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Immunotherapy is facing a revolution with the advent of im-
mune cell engineering. Chimeric antigen receptor (CAR)-T
cell therapy has shown unprecedented efficacy in B cell malig-
nancies and is now being evaluated in other disease areas. Viral
transduction is the most common method for immune cell ge-
netic engineering, but presents important limitations, such as
high reagent costs and regulatory concerns due to mutagenesis
risk. One prevailing non-viral gene delivery strategy relies on
the electroporation of non-integrating RNA. However, most
modern electroporation technologies also require high reagent
costs and rely on the use of proprietary software and transfec-
tion buffers. Nanoparticle-sensitized optoporation represents
an alternative method for transient permeabilization of cells.
Here, we introduce magnetic bead-sensitized optoporation,
in which commercially available superparamagnetic beads
coupled with anti-human CD3 and CD28 antibodies are used
as photosensitizers for efficient genetic cargo delivery into hu-
man primary T cells and other immune cells. We show that
magnetic bead-sensitized optoporation of human T cells gener-
ates functional mRNA-based CAR-T cells without affecting
T cell product memory phenotype or activation potential.
Importantly, optoporated T cells exhibited a greater prolifera-
tion capacity relative to electroporated T cells. In conclusion,
our findings suggest that magnetic bead-sensitized optopora-
tion holds promise as mRNA delivery strategy for immune
cell therapy.

INTRODUCTION

Engineered T cells generated using gene transfer technologies to spe-
cifically target tumor antigens have revolutionized the field of adop-
tive cell therapy. One prominent example is chimeric antigen receptor
(CAR)-T cell therapy, a personalized treatment that has demon-
strated remarkable efficacy in B-cell acute lymphocytic leukemia,
non-Hodgkin lymphoma, and multiple myeloma and led to the
approval of six CAR-T cell products by the European and American
regulatory authorities." These treatments currently rely on stable ge-

netic modifications of patients’ cells using y-retroviruses or lentivi-
ruses that randomly integrate an exogenous sequence into the cell
genome. This approach has several limitations. First, the complex
and low-yielding y-retroviruses or lentiviruses manufacturing pro-
cesses result in high reagent costs. In addition, the limited cargo ca-
pacity of viral vectors restricts the capacity to engineer CAR-T cells
with multiple genes.”> Although more than 30,000 patients world-
wide have been treated with this approach so far, with an acceptable
toxicity profile,"” there has been concern that genomic integration
could lead to a risk of genotoxic events. In November 2023, the
U.S. Food and Drug Administration announced that several patients
treated with commercially available CAR-T cell therapies were
diagnosed with secondary cancers, mandating long-term safety
monitoring.6

RNA-based transfection of CAR molecules overcomes some of these
issues. RNA is non-integrative and leads to transient transgene
expression at the cell surface,” reducing the risk of on-target, off-tu-
mor toxicities® and the possibility of cell transformation. In addition,
it holds the promise of fast and cost-effective manufacturing.”™"'
RNA-based transfection generally relies on electroporation, which
uses electric pulses to permeabilize membranes for intracellular deliv-
ery of payloads.'>"” However, it comes with drawbacks, such as
inconsistent membrane disruption, endosomal escape, altered gene
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expression, and heightened cytotoxicity, prompting the explora-

tion of alternative transfection methods.

Optical membrane disruption, or optoporation, has emerged as an
efficient method to transiently permeabilize the cell membrane using
high-intensity light, allowing the delivery of payloads such as
mRNA."” " In pioneering studies, a pulsed laser was directly focused
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on a small spot on the cell membrane to create a pore (laser-induced
stress wave).'” 2! While cells could be successfully transfected, the
main limitation was a very low throughput, given the fundamentally
single-cell nature of the technology.””** In the last decades,
photothermal nanomaterial-mediated optoporation emerged, in
which pulsed laser irradiation is applied to cells attached to a photo-
thermal nanomaterial (photosensitizer), substantially increasing the
throughput.”® These photosensitizers efficiently absorb laser light
and convert this energy into distinct phenomena such as local heat-
ing, photochemical reactions, acoustic shockwaves, or the formation
of water vapor nanobubbles (VNBs), depending on the laser energy.
Irradiation with low-intensity laser pulses results in photothermal ef-
fects, inducing pore formation by denaturation of integral membrane
proteins or local phase transitions of the lipid bilayer.”* When a nano-
second pulsed laser is used, the temperature of the photosensitizers
reaches hundreds of degrees, triggering VNB formation and their
subsequent collapse. This leads to high-pressure shockwaves and fluid
shear stress that generate transient pores in the cell membrane.”” '

Gold nanoparticles (AuNPs) have often been used as photothermal
sensitizers for optoporation, allowing the efficient delivery of
dextran (a model macromolecule), small interfering RNA, and
mRNA,>17:18:25:32:33 However, the impact of AuNPs on different im-
mune cell types remains inadequately studied, raising regulatory con-
cerns and requiring comprehensive biocompatibility testing.***

