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A B S T R A C T

Background aims: With the objective of improving the ex vivo production of therapeutic chimeric antigen
receptor (CAR) T cells, we explored the addition of three-dimensional (3D) polystyrene scaffolds to standard
suspension cell cultures.
Methods: We aimed to mimic the structural support given by the lymph nodes during in vivo lymphocyte
expansion.
Results: We observed an increase in cell proliferation compared with standard suspension systems as well as
an enhanced cytotoxicity toward cancer cells. Moreover, we directly obtained the CAR T cells from peripheral
blood mononuclear cells, thus minimizing the ex vivo manipulation of the therapeutic cells and opening the
way to synergies among different cell populations.
Conclusions: We propose the use of commercially available 3D polystyrene systems to improve the current
immune cell cultures and resulting cell products for emerging cellular (immuno)therapies.
© 2023 International Society for Cell & Gene Therapy. Published by Elsevier Inc. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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Introduction

Adoptive cellular therapy (ACT) is a novel approach in cancer
therapy whereby (autologous) T cells are usually genetically modified
and expanded in vitro and subsequently reinfused into the patient to
mediate tumor destruction [1]. Nevertheless, the large amounts of
therapeutic T cells required are challenging to manufacture, espe-
cially in the case of endogenous T-cell therapies and those based on
tumor-infiltrating lymphocytes [2]. Peripheral blood mononuclear
cells (PBMCs) are easily collected from patients and consist of
approximately 80% of T and B cells, 10% natural killer cells and 10%
monocytes [3]. Thus, they play an important role in the immune
response and are rich in T cells, the most commonly used cell popula-
tion in ACT.

In the past, various studies featuring the use of CAR T cells
obtained directly from PBMCs against relapsed and refractory
(r/r) B-cell lymphoma and r/r acute lymphoblastic leukemia
showed promising results [4�7]. However, this approach was
found to yield the potential risk of epitope masking [8], in other
words, the (accidental) presence of tumor B cells in the patient
sample used to produce CAR T cells, resulting in epitope (CD19)
masking by the CAR construct, and consequently escaping from
CAR T cells and producing a relapse. This challenge caused most
CAR T manufacturers add a (costly) production step based on
T-cell purification before CAR T manufacturing. However,
approaches to overcome this issue have already been suggested.
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For example, Quintarelli et al. [9] proposed the use of an
anti-CD19 CAR short-linker to prevent epitope masking in r/r
acute lymphoblastic leukemia. Another challenge in ACT is tack-
ling solid tumors, due to the influence of the tumor microenvi-
ronment and its immunosuppressive factors [10]. Towards
improving the current outcomes, Payne et al. [11] studied the
clinical applicability of tumor-sensitized PBMCs of patients with
breast cancer expanded and reprogrammed ex vivo. The resulting
cell population contained activated CD56+ and CD161+ natural
killer T cells as well as an enriched tumor-reactive memory
T-cell population, a phenotype that is responsible for long-term
remissions. The results of this study suggest a synergy between
the different cell types that integrate the PBMC population,
which may present an advantage over more homogenous T-cell
populations.

