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ABSTRACT: Chimeric antigen receptor (CAR) T cell therapy relies on the ex
vivo manipulation of patient T cells to create potent, cancer-targeting therapies,
shown to be capable of inducing remission in patients with acute lymphoblastic
leukemia and large B cell lymphoma. However, current CAR T cell engineering
methods use viral delivery vectors, which induce permanent CAR expression and
could lead to severe adverse effects. Messenger RNA (mRNA) has been explored
as a promising strategy for inducing transient CAR expression in T cells to
mitigate the adverse effects associated with viral vectors, but it most commonly
requires electroporation for T cell mRNA delivery, which can be cytotoxic. Here,
ionizable lipid nanoparticles (LNPs) were designed for ex vivo mRNA delivery to
human T cells. A library of 24 ionizable lipids was synthesized, formulated into
LNPs, and screened for luciferase mRNA delivery to Jurkat cells, revealing seven
formulations capable of enhanced mRNA delivery over lipofectamine. The top-performing LNP formulation, C14−4, was selected
for CAR mRNA delivery to primary human T cells. This platform induced CAR expression at levels equivalent to electroporation,
with substantially reduced cytotoxicity. CAR T cells engineered via C14−4 LNP treatment were then compared to electroporated
CAR T cells in a coculture assay with Nalm-6 acute lymphoblastic leukemia cells, and both CAR T cell engineering methods elicited
potent cancer-killing activity. These results demonstrate the ability of LNPs to deliver mRNA to primary human T cells to induce
functional protein expression, and indicate the potential of LNPs to enhance mRNA-based CAR T cell engineering methods.
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In 2017 the FDA approved CD19 chimeric antigen receptor
(CAR) T cell therapy for the treatment of relapsed or

refractory acute lymphoblastic leukemia (ALL), given its ability
to induce high rates of remission.1,2 In the same year, the
therapy was approved for the treatment of relapsed or
refractory large B cell lymphoma, as it was also shown to
induce remission in these patients.3,4 Based on these successes,
CAR T cell therapy is now being explored for the treatment of
several other cancers, including glioblastoma5 and refractory
multiple myeloma,6 but have yet to receive FDA approval. The
development of these autologous therapies relies on ex vivo cell
engineering to produce CAR T cells. To produce this form of
cancer immunotherapy, patient T cells are harvested, modified
to express CD19-specific CAR, and reinfused into the patient.
The transmembrane CAR construct allows T cells to target
and bind cancerous B cells to induce apoptosis and, thus,
eradicate the cancer using the patient’s own immune system.7

Though this process yields potent CAR T cells that induce
durable remission,2−4 this therapy can have serious adverse
effects that are attributed to patient immune response, as well
as potential risks associated with viral transduction and
production errors.3,8−12 Immediate reactions, which have
been found to occur in nearly 70% of adult patients receiving

the therapy,13 include macrophage activation syndrome,
neurotoxicity, and cytokine release syndrome.3,9,14 While
some of the initial adverse events may be mitigated with
anti-IL-6 receptor antibodies,2 the long-term effects can be
equally as severe. CD19-directed CAR T cells target both
cancerous and normal B cells, often leading to the elimination
of all CD19 positive cells, which results in B cell aplasia and
hypogammaglobulinemia.9,15−17 Further, in the exploration of
new CAR constructs to target biomarkers beyond CD19,
several adverse events have been reported, which emphasizes
the potential risks associated with uncontrolled CAR T cells
and motivates the development of safer CAR T cells for early
clinical investigations.18−21 In addition to the safety concerns
associated with continuous targeting, CAR T cells with
permanent CAR expression, including those that are FDA
approved, are most commonly produced via viral transduction,
which presents limitations for manufacturing and in vivo
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translation. Despite their costly and complex synthesis, viruses
are limited in the amount of the genetic material they can carry
and require elaborate protocols for CAR T cell manufactur-
ing.22−24 Further, utilizing viruses to engineer T cells in vivo
instead of ex vivo is restricted by the cost and immunogenicity
of viral systems.23,24 In total, these adverse effects highlight the
potential risks associated with this potent therapy, while the
limitations of viral delivery motivate an investigation into
improving CAR T cell production methods to generate safer,
less expensive CAR T cells.
One potential solution to overcome these challenges