Herein, we propose a straightforward alternative to previously re-
ported photothermal sensitizers. We designed and generated our
custom-built optoporation device and provided evidence that
commercially available magnetic beads can act as photosensitizers,
specifically 4.5 pm superparamagnetic beads coupled with anti-hu-
man CD3 and CD28 antibodies. The CTS (Cell Therapy Systems) Dy-
nabeads CD3/CD28 are already in use for ex vivo isolation, activation,
and expansion of human T cells in the context of T cell manufacturing
for clinical studies. To demonstrate that Dynabeads could act both as
a T cell activator and a photoporation sensitizer, we tested the intra-
cellular delivery of EGFP-mRNA and CAR-mRNA in human pri-
mary T cells. A comparative analysis of mRNA transfection was
conducted using magnetic bead-mediated optoporation and electro-
poration using the MaxCyte GTx technology. MaxCyte electropora-
tion is clinically validated for efficient intracellular delivery while
maintaining high cell viability and is used in the production of the
first non-viral cell therapy approved.*®

RESULTS

Successful optoporation of primary human T cells with mRNA
using magnetic beads

We investigated superparamagnetic beads coupled with anti-human
CD3 and CD28 antibodies (CD3/CD28 Dynabeads) as sensitizers
for the delivery of mRNA into cells through optoporation. CD3/
CD28 bead-activated T cells were seeded in a 48-well plate and
EGFP-mRNA was added (Figure 1A) before the plate was placed in
the XY stage of a custom-built optoporation platform (Figures 1B
and S1). Several parameters were explored to reach optimal cargo de-
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livery (Table S1 and Figure S2). First, we studied the transfection ef-
ficiency and viability of primary human T cells using two optopora-
tion scanning speeds (20 and 80 mm/s) and five distinct energy
pulses (50, 60, 70, 80, and 90 pJ). As shown in Figures 1C and S3,
cell viability was preserved at high speed, while the percentage of
transfected cells was low. In contrast, a low speed resulted in a higher
RNA transfection efficiency, but at the expense of cell viability. The
combination of a 90 pJ energy pulse and 80 mm/s scanning speed
was chosen as it offered the best trade-off between transfection effi-
ciency (20%) and viability (>80%) and was used in all subsequent ex-
periments, together with the optoporation parameters listed in
Table S1. We then showed that optoporation in the absence of beads
did not result in efficient cell transfection, likely due to the absence of
membrane permeabilization. This was suggested by the lack of cell
transfection in cells activated with magnetic beads and dissociated
from them prior to optoporation in the presence of EGFP-mRNA
(NO BEADS condition) (Figure 2). In addition, we tested slightly
bigger anti-CD3/CD28 magnetic beads obtained from another
vendor and observed a significant reduction in transfection efficiency
compared with Dynabeads (Figure S4). To document the versatility of
the method, we subjected a human acute monocytic leukemia cell line
(THP-1) and natural killer lymphoma cell line (NK-92) to the same
optoporation protocol and observed efficient transfection without
impact on viability (Figure S5). In conclusion, we defined optimized
optoporation conditions that result in the efficient transfection of
multiple immune cell subsets and preserve cell viability.

T cells are efficiently optoporated after long and short activation
procedures

Next, we explored whether the duration of T cell activation impacted
optoporation outcome. T cells were activated with CD3/CD28 beads
for short (2 days) or long (>4 days) periods, following different pro-
tocols (Figure S6). In short activation procedures, T cells were stim-
ulated once with CD3/CD28 beads on day 0 (protocol 1) or received
consecutive stimulation on days 0 and 1 (protocol 2) before perform-
ing optoporation at day 2 (Figure S6, left). In long activation proced-
ures, we compared cells optoporated following 4 (protocol 3), 6 days
(protocol 4), and 7 days (protocol 5) of activation, in the case of 7 days
cells were re-stimulated at day 6 (Figure S6, right). In all procedures,
EGFP-mRNA optoporation efficiency was evaluated using flow cy-
tometry to measure two parameters: the percentage of EGFP-positive
cells and the intensity of EGFP expression (reflected by the relative
median fluorescence intensity of EGFP).

Protocols 2 (short activation) and 5 (long activation) provided the high-
est EGFP expression levels while leading to a reproducible percentage of
EGFP" cells and were further compared side by side (Figure 3A). Both
protocols generated a comparable percentage of EGFP-positive cells,
reaching a mean of 18.2% (protocol 2) and 15.3% (protocol 5). Of
note, EGFP expression was transient and the percentage of EGFP™ cells
dropped to 7.5% and 4% at 3 days after optoporation, respectively (Fig-
ure 3B). Cell viability was slightly impacted using the long activation
procedure but it was restored after 3 days (Figure 3C). Regarding the
composition of T cell subsets, a higher percentage of T stem cell
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(A) Schematic representation of magnetic bead-mediated optoporation for mRNA delivery into cells. mRNA molecules are added to T cells (blue) in the presence of magnetic
beads (red) and the mix is irradiated with a nanosecond pulsed-laser. Transient permeabilization of the cells is induced by collapsing of the nanobubbles allowing mRNA
molecules to enter the cells. (B) Design of the custom-built optoporation device used for laser-based transfection in multi-well plates. (C) Heatmap representing viability and
transfection efficiency (% EGFP* cells) determined 24 h after optoporation by flow cytometry. Mean optoporation efficiency and cell viability from three technical replicates are

shown.

memory (TSCM) cells was obtained using the short activation protocol
while a higher percentage of T effector memory (TEM) cells was ob-
tained with the long activation procedure (Figure 3D). Interestingly,
this pattern of T cell differentiation was observed in both transfected
(EGFP") (Figure 3E) and non-transfected (EGFP™) (Figure 3F)
T cells, and thus more likely to be associated with the activation rather
than with the optoporation procedure. Given the fact that T cell prod-
ucts containing less differentiated CAR-T cells have been correlated
with a superior anti-tumor response in several preclinical and clinical
studies,”” *° we selected the short activation protocol for further inves-
tigations. Finally, with the aim of improving transfection efficiency, we
tested whether incubating the T cells in the plate and allowing them to
sediment for 20 min could positively affect optoporation performance.
Cell sedimentation tremendously impacted transfection efficiency and
doubled the frequency of EGFP" cells (Figure 3G). Cell viability was
impacted during the first 24 h after optoporation (Figure 3H), but
was restored at 72 h (Figure 31).

