowda L, Seropian SE, Foss FM, et al. Cost-effectiveness
of chimeric antigen receptor T-cell therapy in adults with relapsed or refractory
follicular lymphoma. Blood Adv. (2023) 7:801-10. doi: 10.1182/
bloodadvances.2022008097

5. Cappell KM, Kochenderfer JN. Long-term outcomes following CAR T cell
therapy: what we know so far. Nat Rev Clin Oncol. (2023) 20:359-71. doi: 10.1038/
541571-023-00754-1

6. Abbasi S, Totmaj MA, Abbasi M, Hajazimian S, Goleij P, Behroozi J, et al.
Chimeric antigen receptor T (CAR-T) cells: Novel cell therapy for hematological
Malignancies. Cancer Med. (2023) 12:7844-58. doi: 10.1002/cam4.5551

7. Levine BL, Miskin J, Wonnacott K, Keir C. Global manufacturing of CAR T cell
therapy. Mol Ther - Methods Clin Dev. (2017) 4:92-101. doi: 10.1016/
j.omtm.2016.12.006

8. Mangal JL, Handlos JL, Esrafili A, Inamdar S, McMillian S, Wankhede M, et al.
Engineering metabolism of chimeric antigen receptor (CAR) cells for developing
efficient immunotherapies. Cancers. (2021) 13:1123. doi: 10.3390/cancers13051123

9. Poorebrahim M, Melief J, Pico De Coafia Y, L. Wickstrom S, Cid-Arregui A,
Kiessling R. Counteracting CAR T cell dysfunction. Oncogene. (2021) 40:421-35.
doi: 10.1038/s41388-020-01501-x

10. Wang X, Riviere I. Clinical manufacturing of CAR T cells: foundation of a
promising therapy. Mol Ther - Oncolytics. (2016) 3:16015. doi: 10.1038/mt0.2016.15

11. Ayala Ceja M, Khericha M, Harris CM, Puig-Saus C, Chen YY. CAR-T cell
manufacturing: Major process parameters and next-generation strategies. J Exp Med.
(2024) 221:20230903. doi: 10.1084/jem.20230903

12. Alizadeh D, Wong RA, Yang X, Wang D, Pecoraro JR, Kuo C-F, et al. IL15
enhances CAR-T cell antitumor activity by reducing mTORCI activity and preserving
their stem cell memory phenotype. Cancer Immunol Res. (2019) 7:759-72. doi: 10.1158/
2326-6066.cir-18-0466

13. Apetoh L, Smyth MJ, Drake CG, Abastado J-P, Apte RN, Ayyoub M, et al.
Consensus nomenclature for CD8+T cell phenotypes in cancer. Oncolmmunology.
(2015) 4:¢998538. doi: 10.1080/2162402x.2014.998538

14. Zhang W, Jordan KR, Schulte B, Purev E. Characterization of clinical grade
CD19 chimeric antigen receptor T cells produced using automated CliniMACS prodigy
system. Drug Design Dev Ther. (2018) 12:3343-56. doi: 10.2147/dddt.s175113

15. Lasola JJM, Cottingham AL, Scotland BL, Truong N, Hong CC, Shapiro P, et al.
Immunomodulatory Nanoparticles Mitigate Macrophage Inflammation via Inhibition
of PAMP Interactions and Lactate-Mediated Functional Reprogramming of NF-xB and
p38 MAPK. Pharmaceutics. (2021) 13:1841. doi: 10.3390/pharmaceutics13111841

16. Menon AP, Moreno B, Meraviglia-Crivelli D, Nonatelli F, Villanueva H,
Barainka M, et al. Modulating T cell responses by targeting CD3. Cancers. (2023)
15:1189. doi: 10.3390/cancers15041189

17. Tantalo DG, Oliver AJ, von Scheidt B, Harrison AJ, Mueller SN, Kershaw MH,
et al. Understanding T cell phenotype for the design of effective chimeric antigen
receptor T cell therapies. ] Immunother Cancer. (2021) 9:€002555. doi: 10.1136/jitc-
2021-002555