To date, efforts have been made to improve the ex vivo expan-
sion of mostly purified T-cell subsets using biomaterials and tis-
sue-engineering approaches to reach the desired amounts of
persistent therapeutic cells in vivo [2]. In this case, adding a
three-dimensional (3D) scaffold that can mimic the natural sec-
ondary lymphoid tissues has been shown to improve T-cell prolif-
eration compared with the standard suspension expansions, in
which only magnetic beads coated with the antibodies anti-CD3
and anti-CD28 are used [12�14]. Commercially available 3D poly-
styrene scaffolds (3D Biotek, Warren, NJ, USA) are an interesting
option to explore the behavior of a complex cell population such
as the PBMCs, given their structural and physicochemical simplic-
ity. These scaffolds consist of parallel 300-mm-diameter fibers
forming layers that are arranged at 90° and offset to each other.
The resulting pore size is 400 mm, providing a 100% connectivity
within its structure, which allows effective exchange of nutrients
and waste between media and cells [15]. To explore the potential
of this system capable of conferring a 3D matrix to cell culture,
PBMCs as such and modified to express a CAR were cultured in
3D polystyrene scaffolds (Figure 1). In addition, we added Dyna-
beads (Thermo Fisher Scientific, Waltham, MA, USA) to the cul-
ture to mimic the antigen presenting cells [16], as done in
relevant clinical studies [17,18]. Dynabeads are magnetic beads of
4.5 mm in size coated with the antibodies anti-CD3 and anti-
CD28. The anti-CD3 interacts with the CD3e chain of the TCR-CD3
complex, resulting in T cell activation, whereas the anti-CD28
provides costimulation to avoid anergy. Finally, T-cell differentia-
tion was also studied, as it is known that less-differentiated cells
Figure 1. Summary scheme of PMBC cultures, including CAR T-cell formation
within the memory T cell subtypes tend to survive longer and
expand more efficiently, resulting in better clinical outcomes
[19].

Methods

PBMC purification

PBMCs were isolated from buffy coats obtained from adult donors
provided by “Banc de Sang i Teixits” (Barcelona, Spain) after the
approval of the research project by the “Ethics Committee on Animal
and Human Experimentation” of the Autonomous University of
Barcelona (Nr. CEEAH 4951). To summarize, PBMCs were separated by
density gradient centrifugation from the peripheral blood using Ficoll-
Plus-Paque (#70-1440-02; GE Healthcare, Chicago, IL, USA) or
Lymphoprep (#07811; Stemcell Technologies, Vancouver, British
Columbia, Canada). The interphase layer was collected and incubated
with Red Blood Cell Lysis Buffer (#00-4333-57; eBioscience, San Diego,
CA, USA) to eliminate remaining red blood cells and washed twice
with phosphate-buffered saline (PBS). Isolated PBMCs were counted
and directly used or frozen down in heat-inactivated fetal bovine
serum (FBS; #10270106, Gibco, Billings, MT, USA) supplemented with
10% dimethyl sulfoxide (#D2650; Merck, Rahway, NJ, USA).

CAR T-cell preparation from PBMCs

P95HER2 CAR T cells containing a CD8 hinge domain with an
intracellular CD28 co-stimulatory domain and a CD3z signaling
domain were synthesized and cloned into the pMSGV-1 retroviral
vector (Genscript, Rijswijk, Netherlands), based on our previously
published protocol [20].

Cell culture and seeding

PBMCs were seeded on 96-well plates with 3D polystyrene scaf-
folds (#Z724300; Merck) 1 day after purification in Roswell Park
Memorial Institute 1640 GlutaMAX medium (#61870044, Gibco-Life
Technologies, Waltham, MA, USA) supplemented with 10% of human
serum (#H4522; Merck), 10 mmol/L of HEPES (#H0887; Merck) and
30 IU/mL interleukin-2 (#RIL2I; Thermo Fisher Scientific). Cells were
seeded with Dynabeads (#11131D; Thermo Fisher Scientific) in a 1:1
ratio, as suggested by the manufacturer. A 15-mL drop of a concen-
trated cell suspension was seeded on top of the 3D polystyrene
, in 3D polystyrene scaffolds. (Color version of figure is available online.)
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scaffold. After 3 h at 37°C, the medium was added to reach a concen-
tration of 106 cells/mL. Positive controls consisted of PBMCs seeded
in suspension, i.e., without the 3D scaffold. Negative controls also
corresponded to suspension cultures, but did not include Dynabeads.
The total volume of each culture well at the day of seeding was 100
mL. At 2 days after seeding, 100 mL of cell media were added to each
well.

CAR T cells were seeded on 24-well plates in suspension or in 3D
polystyrene scaffolds (#Z687553; Merck) 3 days after transduction in
PBMC medium supplemented with 300 IU/mL interleukin-2. Cells
were seeded at a concentration of 0.5 £ 106 cells/mL. In this case, the
total volume of each well was 1 mL at the day of seeding, and 1 extra
ml of cell media was added on day 2.