associated with CAR T cell therapy is utilizing messenger
RNA (mRNA) to induce CAR expression. mRNA allows for
the transient expression of CAR, as it is translated without
genomic integration.25 Furthermore, the customizable struc-
ture of in vitro transcribed (IVT) mRNA allows it to be
engineered for potent transfection and translation.26,27 mRNA-
based CAR T cell therapy has been validated in previous
studies on a variety of cancers including ALL, melanoma, and
Hodgkin’s lymphoma, and it has been shown to reduce the
short-term disease burden as effectively as stably expressing
CAR T cells.17,28−39 Given this potential, mRNA-based CAR T
cell therapy is being evaluated in numerous ongoing clinical
trials for cancers, including colorectal cancer and B cell
lymphoma, among others.40 These previous investigations have
confirmed that CAR expression typically persists for less than a
week, which limits the ability of mRNA-based therapies to
offer long-term therapeutic benefits without readministra-
tion.28,36,38 However, it also has the potential to cause fewer
on-target, off-tumor effects and has been shown to offer lower
toxicity.28,33,36−38 Additionally, the amount of mRNA deliv-
ered to T cells was shown to affect the level of CAR expression
on T cells, indicating that mRNA-based CAR expression may
offer a means to modulate the side effects, such as cytokine
release syndrome, associated with CAR T cell therapy.28,33

However, because naked mRNA degrades rapidly and
cannot readily cross the cell membrane, it requires delivery
vectors and/or methods for uptake into T cells. Currently,
electroporation (EP) is used clinically to deliver mRNA to a
variety of cells, including T cells,27,28,41 but it has a number of
disadvantages. The membrane disruption that occurs during
EP requires specialized equipment, and risks the loss of
cytoplasmic content and cytotoxicity, while failing to guarantee
consistent membrane penetration across cells for delivery.41,42

This can lead to low viability, and altered gene and protein
expression in the surviving cell population.41,43,44 Thus, further
investigation into the long-term expression of transgenes and
behavior in cells after EP is needed to understand the potential
risks associated with this method of nucleic acid delivery.42,45

Nanoparticle (NP)-based delivery systems, composed of
lipid- and polymer-based materials, offer a promising means to
overcome the challenges faced using mechanical and viral cell
engineering methods.41,46−48 NPs require no specialized
equipment or elaborate protocols for cellular delivery, and
they have numerous potential benefits including the ability to
stabilize nucleic acid cargo, aid in intracellular delivery, and
mitigate cytotoxicity.26,49−51 There have been numerous
investigations into polymer-based NPs for mRNA delivery to
cells with promising results, including reduced cytotoxicity
compared to EP.47,52−55 Only a few of these investigations
have specifically investigated the polymeric NP design for
mRNA delivery to T cells, but they have successfully
demonstrated the potential of NP platforms for T cell

engineering.53,54 However, ionizable lipid nanoparticle (LNP)
delivery systems are more clinically advanced than polymers in
the context of RNA delivery, with the recent U.S. Food and
Drug Administration’s (FDA) approval of Alnylam’s Onpat-
tro.26,56 Additionally, LNPs contain an ionizable lipid core that
remains neutral in a physiologically relevant pH but builds
charge in acidic environments, such as the endosome, to
ultimately aid in endosomal escape and enable potent
intracellular nucleic acid delivery.46,57−59 Though the exact
mechanisms governing uptake vary by cell type, LNPs enter
cells mainly via membrane-derived endocytosis, making
endosomal escape crucial for functional mRNA delivery.60,61