Optoporation does not alter T cell phenotype and function
In addition to obtaining efficient cargo delivery, withholding of T cell
activation potential is an important determinant for selecting a trans-

fection method.*' Therefore, we investigated the T cell activation sta-
tus after magnetic bead-sensitized optoporation and compared it with
that of electroporated T cells. To unambiguously investigate the ef-
fects of both processes, stimulated T cells were optoporated or electro-
porated in the absence of cargo and rested overnight. The following
day, cell viability, cell growth, memory, activation, and exhaustion
phenotypes were assessed. First, we evaluated cell viability and cell
proliferation, which contribute to an effective immune response.””*’
Although the optoporation process initially affected cell viability
within the first 24 h as compared with electroporated cells, it was
restored after 4 days of culture (Figure 4A). Notably, optoporated
T cells displayed an improved growth rate at day 4 compared with
electroporated T cells (Figure 4B).

As an undifferentiated T cell phenotype correlates with prolonged
therapeutic responses,”” ** we looked at the frequency of less differ-
entiated TSCM cells (CD45RA*, CCR7*, CD62L", and CD95") (see
gating strategy, Figure S7). As shown in Figure 4C, optoporated
T cells presented a slightly superior frequency of TSCM compared
with non-treated or electroporated T cells 24 h after transfection.
Given the high variability observed, we cannot conclude that
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Figure 2. EGFP is expressed in primary human
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optoporation modifies significantly the T cell memory phenotype. Af-
ter 4 days, lower and comparable levels of TSCM were observed in all
conditions. To evaluate the exhaustion and activation state of T cells,
we assessed the expression of the immune checkpoints PD1 and
TIM3, as well as the activation markers CD25, CD69, and CD95
(see gating strategy, Figure S7). The percentages of CD25", PD1",
CD95*, CD25"CD69", and PD1"TIM3" T cells were comparable in
all experimental conditions; with very low levels being observed after
4 days of culture, except for CD95 (Figures 4D and 4E). Finally, no
significant differences were observed in the production of tumor ne-
crosis factor (TNF)-a, interferon (IFN)-v, and interleukin (IL)-2 cy-
tokines or of granzyme B by expanded and re-stimulated optoporated
T cells when compared with electroporated or non-treated T cells
(Figure 4F). Altogether, these results suggest that T cells that suffer
magnetic bead-mediated optoporation can be functional upon reacti-
vation in vivo.

Optoporation generates functional mMRNA-based CAR-T cells

Based on these results, we generated mRNA-based CAR-T cells
using magnetic bead-based optoporation. We used a CAR directed
to the antigen PTPRZI, previously identified by our group as a
relevant tumor-associated cell surface protein in glioblastoma
(GBM)*** and used as part of the IMA950 multi-peptide vaccine
in phase I/II clinical trials."* We generated CAR-T cells (approxi-
mately 25% CAR") using the optoporation protocol, but efficiency
was significantly lower compared with CAR delivery via electropo-
ration, both in terms of the percentage of CAR" cells and CAR
expression levels (Figure 5A). This resulted in a faster loss of
CAR expression on the cell surface, becoming almost undetectable
after 3 days (Figure 5B). Furthermore, optoporation, but not electro-
poration, had an impact on CAR-T cell viability at the earliest time

beads); OP RNA, laser pulse in the presence of mRNA
and magnetic beads. (Bottom) Representative flow
cytometry density plots after optoporation of human
T cells without (NO RNA) and with (OP RNA) mRNA
encoding for EGFP.

point (Figure 5C). However, optoporated

T cells displayed an improved growth rate

compared with electroporated T cells (Fig-

ure 5D). One day after transfection, anti-tu-

mor activity was assessed against the Ge518
human GBM cell line engineered to express the antigen, using the
same number of CAR" T cells in the optoporated and electropo-
rated conditions. After 72 h of co-culture, optoporated CAR-T cells
were able to trigger lysis of antigen-expressing tumor cells in a spe-
cific manner, although to a lesser extent as compared with electro-
porated T cells, probably due to the lower levels of CAR expression
(Figure 5E). This result was consistent with the cytokine secretion
profile observed after 72 h of co-culture with target cells, in which
CAR-T cells generated via electroporation (CAR EP) exhibited
significantly higher IL-2 release compared with optoporated
CAR-T cells (CAR OP), and an overall trend of CAR EP cells to
secrete higher levels of cytokines, particularly IL-6, TNF-o, gran-
zyme B, and granzyme A (Figure 5F). Additionally, we demon-
strated the feasibility of the optoporation protocol to generate func-
tional CAR-T cells targeting other antigens used in clinical trials
such as CD19 and IL13Ra2 (Figure S8).