Differentiation and exhaustion assays

PBMC cultures were tested 5 days after seeding. Cell suspensions
were prepared in appropriate buffer (PBS and 0.1% FBS) and stained
with antihuman CD62L PE (#304840; BioLegend, San Diego, CA,
USA), antihuman CD45RO FITC (#21336453; Immunotools GmbH,
Friesoythe, Germany) and the corresponding negative controls (PE
mouse IgG1, #400112; BioLegend and mouse control IgG2a FITC,
#21275523, Immunotools GmbH; respectively) for 30 min at 0°C.
Afterwards, they were washed and analyzed by flow cytometry with
a BD FACS Canto (BD Biosciences, Franklin Lakes, NJ, USA).

The characterization of expanded CAR T cells was performed after
7 days of culture in suspension or in 3D polystyrene scaffolds by flow
cytometry including markers of activation (CD25), exhaustion (Tim3,
Lag3, PD-1) and differentiation (CCR7 and CD45RO). For each panel,
0.2 £ 106 CAR T cells were isolated, washed twice with PBS and
resuspended in a specific buffer (1£ PBS, 2.5 mmol/L ethylenediami-
netetraacetic acid, 1% bovine serum albumin and 5% horse serum) for
30 min at 4°C. For the exhaustion and activation panels, cells were
then labeled with hCD4 BV-421 (#317434; BioLegend), hCD8 APC-
Cy7 (#344714; BioLegend), hLag3 PE (#12-2239-42; Invitrogen, Wal-
tham, MA, USA), hPD1 BV605 (#564104; BD Biosciences), hTim3 FITC
(#345022; BioLegend) and hCD25 APC (#302610; BioLegend). All
antibodies were used at 1/300 dilution except for hCD8 APC-Cy7,
used at 1/500. Fluorescence minus one controls were included to
define the negative gates for selected populations. For the differentia-
tion panel, cells were stained with 1/300 hCD4 BV 421 (#317434;
BioLegend), 1/500 hCD8 APC-Cy7 (#344714; BioLegend), 1/100
hCCR7 BV650 (#353234; BioLegend) and 1/1000 hCD45RO PE
(#304205; BioLegend). In addition, CAR expression was assessed by
labeling cells with 1/20 biotinylated mIgG (#115-065-072, Jackson
ImmunoResearch, West Grove, PA, USA) and streptavidin APC
(#405207k; BioLegend) at 1/150. Zombie Aqua (#423101; BioLegend)
at 1/1000 dilution was used as a viability marker. Data was acquired
on a FACS Celesta (BD Biosciences).

Proliferation assays

Nonenriched PBMCs were stained before seeding with a carboxy-
fluoroscein succinimidyl ester (CFSE) cell proliferation kit (#C34554;
Life Technologies). In summary, 1 mL of CFSE stock solution (5 mmol/
L) was diluted in 99 mL of PBS with a 5% FBS. Cells were diluted in
PBS up to a final volume of 900 mL and put in contact with 100 mL of
the diluted CFSE solution through rapid agitation and incubated for
5 min at room temperature in the dark. After the incubation, 10 mL
of ice-cold PBS with 5% FBS was added to quench the staining. Then,
cells were centrifuged and resuspended in media (Roswell Park
Memorial Institute and 10% FBS) to achieve a concentration of 106

stained cells/mL. At 5 days after seeding, cells were analyzed by flow
cytometry with a BD FACS Canto (BD Biosciences).

Due to the greater time of study of the proliferation of CARs,
including re-seedings and changes of media, and limitations of the
CFSE cell proliferation technique, the number of resulting CARs for
each check point (days 4th and 9th) was obtained by collecting all
the cells for each condition and counting them three times with a
Neubauer chamber. For the growth rate, the number of accumulated
cells was calculated for an initial number of 1.5 £ 106 cells.