LNP delivery platforms have been validated across a variety of
cell types, including immune cells, with minimal cytotoxicity,
and previous work on lymphocyte delivery revealed that LNPs
deliver mRNA more effectively than commercially available
lipofectamine.46,47,50,57,58,62 Further, the easily modifiable
composition of LNPs allows for the adjustment of their
physicochemical properties to maximize their uptake into
specific cell types, while their ionizable properties allow them
to electrostatically complex with negatively charged nucleic
acid cargo.46,47,50,57,62,636465 These properties make LNPs a
potentially promising platform for human CAR T cell
engineering.
Here, a diverse library of LNPs was evaluated for the

delivery of mRNA to T cells. Twenty-four distinct ionizable
lipids were combined with set ratios of cholesterol,
phospholipid, and lipid-anchored PEG and mixed via a
microfluidic device with mRNA to form various LNP
formulations (Figure 1A,B). These LNPs were first utilized

to deliver luciferase mRNA to Jurkat cells, an immortalized T
cell line. This screen identified seven LNP formulations that
enhanced mRNA delivery compared to lipofectamine, and a
top LNP formulation, C14−4, was identified for its potent
transfection and low cytotoxicity. C14−4 LNPs were then
optimized for the transfection of primary T cells, and it was
shown that LNPs formulated with a purified saturated

Figure 1. (A) Schematic of the components used to generate LNPs
via microfluidic mixing and the expected structure of the resulting
LNPs. (B) The size (z-average) distribution of a representative
sample of C14−4 LNPs, revealing a diameter of approximately 70 nm
using dynamic light scattering. Error bars represent the standard
deviation across three samples. (C) Schematic of CAR mRNA loaded
LNPs inducing CAR expressionin T cells, resulting in tumor cell
targeting and killing.
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ionizable lipid led to improved mRNA delivery over LNPs
formulated with a crude C14−4 lipid. Finally, to illustrate the
translatability of the platform, the optimized C14−4 LNPs
were used to encapsulate CAR mRNA to generate functional
CAR T cells (Figure 1C). In comparison to EP-based mRNA
delivery, C14−4 LNPs induced less T cell toxicity and resulted
in similar amounts of CAR surface expression. In a coculture
assay with ALL cells, LNP-engineered CAR T cells
demonstrated the same potent cancer cell killing ability as
both EP- and virally-engineered CAR T cells. Thus, LNPs were
validated as a potentially promising alternative strategy for
mRNA-based ex vivo engineering of CAR T cells.

■ CHARACTERIZATION OF LNP LIBRARY
In this study, ionizable lipid nanoparticles (LNPs) were
investigated for mRNA delivery to T cells. LNPs were selected
because they have been shown to deliver mRNA intracellularly
with high potency and low cytotoxicity to a range of cell and
tissue targets in vivo and ex vivo. Most recently, LNPs have
been utilized for nucleic acid delivery to a range of immune cell

types.52,61−63 Here, to investigate mRNA delivery specifically
to T cells, a library of 24 different LNP formulations was
generated by first synthesizing ionizable lipid materials via
Michael addition chemistry, where polyamine cores were
reacted with an excess of epoxide-terminated alkyl chains of
varying lengths (Figure 2, Table S1). The specific ionizable
lipids synthesized in this library are structural analogues of an
ionizable lipid that was previously formulated into LNPs and
shown to deliver siRNA and mRNA to immune cells.58,62,66

Here, LNPs were evaluated for mRNA delivery to T cells
specifically. To formulate LNPs, ionizable lipids were
combined in ethanol with three excipients: (i) cholesterol, to
enhance LNP stability and enable membrane fusion, (ii)
dioleoylphosphatidylethanolamine (DOPE), to fortify the
bilayer structure of the LNP and promote endosomal escape,
and (iii) lipid-anchored polyethylene glycol (C14-PEG), to
reduce aggregation and nonspecific endocytosis.67−69 This
ethanol phase was then mixed with aqueous phase mRNA in a
microfluidic device (Figure 1A). These excipients and their
molar ratios were chosen based off of previously optimized

Figure 2. Structures of the alkyl chains (A) and polyamine cores (B) used to generate the ionizable lipid library and a reaction scheme (C) of the
Michael addition chemistry used to synthesize the ionizable lipids by reacting an excess of alkyl chains with the polyamine cores. C14−4 is used
here as a representative reaction.
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LNP formulations for mRNA delivery, which generally utilized
(i) DOPE as the phospholipid component, (ii) a decreased
molar percentage of ionizable lipid, and (iii) increased
concentrations of cholesterol and lipid-anchored PEG.63,70