We compared the phenotype of unstimulated CAR-T cells generated
via optoporation and electroporation. No significant differences were
observed in the CD8/CD4 ratio between the two methods (Figure 6A).
Furthermore, optoporated and electroporated CAR-T cells showed
comparable CD8"CD3" and CD4"CD3" memory T cell populations
over time in culture, both in terms of percentage and total cell counts
(Figures 6B and S9). To assess the exhaustion phenotype, we analyzed
the absence of (0), expression of one (1), and co-expression of two (2)
or three (3) inhibitory receptors (TIM3, PD1, LAG3). An increase in
the co-expression of two exhaustion markers was observed in both
CD4" and CD8" populations during the early hours after transfection
for both optoporated and electroporated CAR-T cells. However, 72 h
after transfection, the expression of exhaustion markers had
decreased in all conditions (Figure 6C).
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DISCUSSION

The development of new technologies in the field of gene therapy has
paved the way to develop alternative opportunities for engineered
cellular therapies. Viral vectors are currently the clinical and commer-
cial standard for the generation of cell therapy products, but they face
multiple issues, such as the potential for T cell transformation, high
cost, and limited payload. Indeed, recently, cases of T cell lymphoma
and other secondary primary malignancies after commercial CAR-T
cell therapy have been reported,” even if recent reports were reassur-
ing in that matter.” This risk may be due to several factors, such as the
integration of the CAR molecule in oncogenic driving regions or the
intense immune response resulting from the therapy. Long-term sur-
veillance is crucial to gain a better understanding of this risk and
minimize potential adverse consequences. In addition, viral vectors
present highly variable transduction efficiencies.*’ As a consequence,
mRNA-based cell therapies are actively pursued as a safer and
cheaper alternative to integrative vectors.” Various transfection stra-
tegies have been used for mRNA delivery, from membrane disrup-
tion-mediated to carrier-mediated approaches, with electroporation
being the most established non-viral transfection method.

Here, we studied the use of light-generated membrane disruption
(optoporation) to deliver mRNA molecules into T cells. We report
on the use of magnetic beads (Dynabeads) as sensitizers for optopo-
ration, achieving similar mRNA transfection efficiencies as other op-
toporation systems described. Raes et al.'” described a transfection ef-
ficiency of approximately 30% in Jurkat cells with 60% viability using
60 nm AuNPs as photosensitizers. However, only the study conduct-
ed by Harizaj et al.*> showed effective delivery of mRNA in primary
human T cells using polydopamine nanoparticles, with an mRNA
transfection efficiency of 29% and cell viability of 63%. Using primary
human T cells, we achieved a comparable frequency of EGFP™ cells
and a higher transgene expression level compared with Harizaj’s
work, without the need of adding an extra reagent to cells since Dy-
nabeads were already present in the culture for T cell activation.

While magnetic bead-mediated optoporation achieved reasonable
mRNA delivery efficiencies in T cells, there is a limitation in intracel-
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lular delivery of larger cargos as plasmid DNA. Indeed, the efficacy of
optoporation is highly linked to the conditions used and remains to be
optimized for the type of vectors under study and further explored for
considerable sized cargos.

In addition to delivery efficiency, the long-term effects of the delivery
technology on cell phenotype and function must be considered. Here,
we show that transient permeabilization does not have detrimental ef-
fects on memory, activation and exhaustion markers, proliferation ca-
pacity, or secretion of the pro-inflammatory cytokines or granzyme B.

Next, we studied how this method can be exploited for intracellular de-
livery of CAR-mRNA. We obtained delivery efficiencies of up to 30%
and cell viability from 65% to 85% in primary human T cells. In addi-
tion, we demonstrated that the generated CAR-T cell products pre-
served cytotoxicity capacity. To our knowledge, there are no other
studies that use laser-mediated transfection to produce functional
CAR-T cells. However, delivery efficiency using optoporation is not
yet comparable with that obtained by electroporation. Compared
with other studies suggesting a significant cytotoxic effect induced by
electroporation,'* '
available electroporators are highly optimized for mRNA delivery,
with more than 90% of cells exhibiting positive and high levels of
expression, alongside cell viability exceeding 80%. Of note, we observed
a diminished cell proliferation capacity in electroporated cells. A more
comprehensive study would be needed to explore more precisely the
short- and long-term effects of both techniques in primary cells.

our findings indicate that some commercially

In addition to its application in T cells, we tested the optoporation
protocol in other clinically relevant cell types, including NK cells
and THP-1 cells. Our results demonstrate that our optoporation plat-
form effectively transfects these cell types, maintaining a high viability
after transfection. This broadens the potential applicability of the
method to various cell-based therapies beyond CAR-T cell
treatments.

Regarding scalability, the optoporation protocol shows promise for
adaptation to larger-scale manufacturing. The ability to scale the

Figure 3. T cells are efficiently optoporated following long and short activation procedures