CAR T cytotoxicity assay

Target epithelial cells positive and negative for the target antigen
were harvested with trypsin�ethylenediaminetetraacetic acid
(#11560626; Gibco), stained with 1/500 cell tracer CFSE (#C34554;
Invitrogen) and seeded in 96-well plates at 104 cells/well in PBMC
media. 24 h later, CAR T cells were added at several target/CAR T
ratios. After 48 h of the co-coculture, cells were harvested, washed
with PBS and stained with Zombie Aqua (1/1000) as a viability cell
marker. Viable CFSE-positive cells were counted using an LSR For-
tessa or a FACS Canto (BD Biosciences).

Software

The flow cytometry data were analyzed using the software FlowJo
(FlowJo LLC) and the graphs were performed in Origin (OriginLab
Corporation, Northampton, MA, USA) or Microsoft Excel (Microsoft,
Redmond, WA, USA). In the box plots, the boxes correspond to the
interquartile ranges defined by the 25th and 75th percentiles, the
central line is the median, the whiskers show 1 standard
deviation, £ defines 1st and 99th percentiles, � represents the maxi-
mum and minimum and the square (&) is the average. Statistical
tests were performed in Origin.

Results

Primary human PBMC proliferation was assessed through the
expansion, replication and proliferation indexes [21] after staining
cells with CFSE. CFSE is an intracellular dye that is only fluorescent in
viable cells and whose intensity is sequentially halved upon cell divi-
sion, therefore allowing to precisely study cell proliferation [22]. The
expansion and replication indexes are defined by the fold-expansion
of the whole population and of responding cells, respectively. A
greater value in these parameters correlates with a larger quantity of
cells after cell culture, being the expansion index the most important
one for ACT, as it gives the final number of cells available for therapy.
The replication and proliferation indexes, the latter being the number
of divisions that cells from the original population have undergone
divided by the number of divided cells, only consider the number of
responsive cells, i.e., cells that have been triggered by the prolifer-
ative stimulus. These indexes have been chosen in this first proof-of-
concept step, as they provide more information about the character-
istics of the proliferative process than the final numbers relevant for
the clinics. After 5 days of culture, the proliferation of PBMCs seeded
in 3D polystyrene scaffolds was evaluated, resulting in an increase in
all the three parameters (Figure 2A).

After normalizing the data to the positive control, i.e., the state-
of-the-art expansion system, which consists of cells expanded in
suspension using Dynabeads, we obtained an expansion index of
1.68, i.e., an improvement of a 68% was achieved when using 3D
polystyrene scaffolds. The replication and proliferation indexes
showed median values of 1.52 and 1.17, respectively. These results
are in agreement with a previous study employing primary human
CD4+ T cells seeded on 3D polystyrene scaffolds [14]. In fact,
PBMCs show greater proliferation rates in comparison with the
CD4+ T-cell experiments, possibly due to the presence and synergy
between the different types of cell populations that compose the
PBMCs [23]. As previously mentioned, not only 3D polystyrene
scaffolds present an excellent connectivity with open size pores
that allow the adequate diffusion of cells and nutrients but also



Figure 2. (A) Normalized proliferation analysis of primary human PBMCs 5 days after activation with Dynabeads and seeding in suspension (positive control) and in 3D polystyrene
scaffolds (Ndonors = 7). (B) Percentage of CD3+CD4+ and CD3+CD8+ T-cell subsets within PBMCs. The bar chart summarizes the percentage of CD4+ (gray) and CD8+ (purple) T cells
within PBMCs (Ndonors = 6) cultured in suspension with (positive control) and without (negative control) Dynabeads, as well as cells expanded with Dynabeads in a 3D polystyrene
scaffold. (C) Differentiation analysis of PBMCs 5 days after seeding (Ndonors = 6). Statistical significance was determined by the Mann�Whitney U test in all cases (*P < 0.05, **P <

0.01). (Color version of figure is available online.)
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present a mechanically strong structure [15], which may assist
lymphocyte cell migration [24] and enhance the contact with
Dynabeads. According to these results, we conclude that the struc-
ture of these 3D polystyrene scaffolds is beneficial for PBMC over-
all proliferation, which could possibly be further improved, for
example, by adding chemical stimuli.