Given that alterations in the molar ratio of excipients impact
the physicochemical properties and ultimately potent delivery
of LNPs, the ratio of the components was held constant
throughout these experiments.63,70,71

The resulting LNPs were then characterized for size and
mRNA concentration using dynamic light scattering (DLS)
and A260 absorbance measurements. The diameter of the
LNPs, reported as the z-average measurement, ranged from
51.05 to 97.01 nm with PDIs below 0.3 (Table S2). The
mRNA concentration measured as A260 absorbance showed
consistency across LNP formulations, ranging from 33.3 to
48.3 ng/μL. Collectively, these results confirmed the formation
of 24 different LNP formulations encapsulating mRNA to be
used in this investigation for T cell delivery.

■ SCREENING OF LNPS FOR MRNA DELIVERY TO
JURKAT CELLS

To evaluate LNPs for their ability to deliver mRNA, luciferase
was chosen as the encoded reporter protein. After the addition
of luciferin, only luciferase protein translated from the mRNA
reacts to generate a luminescent signal, creating an easily
detectible output that correlates with functional mRNA
delivery.72 The luciferase mRNA used in these experiments
utilized N1-Methyl-PseudoU and 5-Methyl-C modifications,
which have been shown to enhance mRNA translation by both
increasing ribosome density and enabling encapsulation within
LNPs.30,73,74 These modifications may alter mRNA encapsu-
lation in LNPs, delivery of the mRNA, and overall
immunogenicity, and further investigation into the optimized
modifications for these specific LNP delivery vehicles could be
explored in future work.30,50,75−78

Here, LNP-mediated delivery of luciferase mRNA was
assessed in Jurkat cells, a line of immortalized human T cells
commonly utilized to study T cell behavior.52,79,80 LNPs
encapsulating luciferase mRNA were used to treat Jurkat cells

Figure 3. (A) Luciferase expression in Jurkat cells after treatment with the LNP library and lipofectamine for 48 h at a dose of 30 ng/60 000 cells
identifies top-performing LNPs. Results were normalized to untreated cells, and the background luminescence was subtracted. *: p < 0.05 in paired
student t test to lipofectamine. n = 4 biological replicates. (B) Luciferase expression of Jurkat cells treated with the top five performing LNP
formulations to determine the top-performing LNP formulation. Results were normalized to untreated cells, and the averaged luminescent
background was subtracted. *: p < 0.05 in Tukey’s multiple comparison test between C14−4 and each formulation. n = 3 biological replicates. (C)
Table reporting the diameters (z-average), polydispersity index, and mRNA concentration (± standard deviation) of the top five performing LNP
formulations. n = 3. (D) Luciferase expression over time in Jurkat cells treated with 30 ng/60 000 cells of C14−4 for 24 h confirms transient
expression of the protein. Results normalized to expression at 24 h with the background subtracted. n = 3 biological replicates. (E) Viability of
Jurkat cells treated with 30 ng mRNA/60 000 cells for 48 h using lipofectamine or C14−4, showing minimal cytotoxicity associated with C14−4
LNP treatment. Results normalized to untreated cells with the background subtracted. n = 3 biological replicates.
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at a concentration of 30 ng/60 000 cells. After 48 h, luciferase
expression was assessed via luminescence measurements. The
luminescence measurements from LNP formulations were
normalized to an untreated cell group and compared to
commercially available lipofectamine, a commonly used
transfection reagent that is widely considered as the gold
standard in vitro.81,82 The library screen identified seven LNP
formulations that resulted in significantly higher luciferase
expression than lipofectamine, indicating enhanced luciferase
mRNA delivery to Jurkat cells (Figure 3A). Enhanced delivery
did not correlate with LNP size, mRNA concentration, or
ionizable lipid pKa (Figure S1). Of these seven top-performing
LNPs, three formulations were comprised of ionizable lipids
with C12 alkyl chains, three with C14 alkyl chains, and one
with C16 alkyl chains. For the majority of the polyamine cores,
C16 alkyl chains resulted in the lowest mRNA delivery.
Polyamine cores 3, 6, and 7 did not enhance transfection
compared to lipofectamine, regardless of the alkyl chain length.
However, polyamine cores 2, 4, and 5, all with similar
structures of only one ring and additional oxygens, were
responsible for producing the five formulations with the
highest resulting luciferase expression, C14−4, C14−2, C14−

