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A B S T R A C T

Background aims: Next-generation immune cell therapy products will require complex modifications using
engineering technologies that can maintain high levels of cell functionality. Non-viral engineering methods
have the potential to address limitations associated with viral vectors. However, while electroporation is the
most widely used non-viral modality, concerns about its effects on cell functionality have led to the explora-
tion of alternative approaches. Here the authors have examined the suitability of the Solupore non-viral
delivery system for engineering primary human T cells for cell therapy applications.
Methods: The Solupore system was used to deliver messenger RNA (mRNA) and clustered regularly inter-
spaced short palindromic repeats (CRISPR)/CRISPR-associated protein 9 (Cas9) guide RNA ribonucleoprotein
(RNP) cargos to T cells, and efficiency was measured by flow cytometry. Cell perturbation was assessed by
immune gene expression profiling, including an electroporation comparator. In vitro and in vivo cytotoxicity
of chimeric antigen receptor (CAR) T cells generated using the Solupore system was evaluated using a real-
time cellular impedance assay and a Raji-luciferase mouse tumor model, respectively.
Results: Efficient transfection was demonstrated through delivery of mRNA and CRISPR CAS9 RNP cargos
individually, simultaneously and sequentially using the Solupore system while consistently maintaining high
levels of cell viability. Gene expression profiling revealed minimal alteration in immune gene expression,
demonstrating the low level of perturbation experienced by the cells during this transfection process. By con-
trast, electroporation resulted in substantial changes in immune gene expression in T cells. CAR T cells gener-
ated using the Solupore system exhibited efficient cytotoxicity against target cancer cells in vitro and in vivo.
Conclusions: The Solupore system is a non-viral means of simply, rapidly and efficiently delivering cargos to
primary human immune cells with retention of high cell viability and functionality.
© 2021 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

Autologous chimeric antigen receptor (CAR) T cell therapy has
shown unprecedented efficacy as well as durable responses in cohorts
of relapsed or refractory cancer patients with certain liquid tumors,
resulting in several CAR T cell product approvals [1]. The proof of con-
cept generated with these cell products is now driving significant levels
of research, development and commercial activity in the ex vivo cell
therapy field. Viral transduction has been the most widely used method
for cell engineering, and these first approved CAR T cell therapies were
engineered using viral vectors. However, the limitations of viral vectors
are well known. Specialized viral manufacturing processes combined
with constraints on availability of manufacturing capacity make scaling
to meet commercial demand a significant challenge [2]. The timeline
from initiation of virus production to batch release of a Good
Manufacturing Practice (GMP)-grade vector for cellular therapies can
be lengthy and costly. Viral delivery systems are also susceptible to vec-
tor-mediated genotoxicity, such as random insertions that disrupt nor-
mal genes, accidental oncogene activation or insertional mutagenesis,
leading to adverse immunogenicity and severe side effects [3]. In addi-
tion, constraints on the cargo packaging capacity of viral vectors are a
further limitation on their applicability to the engineering of next-gen-
eration cell therapy products that will require complex modifications
to successfully address solid tumors and for allogeneic products [4].

The scaling, cost and safety challenges associated with viral vec-
tors have driven an interest in the development of non-viral
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alternatives. Greater multiplexing potential, flexibility and versatility
to accommodate diverse cell types and accelerated manufacturing
timelines, all while avoiding the manufacturing challenges, side
effects and regulatory burden associated with viral vectors, are
attractive attributes in any one intracellular delivery method [5].
Non-viral intracellular delivery methods can be broadly classified
into two main categories. The first includes physical/mechanical
methods such as electroporation, sonoporation, magnetofection,
gene gun, microinjection and cell squeezing [6�8]. However, many
of these methods are unsuited to cell therapy manufacturing pro-
cesses. The second category includes chemical vectors such as cat-
ionic polymers and lipids, including lipid nanoparticles, but to date
the efficiency of these chemical methods in primary immune cells is
low and toxicity remains a concern [9�11]. As a result, electropora-
tion platforms are currently the most widely used non-viral technol-
ogies for cell engineering. During electroporation, target cells are
placed in a conductive buffer and an electrical potential is applied,
leading to the formation of pores in the plasma membrane [6]. Cargos
present in the culture medium can pass through these pores into the
cell. Typically, electroporation devices utilize different buffer compo-
sitions, electrical field strengths and pulse durations to optimize
delivery and maximize cell viability post-process.