(A) T cells were stimulated with CD3/CD28 beads for short (left, protocol 2, see Figure S6) or long (right, protocol 5, see Figure S6) periods before optoporation with EGFP-
mMRNA. EGFP expression, cell viability, and T cell phenotype were determined by flow cytometry. (B) Transfection efficiency expressed as percentage of EGFP™ cells among
live cells (left y axis, black) and relative median fluorescence intensity (rMeF) relative to EGFP™ cells (right y axis, gray) are shown 24 h and 72 h (only for OP RNA condition) after
optoporation, n = 4 independent donors. (C) Cell viability measured 24 h and 72 h after optoporation by staining with a cell viability marker, n = 4 independent donors. (D)
Distribution of T cell subsets in total (CD3") T cells 24 h after optoporation with EGFP-mRNA (OP RNA condition), n = 4 and n = 3 independent donors in short and long
activation procedures, respectively. Representative dot plots showing the percentage of TSCM, TCM, TEM, and TEFF cells in CD3™ T cells following short (left) or long (right)
activation protocols. (E) Distribution of T cell subsets in EGFP* and (F) EGFP ™ T cells 24 h after optoporation with EGFP-mRNA, n = 4 and n = 3 independent donors in short
and long activation procedures, respectively. (G) Transfection efficiency 24 h after optoporation expressed as the percentage of EGFP™ live cells (left y axis, black) and the
relative median fluorescence intensity (rMeFl) relative to EGFP ™~ cells (right y axis, gray) of T cells optoporated using protocol 2 (short activation) without (no sedimentation) or
with cell sedimentation (sedimentation) to the plate, n = 4 independent donors. (H) Percentage of viable cells after 24 h and () 72 h after optoporation using protocol 2 (short
activation) without (no sedimentation) or with cell sedimentation (sedimentation) to the plate, determined by staining with a cell viability marker, n = 4 independent donors. NO
OP, NO RNA, no optoporation; no mRNA; NO RNA, laser pulse with magnetic beads only; OP RNA, laser pulse in the presence of mRNA and magnetic beads. TSCM,
CD45RA*CCR7*CD62L"CD95"; T central memory (TCM), CD45RA~CCR7™*; TEM, CD45RA CCR7~ and T effector (TEFF), CD45RA"CCR7 . Data are shown as mean +
SEM. Statistics are based on one-way ANOVA, Tukey’s multiple comparisons test (C, H); on unpaired, two-tailed Welch’s t test (D-F), and unpaired, two-tailed Student’s t
test (G), *<0.05, **p < 0.01, **p < 0.001.
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Figure 4. Optoporation does not significantly alter T cell functional phenotype

(A) Viability of T cells in the absence of treatment (NT) and following optoporation (OP) or electroporation (EP) without cargo, after 24 (left) and 96 h (right), n = 5 independent
donors. (B) T cell fold expansion under the different conditions 4 days after transfection. Cell counts were determined by Trypan blue exclusion and normalized to the initial
number of seeded cells, n = 4 independent donors. (C) Cumulative data showing the percentage of CD45RA*CCR7*CD62L"CD95* (TSCM cells) of CD3* 24 h and 96 h after
optoporation (OP) or electroporation (EP) as compared with non-treated cells (NT) cells, n = 5 independent donors. (D and E) Cumulative data showing the percentage of
CD25*, PD1*, CD95", CD25*CD69*, and PD1*TIM3" of CD3* 24 h (D) and 96 h (E) after optoporation (OP) or electroporation (EP) as compared with non-treated cells (NT)
cells, n = 4 independent donors. (F) Production of cytokines and granzyme B (GZB) by T cells at day 7 after optoporation (OP) or electroporation (EP) as compared with NT
cells, n = 3 independent donors. Data are shown as mean + SEM. Statistics are based on one-way ANOVA, Tukey’s multiple comparisons test (A-C) *p < 0.05, “*p < 0.01.

process will depend on optimizing the optical device for high-
throughput applications to ensure efficient transfection of a large
number of cells while maintaining product quality. With further ad-
vances in device technology and process optimization, optoporation
could be a viable solution for large-scale clinical production of genet-
ically modified immune cells.

In summary, in this study, we successfully demonstrated the effective-
ness of magnetic bead-sensitized optoporation for delivering intracel-
lular mRNA in primary human T cells, while preserving their func-
tionality and phenotype. Specifically, we illustrated its applicability
in delivering CAR-mRNA molecules into activated T cells, resulting
in the generation of mMRNA-CAR T cells endowed with anti-tumor ca-

pabilities. It is important to note that this is a preliminary study, and
the observed transfection efficiency in a setting of transient CAR
expression may not be sufficient to treat refractory malignancies.
Nevertheless, optoporation could be more readily translatable to con-
ditions in which transient low transgene expression might be suffi-
cient for therapeutic benefit, such as autoimmune diseases. Further
optimization of the optoporation method, particularly fine-tuning
the optoporation setup, such as increasing the laser spot area, and im-
provements in transgene stability, will be necessary to extend its
applicability in oncology indications.

Finally, it is worth mentioning that, while the transient nature of CAR
expression using mRNA-based approaches offers advantages such as
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reduced risk of insertional mutagenesis, it requires repetitive dosing
to maintain therapeutic efficacy. This strategy has been associated
with potential risks, including anaphylaxis due to single-chain vari-
able fragment (scFv) immunogenicity.”” However, immunogenicity
of heavy-chain variable domain (VHH) is recognized to be
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Figure 5. mRNA optoporation generates functional
CART cells