18. Appay V, Van Lier RAW, Sallusto F, Roederer M. Phenotype and function of
human T lymphocyte subsets: Consensus and issues. Cytometry Part A. (2008)
73A:975-83. doi: 10.1002/cyto.a.20643

19. Lopez-Cantillo G, Uruefia C, Camacho BA, Ramirez-Segura C. CAR-T cell
performance: how to improve their persistence? Front Immunol. (2022) 13:878209.
doi: 10.3389/fimmu.2022.878209

20. Liu Q, Sun Z, Chen L. Memory T cells: strategies for optimizing tumor
immunotherapy. Protein Cell. (2020) 11:549-64. doi: 10.1007/s13238-020-00707-9

Frontiers in Immunology

10.3389/fimmu.2025.1513148

Supplementary material

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1513148/
full#supplementary-material

21. Arcangeli S, Bove C, Mezzanotte C, Camisa B, Falcone L, Manfredi F, et al. CAR
T cell manufacturing from naive/stem memory T lymphocytes enhances antitumor
responses while curtailing cytokine release syndrome. J Clin Invest. (2022) 132:¢150807.
doi: 10.1172/jci150807

22. Ghassemi S, Durgin JS, Nunez-Cruz S, Patel ], Leferovich ], Pinzone M, et al.
Rapid manufacturing of non-activated potent CAR T cells. Nat Biomed Eng. (2022)
6:118-28. doi: 10.1038/s41551-021-00842-6

23. Pennock ND, White JT, Cross EW, Cheney EE, Tamburini BA, Kedl RM. T cell
responses: naive to memory and everything in between. Adv Physiol Educ. (2013)
37:273-83. doi: 10.1152/advan.00066.2013

24. Lou ], Meyer C, Vitner EB, Adu-Berchie K, Dacus MT, Bovone G, et al. Surface-
functionalized microgels as artificial antigen-presenting cells to regulate expansion of T
cells. Advanced Materials. (2024) 36:¢2309860. doi: 10.1002/adma.202309860

25. Cheung AS, Zhang DKY, Koshy ST, Mooney D]J. Scaffolds that mimic antigen-
presenting cells enable ex vivo expansion of primary T cells. Nat Biotechnol. (2018)
36:160-9. doi: 10.1038/nbt.4047

26. Odeh-Couvertier VY, Dwarshuis NJ, Colonna MB, Levine BL, Edison AS,
Kotanchek T, et al. Predicting T-cell quality during manufacturing through an
artificial intelligence-based integrative multiomics analytical platform. Bioengineering
Trans Med. (2022) 7:€10282. doi: 10.1002/btm2.10282

27. Liao Z, Jiang J, Wu W, Shi J, Wang Y, Yao Y, et al. Lymph node-biomimetic
scaffold boosts CAR-T therapy against solid tumor. Natl Sci Rev. (2024) 11:nwae018.
doi: 10.1093/nsr/nwae018

28. Ulery BD, Nair LS, Laurencin CT. Biomedical applications of biodegradable
polymers. ] Polymer Sci Part B: Polymer Phys. (2011) 49:832-64. doi: 10.1002/
polb.22259

29. Zhang DKY, Adu-Berchie K, Iyer S, Liu Y, Cieri N, Brockman JM, et al.
Enhancing CAR-T cell functionality in a patient-specific manner. Nat Commun.
(2023) 14:506. doi: 10.1038/s41467-023-36126-7

30. Bomb K, Levalley PJ, Woodward IR, Cassel SE, Sutherland BP, Bhattacharjee A,
et al. Cell therapy biomanufacturing: integrating biomaterial and flow-based membrane
technologies for production of engineered T-cells. Advanced Materials Technol. (2023)
8:2201155. doi: 10.1002/admt.202201155

31. Alegre M-L, Frauwirth KA, Thompson CB. T-cell regulation by CD28 and
CTLA-4. Nat Rev Immunol. (2001) 1:220-8. doi: 10.1038/35105024

32. Esenten ], Helou Y, Chopra G, Weiss A, Bluestone J. CD28 costimulation: from
mechanism to therapy. Immunity. (2016) 44:973-88. doi: 10.1016/
j.immuni.2016.04.020