After demonstrating that the 3D polystyrene scaffolds increased
PBMC proliferation, the CD4/CD8 ratio after expansion was analyzed
(Figure 2B). The median percentage of CD4+ T cells in the negative
control was of 67.3%, whereas in the positive control increased to
72.8%. The value obtained with the 3D polystyrene scaffold was of
69.0%. These results show that after activation, the percentage of CD3
+CD4+ T cells seems to be greater, especially on the positive control.
Similarly, the median percentage of the CD3+CD8+ cells in the nega-
tive control was of 18.9%, which increased after activation to
21.5% in the positive control and 25.0% for T cells seeded in the
3D polystyrene scaffold. The scaffold may therefore have a slight
tendency to favor the CD3+CD8+ proportion 5 days after T-cell
activation compared with the expansion in suspension. A greater
proportion of CD8+ T cells would be interesting, as they are the
major subset or subset of choice in ACT, due to their effector
cytotoxic function and enhanced antitumor activity [25]. How-
ever, the differences observed in our system were not found sig-
nificant, and in general terms, the higher percentage of CD4+
versus CD8+ T cells in the PBMCs agrees with the reported 2:1
ratio found in peripheral blood [26].
In addition, the differentiation degree of cultured cells was ana-
lyzed through the CD45RO/CD62L surface markers (Figures 2C and
supplementary Figure 1). CD45RO is a surface protein expressed by
human leukocytes and used as a marker of memory T cells [27].
CD62L, also named L-selectin, is a type I transmembrane cell adhe-
sion molecule expressed on most circulating leukocytes [28]. These
markers allow to differentiate between naïve and stem cell memory
(CD45RO�/CD62L+), central memory (CD45RO+/CD62L+), effector
memory (CD45RO+/CD62L�) and effector (CD45RO-/CD62L�) T cells
[29]. The resulting phenotypes analyzed with this procedure hardly
changed for cells activated in suspension or in the 3D polystyrene
scaffolds. The percentage of CD45RO�/CD62L+ cells decreased from a
mean value of 49.1% for the inactivated cells (or negative control) to
14.7% for cells activated in suspension (or positive control) and 15.5%
for cells seeded and activated in 3D polystyrene scaffolds. These val-
ues resulted in a significant decrease of this phenotype for activated
cells, but no significant differences were observed due to the effect of
the 3D system. Similarly, CD45RO+/CD62L+ cells increased from a
mean percentage of 34.9% in the negative control, to a mean value of
73.3% in the positive control and 72.8% for the 3D polystyrene scaf-
fold, showing significant differences only due to cell activation. No
significant change was observed for CD45RO+/CD62L� cells, i.e., simi-
lar values of 10.6%, 10.1% and 9.3% were obtained for the negative and
positive controls and 3D polystyrene, respectively. Finally, the results
of the CD45RO-/CD62L- population were below 10% for all conditions.
In conclusion, the results show that 3D polystyrene scaffolds can
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enhance PBMC proliferation compared to cultures in suspension,
without affecting their CD4/CD8 ratio or phenotype.

In the next step, we studied the culture of CAR T cells (Figure 3),
which were obtained from PBMCs. In particular, we used the recently
described p95HER2 CAR T cells [20]. The tumor-specific antigen
p95HER2 is a truncated form of the tyrosine kinase receptor HER2
[30], which is especially amplified in breast and some gastrointestinal
tumors [31].