Next-generation immune cell products are likely to be both virally
and non-virally modified. For example, the first human trial to test
the safety of clustered regularly interspaced short palindromic
repeats (CRISPR)/CRISPR-associated protein 9 (Cas9) gene editing of T
cells employed electroporation to deliver ribonucleoproteins (RNPs)
targeting three genes prior to viral transduction to express the NY-
ESO-1 T cell receptor [12]. However, concerns persist regarding the
impact of the electroporation process on immune cells, with reports
of sustained intracellular calcium levels, changes in gene expression
profiles, reduced proliferative capacity and decreased potency
[8,13,14]. It has become clear that robust immune cell proliferation
and effector function in vitro correlate with improved anti-tumor
function in vivo, highlighting the need for delivery methods that do
not negatively impact these critical quality attributes of the effector
cells [15,16]. In addition, to ensure that manufacturing is feasible in
terms of cost, time and meeting the urgent clinical need, it is critical
to achieve sufficient yields of viable transgene-positive cells to pro-
duce a final product to treat patients. Therefore, alternative
approaches are required and the ideal intracellular delivery method
will allow transfection of a diverse array of cargo to multiple cell
types while minimally perturbing normal cell function.

The authors previously reported on a non-viral method using the
Solupore system that allows for transient permeabilization of the cell
membrane to achieve rapid intracellular delivery of cargos with vary-
ing compositions, properties and sizes, such as macromolecules and
nucleic acids [17]. During the delivery process, the cargo of interest is
mixed with a delivery solution that contains a low concentration of
ethanol as a cell permeabilizing agent. Target cells are placed into the
Solupore system, culture medium is removed and the delivery solu-
tion is applied to the cells in the form of droplets. The volume and
size of the droplets are precisely controlled to maximize cargo deliv-
ery and cell recovery post-process. After a brief incubation, culture
medium is added to the cells and they are removed from the system.
Here it is demonstrated that the Solupore system can successfully
facilitate the delivery of messenger RNA (mRNA) and gene-editing
tools such as CRISPR-Cas9 to primary human T cells with minimal
perturbation of cell function.

Methods

Ethics

All experimental methods were carried out in accordance with the
approved guidelines. Leukopaks from healthy donors were sourced
from AllCells (Quincy, MA, USA) or BioIVT (Westbury, NY, USA) in full
compliance with Good Clinical Practice as defined under US Food and
Drug Administration and US Department of Health and Human Serv-
ices regulations and International Council for Harmonisation of Tech-
nical Requirements for Pharmaceuticals for Human Use guidelines.
The murine CAR T cell efficacy study was performed at The Jackson
Laboratory, an AAALAC International-accredited and Office of Labora-
tory Animal Welfare-assured institution. The Jackson Laboratory
adheres to all applicable international, national and institutional poli-
cies for the care and use of research animals. All experimental proce-
dures were approved by the Institutional Animal Care and Use
Committee of The Jackson Laboratory.

Cell isolation and culture

Peripheral blood mononuclear cells (PBMC) were isolated from
fresh leukopaks using Lymphoprep density gradient medium (STEM-
CELL Technologies, Vancouver, Canada) and cryopreserved using stan-
dard methods. Upon thaw, T cells were isolated from PBMC using
soluble CD3 (clone OKT3) and CD28 (clone 15E8) antibodies (Miltenyi
Biotec, Bergisch Gladbach, Germany), each at 100 ng/mL. Cells were
initiated for 3 days in complete culture medium consisting of CTS
OpTmizer plus supplement (Gibco, Waltham, MA, USA) with 5% Physi-
ologix serum replacement (Nucleus Biologics, San Diego, CA, USA), 1%
L-glutamine and 250 IU/mL IL-2 (CellGenix, Freiburg, Germany). Cell
viability was measured using a 40,6-diamidino-2-phenylindole/Acri-
dine Orange viability stain with the Via1-Cassette and NucleoCounter
NC-3000 (ChemoMetec, Allerod, Denmark).