33. Singh R, Kim Y-H, Lee S-J, Eom H-S, Choi BK. 4-1BB immunotherapy: advances
and hurdles. Exp Mol Med. (2024) 56:32-9. doi: 10.1038/512276-023-01136-4

34. FuN, Xie F, Sun Z, Wang Q. The OX40/OX40L axis regulates T follicular helper
cell differentiation: implications for autoimmune diseases. Front Immunol. (2021)
12:670637. doi: 10.3389/fimmu.2021.670637

35. Chin MHW, Norman MDA, Gentleman E, Coppens M-O, Day RMA. Hydrogel-
integrated culture device to interrogate T cell activation with physicochemical cues.
ACS Appl Materials Interfaces. (2020) 12:47355-67. doi: 10.1021/acsami.0c16478

36. Deeg ], Axmann M, Matic ], Liapis A, Depoil D, Afrose J, et al. Cell activation is
determined by the number of presented antigens. Nano Lett. (2013) 13:5619-26.
doi: 10.1021/nl403266t

37. Gonzalez-Diaz E, Varghese S. Hydrogels as extracellular matrix analogs. Gels.
(2016) 2:20. doi: 10.3390/gels2030020

38. Kumar BV, Connors TJ, Farber DL. Human T cell development, localization,
and function throughout life. Immunity. (2018) 48:202-13. doi: 10.1016/
j-immuni.2018.01.007

39. Rastogi I, Jeon D, Moseman JE, Muralidhar A, Potluri HK, McNeel DG. Role of
B cells as antigen presenting cells. Front Immunol. (2022) 13:954936. doi: 10.3389/
fimmu.2022.954936

40. Shi M, Lin TH, Appell KC, Berg LJ. Cell cycle progression following naive T cell
activation is independent of jak3/common y-chain cytokine signals. J Immunol. (2009)
183:4493-501. doi: 10.4049/jimmunol.0804339

41. Lo Presti V, Cornel AM, Plantinga M, Diinnebach E, Kuball ], Boelens JJ, et al.
Efficient lentiviral transduction method to gene modify cord blood CD8(+) T cells for

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2025.1513148/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1513148/full#supplementary-material
https://doi.org/10.1038/s41375-020-0792-2
https://doi.org/10.1371/journal.pone.0247701
https://doi.org/10.1182/bloodadvances.2022008097
https://doi.org/10.1182/bloodadvances.2022008097
https://doi.org/10.1038/s41571-023-00754-1
https://doi.org/10.1038/s41571-023-00754-1
https://doi.org/10.1002/cam4.5551
https://doi.org/10.1016/j.omtm.2016.12.006
https://doi.org/10.1016/j.omtm.2016.12.006
https://doi.org/10.3390/cancers13051123
https://doi.org/10.1038/s41388-020-01501-x
https://doi.org/10.1038/mto.2016.15
https://doi.org/10.1084/jem.20230903
https://doi.org/10.1158/2326-6066.cir-18-0466
https://doi.org/10.1158/2326-6066.cir-18-0466
https://doi.org/10.1080/2162402x.2014.998538
https://doi.org/10.2147/dddt.s175113
https://doi.org/10.3390/pharmaceutics13111841
https://doi.org/10.3390/cancers15041189
https://doi.org/10.1136/jitc-2021&ndash;002555
https://doi.org/10.1136/jitc-2021&ndash;002555
https://doi.org/10.1002/cyto.a.20643
https://doi.org/10.3389/fimmu.2022.878209
https://doi.org/10.1007/s13238-020-00707-9
https://doi.org/10.1172/jci150807
https://doi.org/10.1038/s41551-021-00842-6
https://doi.org/10.1152/advan.00066.2013
https://doi.org/10.1002/adma.202309860
https://doi.org/10.1038/nbt.4047
https://doi.org/10.1002/btm2.10282
https://doi.org/10.1093/nsr/nwae018
https://doi.org/10.1002/polb.22259
https://doi.org/10.1002/polb.22259
https://doi.org/10.1038/s41467-023-36126-7
https://doi.org/10.1002/admt.202201155
https://doi.org/10.1038/35105024
https://doi.org/10.1016/j.immuni.2016.04.020
https://doi.org/10.1016/j.immuni.2016.04.020
https://doi.org/10.1038/s12276-023-01136-4
https://doi.org/10.3389/fimmu.2021.670637
https://doi.org/10.1021/acsami.0c16478
https://doi.org/10.1021/nl403266t
https://doi.org/10.3390/gels2030020
https://doi.org/10.1016/j.immuni.2018.01.007
https://doi.org/10.1016/j.immuni.2018.01.007
https://doi.org/10.3389/fimmu.2022.954936
https://doi.org/10.3389/fimmu.2022.954936
https://doi.org/10.4049/jimmunol.0804339
https://doi.org/10.3389/fimmu.2025.1513148
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Lopez Ruiz et al.