5, C16−2, and C12−4 LNPs. The two other polyamine cores
with only one ring structure were 3 and 6, with polyamine core
3 missing additional oxygen groups and polyamine core 6
including branched features dissimilar in structure to the
successful polyamine cores. Thus, it is possible that oxygen
atoms in the polyamine core and unbranched chains, in
addition to a single ring structure, play a role in ionizable lipid-
based mRNA delivery to T cells, though further investigation
would be necessary to better understand this potential
structure-function relationship.
After the initial screen, the top five performing LNP

formulations, C14−4, C14−2, C14−5, C16−2, and C12−4,
were compared over a range of mRNA concentrations to
determine both the top performing LNP formulation and the
optimal LNP dose for Jurkat cell transfection. The results
confirmed that C14−4, the top-performing LNP formulation
from the original library screen, induced the highest luciferase
expression out of the top five performing formulations (Figure
3B). The increase in luciferase expression was significant
compared to all other LNP formulations at doses greater than
20 ng, indicating that the optimal dose for C14−4 LNPs in
Jurkat cells was 30 ng. The enhanced performance of C14−4

Figure 4. (A) Luciferase expression and viability of primary T cells treated with crude C14−4 LNPs for 24 h. n = 3 biological replicates. (B) Results
of the TNS assay to determine LNP pKa for the crude and purified C14−4 LNPs encapsulating luciferase mRNA. pKa is calculated as the pH
corresponding to half of the maximum TNS fluorescence value. (C) Luciferase expression and viability of primary T cells treated with either crude
or purified C14−4, showing increased luciferase expression with no increase in cytotoxicity. *: p < 0.05 in paired student t test comparison of the
crude and purified LNPs. n = 3 biological replicates. For panels A and C, luciferase expression was normalized to the lowest treatment (75 ng/
60 000 cells), and the viability was normalized to no treatment with the background subtracted.
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LNPs does not reflect a difference in LNP size or mRNA
concentration, as the LNP formulation has a diameter of 70.17
nm and a concentration of 35.6 ng/ μL (Figure 3C). Further,
to verify the transient expression of mRNA delivered via C14−
4 LNPs, luciferase expression in Jurkat cells treated with LNPs
was observed over 96 h (Figure 3D). The results show a 23%
decrease after 48 h, confirming transient luciferase expression
and informing the use of 24 h time points for subsequent
experiments. To determine the cytotoxicity of C14−4 LNPs,
Jurkat cells treated with either C14−4 LNPs or lipofectamine
for 48 h were compared to an untreated group, and no
significant difference in viability was observed (Figure 3E).
Collectively, these results allowed for the selection of C14−4
LNPs as the top performing formulation for mRNA delivery,
and provided optimized transfection methods for C14−4
LNPs in vitro.

■ LIPID NANOPARTICLE-MEDIATED MRNA
DELIVERY TO PRIMARY HUMAN T CELLS

Because CAR T cells used for clinical cancer immunotherapy
are generated using harvested patient T cells, the top-
performing C14−4 LNPs were evaluated for mRNA delivery
to primary human T cells to demonstrate translatability
beyond the Jurkat cell line. Limitations of the Jurkat cell line
include that it is derived from only CD4+ T cells, whereas
primary T cells also include CD8+ phenotypes.79 However,