(A) Percentage of CAR™-T cells (left) and relative median
fluorescence intensity (rMeF|) relative to CAR cells (right)
after optoporation (OP) and electroporation (EP) with an
aPTPRZ1-CAR-mRNA, n = 5 independent donors. (B)
Percentage of CAR™ cells over time after CAR-mRNA
optoporation (OP) or electroporation (EP), n = 3
independent donors. (C) Viability of T cells transfected
with CAR-mRNA over time after optoporation (OP) or
electroporation (EP), n = 3 independent donors. (D)
T cell fold expansion over time after CAR-mRNA
optoporation (OP) or electroporation (EP). Cell counts
were determined by Trypan blue exclusion and
normalized to the initial number of seeded cells at 24 h,
n = 3 independent donors. (E) (Left) Percentage of
specific lysis of antigen-positive GBM target cells
(Ge518-PTPRZ1) in co-culture with aPTPRZ1-CAR-T
cells or control mock T cells generated by optoporation
(OP) or electroporation (EP) (diluted to obtain the same
percentage of CAR* T cells) as measured by flow
cytometry after 72 h of co-culture. E:T ratio 1:1. (Right)
Percentage of specific lysis of antigen-negative GBM
target cells (Ge518-WT) in co-culture with aPTPRZ1-
CAR-T cells or mock T cells generated by optoporation
(OP) or electroporation (EP) (diluted to obtain the same
percentage of CAR* T cells) as measured by flow
cytometry after 72 h of co-culture. E:T ratio 1:1, n = 3
independent donors. (F) Soluble factors secreted by
CAR T cells after 72 h of incubation with Ge518-
PTPRZ1 cells at a 1:1 E:T ratio (fold change relative to
secretion by mock EP or mock OP T cells). Data are
shown as mean + SEM. Statistics are based on paired,
two-tailed Student’s t test (A), and two-way ANOVA,
Sidak’s multiple comparisons test (B-F), *o < 0.05,
w0 < 0.0001.

reduced.”®* To mitigate these risks, future clin-
ical applications should focus on optimizing
dosing regimens and developing strategies to
reduce immunogenicity such as scFv or VHH
humanization. Moving forward, it will be valu-
able to explore the potential of optoporation for
delivering other effector molecules, such as
CRISPR-Cas9 nucleoprotein complexes for
T cell engineering purposes.

MATERIALS AND METHODS

Cell culture

The GBM cell line Ge518 (wildtype [WT] or en-
gineered to express the PTPRZ1 protein, was
generated previously in the laboratory of Prof.

Denis Migliorini from a patient sample) was cultured in high glucose
DMEM with GlutaMAX supplemented with 10% heat inactivated
fetal bovine serum (iFBS, Gibco), 5% penicillin/streptomycin (p/s,
Gibco), 1 mM sodium pyruvate (Gibco), and 10 mM HEPES (Gibco).
NK-92 cells (ATCC CRL-2407) were cultured in RPMI-1640 (Gibco)
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Figure 6. CAR-T cells generated using optoporation preserve a phenotype similar to electroporated CAR-T cells

(A) Proportion of CD4* and CD8" T cells in the CD3* T cell population at baseline conditions (pre) and at different time points after optoporation (OP) or electroporation (EP)
with aPTPRZ1-CAR-mRNA, n = 3 independent donors. (B) Relative proportions of memory/effector CD4*CD3" and CD8"CD3" subsets in T cells before and after engi-
neering via optoporation (OP) or electroporation (EP) with «PTPRZ1-CAR-mRNA. Data are shown as the mean of three independent donors. (C) Spice graphs showing the
percentage of expression of O (white), 1 (light gray), 2 (dark gray), and 3 (black) exhaustion markers/inhibitory receptors (IRs) (TIM3, PD1, and LAG3) in CD4*CD3* and
CD8*CD3" T cell subsets before and after engineering via optoporation (OP) or electroporation (EP) with «PTPRZ1-CAR-mRNA. Data are shown as the mean of 3 inde-
pendent donors. TSCM: CD45RATCCR7*CD62L"CD95%; T central memory (TCM): CD45RA~CCR7*; TEM: CD45RA~CCR7~ and T effector (TEFF): CD45RA*CCR7 ™.

supplemented with 10 mM HEPES, 1 mM sodium pyruvate, 5% p/s,
5% AB serum (Sigma), 2 mM L-glutamine/L-alanine (Bioswisstec
AG), and 100 IU/mL hIL-2 (Proleukin). THP-1 cells (ATCC TIB-
202) were cultured in RPMI-1640 supplemented with 10 mM
HEPES, 1 mM sodium pyruvate, 5% p/s, and 10% iFBS. All cell lines
were grown in a humidified incubator (37°C, 5% CO,). Cell prolifer-
ation and viability were monitored using an Automated Countess III
device (Invitrogen). Cells were regularly tested for Mycoplasma

contamination using the MycoAlert PLUS Mycoplasma Detection
Kit (Lonza).

Human T cells were obtained from buffy coats or human blood from
healthy donors (Interregionale Blutspende SRK AG). T cells were iso-
lated from buffy coats using the EasySep Direct Human T cell Isolation
Kit (StemCell Technologies) and from whole blood using the
RosetteSep Human T cell Enrichment Cocktail (StemCell
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Technologies), followed by density gradient separation using Ficoll Pa-
que Plus (Cytiva Life Sciences). Isolated T cells were diluted to 1 x 10°
cells/mL and stimulated with Dynabeads Human T-Activator CD3/
CD28 (Thermo Fisher Scientific) or human CD3/CD28 T cell Activa-
tion Beads (BioLegend) ata 1:1 ratio. Cells were cultured in RPMI-1640
supplemented with 10 mM HEPES, 1 mM sodium pyruvate, 5% p/s,
10% iFBS, and 30 IU/mL hIL-2 (T cell medium).