cancer therapy applications. Mol Ther Methods Clin Dev. (2021) 21:357-68.
doi: 10.1016/j.omtm.2021.03.015

42. Meyran D, Zhu JJ, Butler J, Tantalo D, MacDonald S, Nguyen TN, et al. T
(STEM)-like CAR-T cells exhibit improved persistence and tumor control compared
with conventional CAR-T cells in preclinical models. Sci Transl Med. (2023) 15:
eabk1900. doi: 10.1126/scitranslmed.abk1900

43. Funk C, Petersen C, Jagirdar N, Ravindranathan S, Jaye D, Flowers C, et al.
Oligoclonal T cells transiently expand and express tim-3 and PD-1 following anti-CD19
CAR T cell therapy: A case report. Int ] Mol Sci. (2018) 19:4118. doi: 10.3390/ijms19124118

44, Zhu X, Li Q, Zhu X. Mechanisms of CAR T cell exhaustion and current
counteraction strategies. Front Cell Dev Biol. (2022) 10:1034257. doi: 10.3389/
fcell.2022.1034257

45. Kiesgen S, Messinger JC, Chintala NK, Tano Z, Adusumilli PS. Comparative
analysis of assays to measure CAR T-cell-mediated cytotoxicity. Nat Protoc. (2021)
16:1331-42. doi: 10.1038/s41596-020-00467-0

46. Oh HS, Choi BK, Kim YH, Lee DG, Hwang S, Lee MJ, et al. 4-1BB signaling
enhances primary and secondary population expansion of CD8+ T cells by maximizing
autocrine IL-2/IL-2 receptor signaling. PloS One. (2015) 10:€0126765. doi: 10.1371/
journal.pone.0126765

47. Schluns KS, Lefrangois L. Cytokine control of memory T-cell development and
survival. Nat Rev Immunol. (2003) 3:269-79. doi: 10.1038/nri1052

48. Dwyer CJ, Knochelmann HM, Smith AS, Wyatt MM, Rangel Rivera GO,
Arhontoulis DC, et al. Fueling cancer immunotherapy with common gamma chain
cytokines. Front Immunol. (2019) 10:263. doi: 10.3389/fimmu.2019.00263

49. Fu Y, Lin Q, Zhang Z, Zhang L. Therapeutic strategies for the costimulatory
molecule OX40 in T-cell-mediated immunity. Acta Pharm Sin B. (2020) 10:414-33.
doi: 10.1016/j.apsb.2019.08.010

50. Linch SN, McNamara MJ, Redmond WL. OX40 agonists and combination
immunotherapy: putting the pedal to the metal. Front Oncol. (2015) 5:34. doi: 10.3389/
fonc.2015.00034

Frontiers in Immunology

17

10.3389/fimmu.2025.1513148

51. Labbé RP, Vessillier S, Rafiq QA. Lentiviral vectors for T cell engineering: clinical
applications, bioprocessing and future perspectives. Viruses. (2021) 13:1528.
doi: 10.3390/v13081528

52. Brunell AE, Lahesmaa R, Autio A, Thotakura AK. Exhausted T cells hijacking
the cancer-immunity cycle: Assets and liabilities. Front Immunol. (2023) 14:1151632.
doi: 10.3389/fimmu.2023.1151632

53. Sakuishi K, Apetoh L, Sullivan JM, Blazar BR, Kuchroo VK, Anderson AC.
Targeting Tim-3 and PD-1 pathways to reverse T cell exhaustion and restore anti-
tumor immunity. J Exp Med. (2010) 207:2187-94. doi: 10.1084/jem.20100643

54. Verhoeyen E, Costa C, Cosset F-L. Lentiviral Vector Gene Transfer into Human
T Cells. Totowa, New Jersey: Humana Press (2009) p. 97-114.