Transfection using the Solupore system

The transfection method was adapted from that previously
described [17]. Cells were transferred to either 96-well filter bottom
plates (Agilent Technologies, Santa Clara, CA, USA) at 3.5 £ 105 cells
per well or to transfection pods (Avectas, Maynooth, Ireland) at
6 £ 106 cells per pod. Culture medium was removed from the 96-
well plates by centrifugation at 350 £ g for 120 seconds and from the
pods by gravity flow. Cargos were combined with delivery solution
(32.5 mM sucrose, 106 mM potassium chloride, 5 mM N-2-hydroxye-
thylpiperazine-N-ethanesulfonic acid in water) and 1 mL and 50 mL
were delivered to the cells in the 96-well plates and pods, respec-
tively. For delivery of RNP and mRNA, delivery solution also con-
tained 10% and 12% v/v ethanol, respectively. Following a 30-second
incubation at room temperature, 50�2000 mL 0.5£ phosphate-buff-
ered saline solution (68.4 mM sodium chloride, 1.3 mM potassium
chloride, 4.0 mM sodium hydrogen phosphate, 0.7 mM potassium
dihydrogen phosphate) was added, and after 30 seconds, complete
culture medium was added.

Electroporation

Cells were electroporated with the 4D-Nucleofector system
(Lonza, Basel, Switzerland) using either the 20-mL or 100-mL Nucleo-
cuvette format as per the manufacturer’s protocol with the P3 Pri-
mary Cell 4D-Nucleofector solution and pre-loaded FI-115 or EO-115
pulse program (as indicated later) as recommended by the manufac-
turer for human T cells.

Delivery of green fluorescent protein mRNA, CAR mRNA and RNP
complexes

Green fluorescent protein (GFP) mRNA and CD19 CAR mRNA (Tri-
Link BioTechnologies, San Diego, CA, USA) (see supplementary meth-
ods) were delivered to a final concentration of 2 mg/1 £ 106 cells and
3.3 mg/1 £ 106 cells respectively for both the Solupore system and
electroporation. For co-delivery studies, 2 mg of each mRNA was
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delivered. CD19 CAR expression was evaluated using a biotin-conju-
gated CD19 CAR detection reagent (Miltenyi Biotec) followed by
streptavidin�phycoerythrin with 7-aminoactinomycin D as a viabil-
ity stain. Cas9 (Integrated DNA Technologies, Coralville, IA, USA) was
delivered at a final concentration of 3.3 mg/1 £ 106 cells and pre-
complexed with a 2-M excess of guide RNA (gRNA) (2.48 mM Cas9
and 4.96 mM gRNA; Integrated DNA Technologies). The sequence for
human T cell receptor alpha constant (TRAC)-targeting gRNA was
AGAGTCTCTCAGCTGGTACA and the sequence for human CD7-target-
ing gRNA was GGAGCAGGTGATGTTGACGG. Expression of CD3 and
CD7 (antibody clone CD7-6B7; BioLegend, San Diego, CA, USA) was
analyzed by flow cytometry.

Flow cytometry analysis

Flow cytometry was performed using a NovoCyte 3000 (ACEA Bio-
sciences, San Diego, CA, USA). Data were examined using NovoEx-
press software (ACEA Biosciences).

Proliferation assay

Following transfection with GFP mRNA, T cells were counted
using an NC-Slide A8 and Solution 13 on the NucleoCounter NC-3000
according to the manufacturer’s protocol. Samples were adjusted to a
viable cell density of 1 £ 106 cells/mL and 200 mL was transferred to
a U-bottom 96-well plate (Greiner, Kremsm€unster, Austria). Cells
were placed in a humidified 37°C, 5% carbon dioxide (CO2) incubator
for 72 h. Samples were then counted, reseeded at a viable cell density
of 1 £ 106 cells/mL in fresh medium and incubated for a further 96 h.
Projected cell growth over 7 days was calculated by multiplying a
starting cell number of 5 £ 106 viable cells by the observed fold
growth over 3 days. This value was then multiplied by the observed
fold growth over the following 4 days.

Gene profiling

Resting T cells were transfected in the absence of cargo and RNA
was isolated from cells using the RNeasy mini kit (Qiagen, Hilden,
Germany) as per the manufacturer’s instructions. Transcripts were
analyzed using the nCounter human CAR Tcell characterization panel
(NanoString, Seattle, WA, USA). Differential expression was displayed
using >log2 fold change (>2-fold linear change) with tables filtered
�1�log2�1.