mRNA production

EGFP-mRNA (980 nt, N1-Methylpseudouridine/m1%¥, CleanCap)
was purchased from GenScript and stored at —80°C. Anti-CD19-
CAR-mRNA (N1-Me-Pseudo UTP), encoding for aCD19-CAR
comprising a high-affinity scFv (FMC63), was purchased from
CATUG and stored at —80°C. Proprietary PTPRZI-targeting
VHH-CAR and IL13Ra2-targeting VHH-CAR were cloned into a
proprietary mRNA production plasmid under the control of a pro-
moter for T7 RNA polymerase.’* The resultant plasmid was linear-
ized by digestion with the restriction enzyme Sall (New England Bio-
labs). mRNA was transcribed using MegaScript T7 RNA polymerase
(Thermo Fisher Scientific) with co-transcriptional capping using the
CleanCap trinucleotide cap 1 analog (TriLink Biotechnologies). Uri-
dine residues were fully substituted with N1-methylpseudouridine
(m1W) by using NI-methylpsuedouridine-5'- triphosphate
(m1WTP) (TriLink Biotechnologies) in the place of uridine-5'-
triphosphate in the reaction mixture. Poly(A) tailing procedure
was performed after transcription using a Poly(A) Tailing Kit
(Thermo Fisher Scientific). Finally, the mRNA was cleaned with the
MEGACclear Transcription Clean-Up Kit (Thermo Fisher Scientific).
The resultant mRNA was analyzed by gel electrophoresis, concentra-
tion and purity were determined using a Nanodrop device, and
mRNA was precipitated, dried, and stored at —80°C until use.

Optoporation platform characteristics

The optoporation platform prototype was custom-built by Helbling
Technik Wil AG (Figures 1B and S1). The setup consisted of a moving
Xy stage that can accommodate a plate (48-, 24-, 12-, or 6-well plate)
where the movement speed and plate location can be controlled. The
system allowed variation of the laser focal point, power, repetition
rate and pulse length, meanwhile the laser spot pattern is predefined
as circularly cropped. The optical setup included a pulsed laser with a
pulse duration of 5-10 ns and tuned at a wavelength of 532 nm (CNI
laser, GMP), a beam expander (Optograma), an ND filter (Thorlabs),
three mirrors (Thorlabs), and a lens (Edmund Optics). The optome-
chanical components included a xy stage (Thorlabs), a z stage (Thor-
labs), a mount for the beam expander (Newport), solid aluminum op-
tical breadboards (Thorlabs) and a translating lens mount (Thorlabs).

Optoporation of human T cells

Human T cells containing Dynabeads were washed, resuspended in
Opti-MEM (reduced serum medium, Gibco) and seeded into
48-well plates (1 x 10° cells per well, Corning, plastic bottom). Next,
mRNA at the desired concentration (0.05 pg/pL, 5 pg in total) was
immediately added to the cells and cells were run through the optopo-
ration device using the indicated parameters. For mock-optoporation
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(NO RNA) control, cells were seeded directly in Opti-MEM medium
without cargo to check the impact of the optoporation procedure in
absence of cargo. The NO RNA control was performed for every tested
condition such that efficiency delivery could be corrected for a shift in
background fluorescence. An additional control was included to study
mRNA delivery efficiency in the absence of Dynabeads (NO BEADS).
Finally, the untreated control (no optoporation, no RNA) consisted of
cells without cargo and that did not undergo the optoporation. In all
conditions, T cells were seeded in a final volume of 100 pL and a quick
spin-down of the plate was performed for cells to sediment. After op-
toporation, T cells were incubated overnight at 37°C with 5% CO, in
complete T cell medium. For cytotoxicity assays, T cells were cultured
in T cell medium without cytokine supplementation.

Optoporation of NK-92 and THP-1 cells

Dynabeads were added to cells in culture 30 min before optoporation
at a 1:1 ratio. The next steps were performed similarly as described
before. Briefly, cells were washed, resuspended in 100 pL Opti-
MEM containing EGFP-mRNA (0.05 pg/pL) and transferred to a
48-well plate. Cells were quickly spin-down and plate was placed
into the optoporation platform.

mRNA transfection by electroporation

After 48 h activation with Dynabeads at a 1:1 ratio as described above,
Dynabeads were magnetically removed and activated T cells were
washed with MaxCyte Electroporation buffer (Cytiva Life Sciences).
We electroporated 2 x cells T cells with 5 ng of mRNA using
ExPERT GTx (MaxCyte). Following electroporation, T cells were
incubated overnight at 37°C with 5% CO, in complete T cell medium.
For cytotoxicity assays, T cells were cultured in T cell medium
without cytokine supplementation.

Flow cytometry

CAR surface expression was measured using biotinylated alpaca anti-
human IgG F(ab’)2 (1:200, Jackson Immunoresearch) followed by PE-
conjugated streptavidin (1:200, BD Biosciences). To determine
aCD19-CAR expression, the Recombinant Human CD19 Fc
Chimera Alexa Fluor 647 Protein (R&D Systems) was used. The
LIVE/DEAD Fixable Near-IR Dead Cell Stain Kit or LIVE/DEAD
Fixable Yellow Dead Cell Stain Kit (Invitrogen) were used to discrim-
inate between live and dead cells. For the immunophenotyping
of primary T cells, the following anti-human monoclonal
antibodies were used: CD3-BV711 (1:250, BioLegend), CD8-AF700
(1:250, BioLegend), CD62L-PerCP-Cy5.5 (1:250, BioLegend),
CD45RA-BV510 (1:250, BioLegend), CD95-AF647 (1:140, Bio
Legend), CD25-BV605 (1:250, BioLegend), CD69-BV650 (1:140,
BioLegend), CCR7-PE-Cy7 (1:140, BioLegend), PD1-BV421 (1:100,
BioLegend), LAG3-BUV395 (1:100, BD), and TIM3-PE-Dazzle594
(1:100, BioLegend). Isotype controls were used for anti-PD1
(BioLegend), anti-LAG3 (BioLegend), and anti-TIM3 (BD Biosci-
ences). The effector/memory T cell subsets were defined as follows:
stem cell memory (TSCM): CD45RA"CCR7"CD62L"CD95", central
memory (TCM): CD45RA™CCR7", effector memory (TEM):
CD45RA™CCR7", effector (TEFF): CD45RA*CCR7 . Naive cells
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(CD45RA™CCR7CD62L"CD957) were not found in any of the
conditions.