55. Zhang DKY, Brockman JM, Adu-Berchie K, Liu Y, Binenbaum Y, De Lazaro I,
et al. Subcutaneous biodegradable scaffolds for restimulating the antitumour activity of
pre-administered CAR-T cells. Nat Biomed Eng. (2024) 9:268-78. doi: 10.1038/s41551-
024-01216-4

56. Graham CE, Jozwik A, Quartey-Papafio R, Ioannou N, Metelo AM, Scala C,
et al. Gene-edited healthy donor CAR T cells show superior anti-tumour activity
compared to CAR T cells derived from patients with lymphoma in an in vivo
model of high-grade lymphoma. Leukemia. (2021) 35:3581-4. doi: 10.1038/
s41375-021-01324-z

57. Fischer L, Grieb N, Born P, Weiss R, Seiffert S, Boldt A, et al. Cellular
dynamics following CAR T cell therapy are associated with response and toxicity
in relapsed/refractory myeloma. Leukemia. (2024) 38:372-82. doi: 10.1038/
s41375-023-02129-y

58. Wang Z, Chen J, Wang M, Zhang L, Yu L. One stone, two birds: the roles of tim-
3 in acute myeloid leukemia. Front Immunol. (2021) 12:618710. doi: 10.3389/
fimmu.2021.618710

59. Rezaei M, Tan J, Zeng C, Li Y, Ganjalikhani-Hakemi M. TIM-3 in leukemia;
immune response and beyond. Front Oncol. (2021) 11:753677. doi: 10.3389/
fonc.2021.753677

frontiersin.org


https://doi.org/10.1016/j.omtm.2021.03.015
https://doi.org/10.1126/scitranslmed.abk1900
https://doi.org/10.3390/ijms19124118
https://doi.org/10.3389/fcell.2022.1034257
https://doi.org/10.3389/fcell.2022.1034257
https://doi.org/10.1038/s41596-020-00467-0
https://doi.org/10.1371/journal.pone.0126765
https://doi.org/10.1371/journal.pone.0126765
https://doi.org/10.1038/nri1052
https://doi.org/10.3389/fimmu.2019.00263
https://doi.org/10.1016/j.apsb.2019.08.010
https://doi.org/10.3389/fonc.2015.00034
https://doi.org/10.3389/fonc.2015.00034
https://doi.org/10.3390/v13081528
https://doi.org/10.3389/fimmu.2023.1151632
https://doi.org/10.1084/jem.20100643
https://doi.org/10.1038/s41551-024-01216-4
https://doi.org/10.1038/s41551-024-01216-4
https://doi.org/10.1038/s41375-021-01324-z
https://doi.org/10.1038/s41375-021-01324-z
https://doi.org/10.1038/s41375-023-02129-y
https://doi.org/10.1038/s41375-023-02129-y
https://doi.org/10.3389/fimmu.2021.618710
https://doi.org/10.3389/fimmu.2021.618710
https://doi.org/10.3389/fonc.2021.753677
https://doi.org/10.3389/fonc.2021.753677
https://doi.org/10.3389/fimmu.2025.1513148
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Bio-functional hydrogel coated membranes to decrease T-cell exhaustion in manufacturing of CAR T-cells
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Formation of HCMs
	2.3 Functionalization of HCMs
	2.4 Isolation of hPBMCs
	2.5 Activation of CD3+ T cells
	2.6 T-cell proliferation
	2.7 T-cell transduction with LentiBrite
	2.8 T-cell transduction with CAR 19 lentivirus
	2.9 Killing assays with Raji cells
	2.10 Statistics and data normalization

	3 Results
	3.1 Activation of primary T cells
	3.2 Transduction of primary T cells
	3.3 Antigen specificity of CAR T-cells produced with HCMs

	4 Discussion and conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