In vitro cytotoxicity assays

At 24 h post-delivery of CD19 CAR mRNA, cells were cryopre-
served in CryoStor CS10 (Sigma-Aldrich, St Louis, MO, USA). In vitro
cytotoxicity was measured with an impedance assay using the xCEL-
Ligence real-time cell analyzer single plate instrument (ACEA Bio-
sciences). Wells of the electronic microtiter plates were coated with
4 mg/mL CD40 (ACEA Biosciences) for 3 h. Raji cells (American Type
Culture Collection, Manassas, VA, USA) were seeded at 5 £ 104 cells/
well and allowed to adhere overnight. At 19�21 h later, CAR T cells
were thawed and added to the Raji cells at E:T ratios of 2.5:1, 1.25:1,
0.6:1 and 0.1:1. Impedance was monitored every 1 min for 4 h, every
5 min for 8 h and then every 15 min for at least 92 h. Cell indexes
were normalized to a cell index of the time point when CAR T cells
were added and specific lysis was calculated in comparison with con-
trol effector cell-only cultures.

In vivomurine CAR T-cell efficacy study

CD19 CAR mRNA was delivered to T cells and cells were cryopre-
served. NOD/SCID/g�/�mice were engrafted on day 0 with CD19+
Raji-luciferase tumor cells (2.5 £ 105 cells) intravenously, and mice
were then randomized across treatment groups based on body
weight. On day 3, CAR T cells were thawed and 1 £ 106 cells, 2 £ 106

cells or 4 £ 106 cells were injected per animal. On day 15, biolumi-
nescence imaging was carried out, animals were euthanized by CO2

asphyxiation and blood was taken for analysis. HuCD3 V605 clone
UCHT1 antibody (BioLegend) and BD FACSDiva software (BD Bio-
sciences, San Jose, CA, USA) were used for flow cytometry analysis.

Statistics

A Wilcoxon matched-pairs signed-rank test was carried out on
the cell proliferation data. The gene expression analysis was carried
out by NanoString using their nSolver software. CD19 CAR expression
and CAR T-cell in vivo engraftment were analyzed using a two-tailed
paired t-test.

Results

Efficient and versatile engineering of primary human T cells

Next-generation immune cell therapies will require complex edit-
ing that may include the addition and deletion of cell functions.
Therefore, the ability of the Solupore system to both introduce func-
tionality to T cells using mRNA and delete functionality using
CRISPR-Cas9 gRNA RNP complexes was determined. To further exam-
ine the versatility of the platform, these cargos were delivered in
combination or sequentially. GFP mRNA was delivered to T cells from
three donors and GFP expression and cell viability were examined at
24 h post-transfection. GFP expression was greater than 80% in each
donor, with high cell viability retained (Figure 1A). The proliferation
of T cells following delivery of GFP mRNA remained similar to that of
untreated cells (Figure 1B). When CAR mRNA was co-delivered with
GFP mRNA, more than 57% of the population was GFP+/CAR+ at 24 h
post-transfection, again with high cell viability retained (Figure 1C).
CRISPR-Cas9 RNP complexes targeting the TRAC and CD7 genes were
delivered to T cells individually and sequentially. When delivered
individually, CD3 and CD7 expression in the treated populations was
reduced to approximately 25% in both cases (Figure 1D). When TRAC
RNP was delivered and was followed 2 days later by CD7 RNP,
approximately 5% of the treated population retained a CD3+/
CD7+phenotype, and viability remained high when examined 4 days
post-delivery of CD7 RNP (Figure 1D).

Immune gene expression profiling demonstrates minimal cell
perturbation

The cargo delivery studies demonstrated that transfection with
the Solupore system was efficient while having minimal effect on cell
viability and proliferation. However, it has been reported that
although delivery methods such as electroporation can minimally
affect T cell viability, accompanying stress to cells can cause unin-
tended changes to gene expression and, ultimately, cell functionality
[8]. The authors therefore examined the effect of transfection on
immune gene expression in T cells and included an electroporation
comparator. The NanoString CAR T-cell characterization panel, which
measures the gene expression of up to 780 immune-related genes,
including genes relevant to immune cell exhaustion, activation and
persistence, was used. It has previously been reported by DiTommaso
et al. [8] that electroporation can dramatically affect gene expression
in T cells. To align with that study, the same FI-115 “high-efficiency”
electroporation program, as recommended by the manufacturer for T
cells, was used here. Also in alignment with the previous study,
unstimulated T cells were mock transfected to avoid potential con-
founding effects of cargo on gene expression.