For cytokine and granzyme production profiling, TNF-o- APC (1:100,
BioLegend), IFN-y-PE (1:100, BioLegend), IL-2-BV650 (1:100,
BioLegend), and granzyme B-PE-TexasRed (1:100, BD) antibodies
were used. Previously, T cells were activated for 4 h with CD3/
CD28 Dynabeads in presence of Brefeldin A Solution (Thermo Fisher
Scientific). Intracellular stainings were performed using the eBio-
science Intracellular Fixation & Permeabilization Buffer Set (Invitro-
gen), following the manufacturer’s recommendations.

To evaluate cytokine secretion in the supernatants, we used the
LEGENDplex Human CD8/NK Panel (13-plex; BioLegend) following
the manufacturer’s instructions, and the data were analyzed using the
LEGENDplex Data Analysis Software Suite (Qognit).

Cell staining was performed on ice and in the dark and cells were
centrifuged at 400xg for 5 min. Cells were washed with PBS + 3%
FBS + 2 mM EDTA (wash buffer). Samples were acquired on a
CytoFLEX LX cytometer (Beckman Coulter), and the data were
analyzed using the Flow]Jo program (TreeStar) in the appropriate win-
dow after removal of doublets and dead cells. Samples were excluded
from flow cytometry analyses when fewer than 100 events were re-
corded in the cell population of interest.

Flow cytometry-based killing assay

Antigen-positive (Ge518-PTPRZ1) and antigen-negative (Ge518-
WT) tumor cells were stained using the CellTrace Far Red Cell Pro-
liferation Kit (Invitrogen) and 2.5 x 10* cells per well were seeded in a
96-well flat-bottom plate. The tumor cells were incubated for 2 h at
37°C with 5% CO, to allow them to adhere to the plate. Anti-
PTPRZ1 RNA CAR-T cells generated by optoporation (CAR OP)
or electroporation (CAR EP), and control mock-optoporated (mock
OP)/mock-electroporated (mock EP) T cells were added to target cells
at a 1:1 effector-to-target (E:T) ratio in T cell medium without cyto-
kines. After 72 h of co-culture, cells were collected, and tumor cell
death was measured by flow cytometry using a LIVE/DEAD Fixable
Yellow Dead Cell Stain Kit (Invitrogen). Dead tumor cells were iden-
tified as Far Red” LIVE/DEAD" cells. The following formula was used
to calculate the percentage of specific lysis by flow cytometry:

%Sample lysis — %Baseline lysis 100

%Specific lysis =
oSpecific lysis 100 — %Baseline lysis

(Equation 1)

Where % Sample lysis corresponds with lysis in the presence of mock
or CAR-T cells and % Baseline lysis corresponds with lysis in the
absence of T cells (tumor cells alone).

Incucyte-based killing assay
To determine the cytotoxicity of aCD19-CAR and aIL13Ra2-CAR
T cells we used an Incucyte S3 Live-Cell Analysis System

(Sartorius).Target tumor cells (Nalm-6 in the case of aCD19-CAR
and Ge518-WT for alL13Ra2-CAR T cells) and non-target tumor
cells (Jurkat in the case of aCD19-CAR and Ge738 for aIL13Ra2-
CAR T cells) expressing EGFP were seeded in a 96-well flat-bottom
plate at a concentration of 5 x 10> cells/well. Tumor cells were incu-
bated for 2 h at 37°C with 5% CO, to allow adherence to the plate sur-
face. Effector CAR-T cells generated by optoporation (CAR OP) or
electroporation (CAR EP), and control mock-optoporated (mock
OP)/mock-electroporated (mock EP) T cells were added to the tumor
cells at a 1:4 E:T ratio, in the case of *CD19-CAR T cells, and 5:1 E:T
ratio, in the case of aIL13Ra2-CAR T cells, in T cell medium without
cytokines. Tumor cell growth was monitored for up to 40 h by real-
time imaging, measuring the total fluorophore area per well every
2 h using the Incucyte mentioned. The data from each well were
normalized to the first measurement (0 h).The percentage of specific
lysis using Incucyte data was calculated according to the formula:

0 — 100
%Specific lysis =

40h
GFP area atW in presence of mock T cells

40h
X GFP area atW in presence of CAR

— T cells+ 100 (Equation 2)

Statistical analysis

Statistical analyses were performed using GraphPad Prism 9 (Dot-
matics). Data were expressed as mean + SEM. Each n represents an
independent donor. The statistical test used is indicated in the corre-
sponding Figure legend. Two-tailed Student’s t tests to compare two
groups with equal sample size, two-tailed Welch’s t test to compare
two groups with unequal sample size, and ANOVA tests for multiple
comparisons were used.
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