For proliferation studies, we analyzed the cultures on days 4 and
9, and performed reseedings to keep cell concentrations below
Figure 3. (A) Number of accumulated CAR T cells produced from PBMCs seeded in suspensio
produced from PBMCs normalized to the cells obtained in suspension. (C) Cytotoxicity assay
with antigen-positive cells at different target/CAR T cells ratios (Ndonors = 2). (D) Percentage
(E) Differentiation analysis of the resulting CAR+CD8+ T cells produced from PBMCs at day 1
normalized to % of positive cells for each marker in the suspension condition (Ndonors = 3). (
2�3 £ 106 cells/mL. After 4 days of expansion, the resulting median
number of cells achieved with the standard expansion method (sus-
pension system) was of 5.9 £ 106 cells, whereas CAR T cells produced
from PBMCs seeded in the 3D polystyrene scaffold achieved a median
value of 6.8 £ 106 cells (Figure 3A), i.e., a 15% increase, as shown with
the normalized data to the positive control (Figure 3B), which helps
minimize donor-to-donor variability. At day 9, the increasing ten-
dency was maintained, being 19.3 £ 106 the median number of cells
obtained with the suspension system and 24.7 £ 106 the median
number of CAR T cells produced with the 3D polystyrene scaffold
n and in 3D polystyrene scaffolds (Ndonors = 3). (B) Number of accumulated CAR T cells
of CAR T cells expanded in suspension or in 3D polystyrene scaffolds using co-cultures
of CD4+ and CD8+ cells among the alive cells analyzed by flow cytometry (Ndonors = 3).
0 (Ndonors = 3). (F) Analysis of exhaustion and activation markers on CAR+CD8+ T cells
Color version of figure is available online.)
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(Figure 3A). Thus, a 25% increase in the number of cells was achieved
with the 3D platform, showing its beneficial effect on the expansion
of these cells (Figure 3B).

Once it was proven that the 3D scaffold could increase the number
of expanded CAR T cells, we performed a complete characterization
of the resulting cells, analyzing their killing capacity and phenotype
at day 10 post-transduction. Thus, we determined the effect of the 3D
polystyrene scaffold on the quality and functionality of CAR T cells.
For assessing the killing capacity and specificity, we co-cultured the
expanded CAR T cells with target cells expressing or not the
p95HER2 antigen [20], at different effector to target ratios
(Figure 3C). The results were normalized so that the 100% of target
cell viability was determined by the number of viable target cells
remaining after co-culture with the lowest ratio of CAR T cells
expanded in a conventional suspension culture. When CAR T cells
were co-cultured with antigen-positive cells, a significant increase in
the killing capacity of the 3D polystyrene-expanded CAR T cells was
observed at the lowest target cell/CAR T cell ratio (4:1), compared
with CAR T cells expanded in the absence of the scaffold. Specifically,
the percentage of alive target cells was of 93.2% in comparison with
the median value of 64.5% for those cells seeded in the 3D polysty-
rene scaffold. Increasing the ratio to 2:1, the percentages of viable
cancer cells decreased to median values of 75.3% in the case of CAR T
cells seeded in suspension and 45.7% for CAR T cells seeded in 3D
scaffolds. Finally, using a 1:1 ratio, a median percentage of 60.8% of
viable cancer cells was achieved for the suspension condition and of
32.2% for the 3D polystyrene scaffolds. In addition, the same assay
was performed on cells not expressing the CAR-targeted antigen and
no significant differences in cell killing were observed in any of the
conditions, suggesting that the 3D polystyrene-expanded CAR T cells
increased their cytotoxic effect while retained their specificity
towards the cognate antigen. These results show that using the 3D
scaffold for the expansion of CAR T cells produced from PBMCs not
only increases the number of resulting cells, but also their antigen-
specific killing capacity. Finally, the phenotype of the expanded CAR
T cells was examined. Specifically, the CD4/CD8 ratio, differentiation,
exhaustion and activation status at day 10 post-transduction were
analyzed in both culturing conditions. Results revealed no significant
differences between both expansion conditions in terms of CD4/CD8
ratio, as seen before for the non-transduced PBMC population. In this
case, CD8+ cells were found to be the main population, contributing
to approximately 70% of the total cell number, whereas the CD4+
fraction remained smaller (approximately 25%) (Figure 3D). For this
reason and the fact that CD8+ T cells are the most used in the clinics,
the rest of the phenotypic results are shown for CD8+ T cells.