In the first of these studies (study 1), T cells from three donors,
each including two technical repeats, were mock transfected. Gene



Figure 1. Efficient complex engineering of primary human T cells. (A) GFP expression and cell viability at 24 h post-GFP mRNA delivery to T cells from three donors. Delivery is rep-
resented as the total percentage of cells. (B) Projected proliferation curves post-GFP mRNA delivery to T cells from one donor, showing mean of n = 2. No significant difference in
proliferation is observed between Solupore-treated cells and untreated control cells (Wilcoxon matched-pairs signed-rank test). (C) Co-delivery of GFP mRNA and CD19 CAR mRNA
(n = 3 in one donor). (D) Expression of CD3 and CD7 following delivery of TRAC and CD7 RNPs individually, and delivery of TRAC RNP followed 2 days later by CD7 RNP with analysis
at day 5 post-CD7 RNP delivery (n = 3 in one donor). SOL, Solupore system. (Color version of figure is available online).
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expression was analyzed at 6 h and 24 h post-transfection. In cells
treated using the Solupore system, 1.7% of genes at the 6-h time point
were identified as differentially expressed compared with untreated
control cells (10 of 582 genes, >log2 fold change , P< 0.05, dataset
S1). At 24 h post-transfection, no changes in gene expression were
identified (0 of 582 genes). By contrast, for the electroporation 6-h
group, 265 of 582 genes were identified as changed, representing
45.5% of the genes detected (dataset S1). In the electroporation 24-h
group, 11.3% of genes were differentially expressed (66 of 582 genes,
dataset S2). Of the differentially expressed genes in the electropora-
tion samples, 37 were expressed at both the 6 h and 24 h time points
(see supplementary Table 1). Of the 10 genes identified in the Solu-
pore system 6-h group, eight were also identified in the electropora-
tion 6-h group (see supplementary Table 2). To provide an overview
of differentially expressed genes, volcano plots (Figure 2A) and heat
maps (Figure 2B; also see supplementary Figure 1) were generated
and illustrated the impact of electroporation on gene expression in T
cells. A pathway analysis was also completed (Table 1; also see sup-
plementary Figure 2) and showed that a majority of the genes identi-
fied in the electroporation 6-h group mapped to pathways associated
with T-cell activation, metabolism and exhaustion.

To expand upon these findings, a second study was carried out
with gene expression analysis at 24 h post-transfection. Each group
included unstimulated T cells, with two donors run in technical
duplicate and a third donor as a single sample, and all were mock
transfected. The results were similar to those seen in the first study,
with only nine of 597 genes (1.5%) identified in cells treated with the
Solupore system and 43 of 597 genes (7.2%) identified for the electro-
poration group (dataset S3), showing consistency with the first study.
Four genes were identified as being in common between the two
transfection systems used in this study (see supplementary Table 3).
When both studies were compared, 38 genes were found to be com-
mon between the 24-h electroporation groups, again showing con-
sistency between the studies (Table 2).

Generation of CD19 CAR T cells and in vitro and in vivo cytotoxicity

The Solupore system was next used to generate CAR T cells cancer
cell killing in vitro and in vivowas examined. An electroporation com-
parison was also carried out. As noted, the FI-115 program was used
for the gene expression profiling study above to enable comparison
with data published by another group [8]. However, the EO-115 pro-
gram is widely used for primary T cellsand so was used for the CD19
CAR T-cell study here. CD19 CAR mRNA was delivered to T cells from
three donors. CD19 CAR expression in Solupore cells ranged from
72% to 76% across the donors (Figure 3A). Although CD19 CAR
expression was slightly higher in electroporated cells, this was not
statistically significant (two-tailed paired t-test). In vitro cytotoxicity
against CD19-expressing Raji cells was determined using a real-time
cellular impedance assay. CAR T cells from each donor showed effi-
cient levels of cytotoxicity against the target Raji cells that were com-
parable for both Solupore and electroporated cells (Figure 3A).



Figure 2. Comparison of intracellular delivery methods demonstrates minimal perturbation of immune gene expression in T cells using the Solupore system. (A) Unactivated T cells
from three donors, including two technical repeats, were mock transfected. RNA was harvested 6 h or 24 h post-treatment and gene expression was compared with untreated con-
trol cells using the NanoString CAR T-cell characterization panel. Volcano plots show the fold change and Pvalue of individual genes at 6 h and 24 h after transfection compared
with untreated control cells. (B) Filtered heat map indicates genes with >log2 fold change compared with untreated controls, , with a statistical significance of P< 0.05, filtered to
show only those genes that were changed in at least one of the groups. Green, red and black represent downregulated, upregulated and not changed, respectively. EP, electropora-
tion; SOL, Solupore system; UT, untreated.
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The therapeutic potential of these CD19 CAR T cells was evalu-
ated in vivo using a luciferase-expressing Raji tumor model in
immunodeficient NOD/SCID/g�/�mice (Figure 3B). Mice received
doses of 1 £ 106 CAR T cells, 2 £ 106 CAR T cells or 4 £ 106 CAR T
cells, and disease progression was monitored by bioluminescent
imaging. At 12 days following dosing, reduced tumor growth was



Table 1
Pathway analysis of genes identified at 6 h in CAR T cell characterization panel.

Gene pathway Associated genes
identified in
electroporation group, n

Associated genes
identified in Solupore
system group, n

Activation 77 4
Metabolism 56 2
Exhaustion 49 2
TCR signaling 25 3
Apoptosis 22 1
Chemokine signaling 15 1
T-cell migration and
persistence

11 0

Glycolysis 8 0
Antigen processing and
presentation

6 0

TCR, T cell receptor.
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evident in a dose-dependent manner in cohorts that had received
either Solupore CAR T cells or cells generated using electroporation
(Figure 3C). It was notable that three of 10 mice appeared disease-
free in the group that received the highest dose of Solupore CAR T
cells. There were also significantly higher numbers of Solupore CAR
T cells in the blood of those mice that received the 2 £ 106 Solupore
CAR T cells and 4 £ 106 Solupore CAR T cells compared with their
electroporation counterparts (P< 0.05, two-tailed paired t-test),
indicating higher levels of CAR T-cell engraftment in those animals
(Figure 3D).
Table 2
Comparison of electroporation groups (24-h time point) in study 1 and study 2 show-
ing common genes identified with >log2 fold change, P<0.05.

Gene Study 1 (log2 fold
change)

Study 2 (log 2 fold
change)

AHR 1.38 1.29
BATF 1.38 1.23
BATF3 2.93 2.05
CCL22 4.21 2.09
CCL4/L1 �1.71 �1.42
CD19 1.57 1.58
CD200 1.93 2.92
CD244 �1.31 �2.26
CD38 2.93 2.33
CD68 1.09 1.85
CTSW �1.87 �1.64
CX3CR1 �2.68 �2.12
FCGR3A/B �2.54 �1.4
FOS 1.84 1.82
FOSB 3.23 2.82
GZMA �1.66 �1.36
GZMH �1.8 �1.08
GZMK �1.68 �1.54
ICOSLG 1.21 1.27
IFIT3 1.92 1.99
IL12RB2 1.83 1.46
IL7R �1.34 �1.04
IRF4 2.37 1.81
IRF8 2.28 1.94
ITGAM �1.86 �1.64
JUN 2.34 1.96
KLRB1 �1.55 �1.23
LAIR1 �1.66 �1.2
MT2A 1.39 1.14
NCR1 �1.72 �1.28
NFIL3 1.01 1.11
NT5E �1.43 �1.22
PRF1 �1.46 �1.14
SELL �1.19 �1.05
TIMP1 �1.43 �1.42
TRGC2 �1.27 �1.03
TRGV2 �1.45 �1.12
TYROBP �1.39 �1.4
Discussion

Challenges with current approaches to cell therapy development
and manufacture have led to the expectation that virus-free protocols
will play a key role in the development of next-generation products
[18�20]. The Solupore system has been developed as an advanced
non-viral technology aimed at addressing some of these challenges,
and here we have demonstrated the delivery efficiency of the system
with a range of cargo types.

The ability of the platform to support multiplex delivery and
sequential gene edits without compromising cell viability is an
important feature. If targeting and efficacy are to be enhanced in
autologous cell therapies for both liquid and solid tumors, cells will
require multiplex or sequential engineering steps that can integrate
with manufacturing processes. Limitations in viral vector capacity
and electroporation toxicity mean that these modalities may be
unsuitable for many complex engineering regimes. The studies
reported here demonstrate that the Solupore transfection process
has a minimal impact on gene expression in T cells and, importantly,
biological attributes such as viability and proliferation are preserved.
Moreover, CAR T-cell killing in vitro and in vivo demonstrates the
functionality of these cells.