Thus, we analyzed the differentiation degree of CD8+ T cells based on
the expression of the CD45RO and CCR7 markers (Figure 3E). CCR7 is a
chemokine receptor known to regulate CD8+ T-cell homing to the sec-
ondary lymphoid organs, and it is used to evaluate the difference
between phenotypes [32]. CD8+ T cells were defined as naïve and stem
cell memory (CD45RO�/CCR7+), central memory (CD45RO+/CCR7+),
effector memory (CD45RO+/CCR7�) or terminal effector (CD45RO�/
CCR7�). CAR T cells showed similar phenotypes independently of the
expansion methodology used, i.e., 3D scaffolds or in suspension. Specifi-
cally, the majority of the population corresponded to naïve, stem cell
memory and central memory cell phenotypes, which are associated
with greater anti-tumor activity, and only approximately 15% of CD8+ T
cells showed a terminal differentiation phenotype. Similar results were
obtained for CD4+ T cells (supplementary Figure 2).

Moreover, CAR T-cell functionality was assessed by flow cytomet-
ric detection of upregulated exhaustion and activation markers. In
particular, the negative immune checkpoints Tim3, Lag3 and PD1
[33], and the early/middle activation marker CD25 [34] were used
(Figure 3F). The percentage of positive cells for each marker in the
culture with 3D polystyrene scaffolds was normalized to the percent-
age of positive cells in the standard suspension system and expressed
as fold change. The percentage of cells positive for the three exhaus-
tion markers was also assessed (PD1+Tim3+Lag3+). Results showed
no significant differences between both culture systems, although a
slight increase in the CD25 activation marker was observed when
using the 3D polystyrene scaffold.

All together, these results revealed that, despite the increased pro-
liferation ratio of CAR T cells in the 3D polystyrene scaffolds, no
increase in differentiation, exhaustion and activation markers was
observed. In other words, culturing CAR T cells in this 3D system yields
a larger number of total CAR T cells at the end of the expansion without
seeming to increase tonic signaling of the expanded CAR T cell product,
which is associated to impaired antitumoral effects [29,35,36].

Conclusions

In conclusion, PBMCs and CAR T cells directly produced from
PBMCs were cultured in 3D polystyrene scaffolds in order to resem-
ble the 3D matrix of the lymph nodes, and study its influence on cell
expansion, phenotype and functionality. It was shown that the use of
3D polystyrene scaffolds increased PBMC proliferation, achieving sig-
nificantly higher values for the expansion, proliferation and replica-
tion indexes, possibly due to enhanced cell�cell interactions through
confinement. Also, the resulting CD8/CD4 ratios and phenotypes
obtained were analyzed, showing no significant differences. Simi-
larly, the 3D polystyrene scaffolds increased the expansion of the
clinically desired CAR T cells and their killing capacity, without affect-
ing the phenotype, exhaustion and activation markers of the result-
ing cells. Thus, the 3D polystyrene scaffolds are an interesting option
for human PBMC culture, either as such or transduced to result in
CAR T-cell production. It is also worth mentioning that in this last
case, the cell product fabrication process would benefit from reduced
ex vivo manipulation of the therapeutic cells compared to more puri-
fied T cell populations. Additionally, synergies could occur among dif-
ferent cell populations [11], which could especially be useful in solid
tumors such as the HER2+ here used as proof-of-concept, to help
counteracting the tumor microenvironment. However, potential
issues such as epitope masking should be taken into account. In addi-
tion, the 3D polystyrene scaffolds could be coated with cytokines and
cell adhesive molecules, such as CCL21 and ICAM-1 [37,38], to intro-
duce chemical stimuli to further enhance CAR T cell proliferation
and/or functionality. The use of 3D polystyrene scaffolds opens a way
to more effective and economic cultures to be used in the emerging
ACT or laboratory models compared to standard suspension systems.
Moreover, they could be incorporated to bioreactors by adapting
their design and subsequent lithography fabrication process.
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