Although electroporation is currently the most widely used non-
viral method for cargo delivery, non-specific changes in protein and
gene expression and reduced anti-tumor efficacy in T cells engi-
neered by this method have been reported previously [7]. The data
here correlate well with that report. In the gene expression profiling
study carried out here, the Solupore process resulted in the altered
expression of only a small number of immune-related genes. Of the
10 genes identified in the 6-h group, eight were found to be in com-
mon with the electroporation 6-h group, suggesting that these may
be genes associated with breaching of the cell membrane or other
processes common to the two delivery methods. It is noted that
gene expression was examined at early time points in the study and
might be different following a standard 1-week ex vivo expansion.
Nonetheless, the finding that electroporation dramatically affects
gene expression in T cells is consistent with the aforementioned
previous study as well as with another report of increased levels of
intracellular calcium and transcriptional activity in electroporated T
cells in the absence of exogenous stimuli [13]. Others have also
found that electroporation leads to reduced cell proliferation, with
data suggesting that this is caused by activation of DNA damage
response pathways [21]. This is a concern for gene editing
approaches, and it is unclear how these effects of electroporation
will ultimately impact the potency of cell therapy products.

There is also increasing interest in the possibility of engineering
unactivated T cells to reduce the likelihood of effector cell exhaustion.
In this scenario, unactivated cells could be engineered and subse-
quently expanded. This would have the added advantage of requiring
substantially less cargo. The finding in this and other studies that
electroporation induces perturbations in unactivated T cells at the
transcriptional level makes it a less desirable approach for this appli-
cation. By contrast, the Solupore system has the potential to enable
engineering of these cells, allowing for the manufacture of both unac-
tivated and activated complex engineered cells with minimal pertur-
bation to cell functionality.

The Solupore system is well placed to address several cell ther-
apy development and manufacturing challenges. The long lead time
required to design and generate even research-grade viral vectors
means that timelines may be longer than desired at the cell therapy
development stage. This is of particular concern in relation to pro-
gressing novel approaches for solid tumors where targeting and effi-
cacy challenges mean that large numbers of candidate target
antigens and cell potency enhancements will need to be tested. It
will be necessary to evaluate a myriad of cell compositions in a
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rapid, high-throughput fashion that is likely to be highly con-
strained if wholly reliant on viral vectors. The studies reported here
show that the Solupore system is compatible with the acceleration
of the innovation cycle time required for impactful progress in tack-
ling solid tumors. Because the process is gentle on cells compared
with electroporation, the initial yield in the number of viable, trans-
gene-positive cells is likely to be higher. This would positively
impact manufacturing feasibility, with benefits for cost and the abil-
ity to successfully produce a final product to treat patients. Another
manufacturing consideration is the simplicity of the Solupore
Figure 3. CD19 CAR T cells generated by transfection of CD19 CAR mRNA show effective cy
delivery and in vitro killing of Raji tumor cells as measured by impedance assay. (B) For the
3 days later by 1 £ 106 CAR T cells, 2 £ 106 CAR T cells or 4 £ 106 CAR T cells per mouse (n =
significantly higher in those animals that received 2 £ 106cells and 4 £ 106 cells compared w
nescence imaging; D, day; FACS, fluorescence-activated cell sorting; IV, intravenous; NSG, NO
process and the low number of steps. Unlike electroporation, the
same Solupore programs and buffers can be used for a range of cell
types, with cell density being the main parameter that is varied. In
addition, the cells do not require a buffer change prior to transfer
into the Solupore system, meaning that the process is shorter and
less complex, which is highly desirable in the context of cell therapy
manufacture. The Solupore technology is currently being developed
to address clinically meaningful cell numbers, in the range of
108cells, in a current GMP-aligned format and will be licensed to
cell therapy developers and contract development and
totoxicity in vitro and in vivo. (A) CAR expression in T cells from 3 donors at 24 h post-
in vivo study, 2.5 £ 105 luc-expressing Raji cells were injected into NSG mice, followed
10 mice per group). (C) BLI at day 15. (D) Solupore CAR T cell engraftment in blood was
ith respective electroporation groups (P< 0.05, two-tailed paired t-test). BLI, biolumi-
D/SCID/g�/�; Raji-luc, Raji-luciferase.
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manufacturing organizations, where it will integrate into
manufacturing processes. A flow-through version of the technology
that can address even higher numbers of cells is also in the early
stages of development.

Conclusions

The authors have demonstrated that the Solupore system represents
an attractive non-viral delivery platform that efficiently engineers T cells
while retaining high levels of cell viability and functionality and pos-
sesses many features that are well suited to addressing the manufactur-
ing challenges of next-generation cell therapy products.
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