primary T cells require activation to achieve transfection.21,22

Dynabeads, widely utilized magnetic beads coated with
stimulatory CD3 and CD28 antibodies, were used for the
activation of T cells in a similar fashion as is employed for
clinical CAR T cell production.72,83,8485 CD4+ and CD8+ T
cells were isolated from the peripheral blood of healthy human
donors and combined at a 1:1 ratio.37 These cells were then
treated with C14−4 LNPs, encapsulating luciferase mRNA, at
a range of concentrations. After 24 h, luciferase expression and
cell viability were quantified (Figure 4A). LNPs induced
luciferase expression in T cells in an mRNA dose-dependent
manner, indicating successful delivery of luciferase mRNA to
the T cells. Further, minimal cytotoxicity was observed at only
the highest doses, indicating minimal toxic effects of C14−4
LNPs on primary T cells.
To further explore the potential of C14−4 LNPs for mRNA

delivery to T cells, the fully saturated ionizable lipid was
purified via flash chromatography, and the purified product was
utilized to formulate C14−4 LNPs. These purified C14−4
LNPs were compared with C14−4 LNPs made from the crude
C14−4 ionizable lipid, to verify that this structure was essential
for potent mRNA delivery. DLS and A260 absorbance
characterization of the purified C14−4 LNPs revealed a
diameter of 65.19 nm and mRNA concentration of 29.8 ng/
μL, which did not greatly differ from the LNPs made with
crude C14−4 product (Table S3). Using a Ribogreen assay to

Figure 5. (A) Surface expression of CAR on primary T cells assessed using flow cytometry, indicating increased CAR surface expression, evaluated
as the mean fluorescent intensity (MFI), in purified C14−4 LNP and EP treated groups compared to those treated with crude C14−4 LNPs. (B)
DLS measurments of crude and purified C14−4 LNPs to indicate their respective sizes. Error bars represent the standard deviation across three
samples. (C) Table reporting the mRNA concentration, diameters (z-average), and polydispersity index (±standard deviation) of the crude and
purified C14−4 LNPs encapsulating mRNA. (D) Viability of primary T cells treated with each group normalized to treatment with the background
subtracted, n = 3 biological replicates, *: p < 0.05 in paired t test to EP. (E) Results of Nalm6 and CAR T cell coplating at different effector-to-
target ratios for 48 h normalized to Nalm6 cells co-plated with untreated T cells as the control group. n = 3 wells. *: p < 0.05, **: p < 0.01 in the
paired t test to control.
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evaluate mRNA encapsulation in each formulation, it was
revealed that the crude and purified formulations had similar
encapsulation efficiencies of 92.5% and 86.3%, respectively.
Lastly in a TNS assay, the two LNP formulations were
evaluated for their pKa, which is defined as the pH at which the
LNPs are 50% protonated and is indicative of how pH affects
the surface charge and stability of the LNP.72 Ionizable lipids
have a pKa below 7, which enables them to become charged in
acidic endosomal compartments, which can enable the release
of encapsulated mRNA.72,86 Both the crude and purified C14−
4 LNPs were shown to be ionizable, with the purified
formulation having a slightly higher pKa value (Figure 4B).
The crude and purified C14−4 LNPs were then compared

for their ability to deliver mRNA in primary T cells. The T
cells were suspended at a 1:1 ratio of CD4+ to CD8+ and
activated with Dynabeads before treatment with LNPs. Crude
and purified C14−4 LNPs encapsulating luciferase mRNA
were investigated at two concentrations for luciferase
expression and viability (Figure 4C). At both concentrations,
the purified C14−4 LNPs had significantly increased luciferase
expression compared to the crude LNP formulation, and both
formulations had minimal effects on cell viability. Though the
exact mechanism by which the purified product out-performed
the crude C14−4 LNPs is unknown, the crude C14−4 was
characterized as containing mostly the fully saturated lipid with
a small fraction of oversaturated lipid, indicated by its higher
molecular weight measured via liquid chromatography−mass
spectrometry (Figure S2). These oversaturated ionizable lipids
may have an altered polyamine core structure to allow for the
addition of a sixth alkyl chain, which could impact their
delivery. Overall, the increase in luciferase expression without
an increase in cytotoxicity suggests purified C14−4 LNPs as
the top-performing formulation for primary T cell mRNA
delivery.

■ LNPS DELIVER CAR MRNA AS EFFECTIVELY AS EP
TO PRIMARY T CELLS WITH LOWER
CYTOTOXICITY

After quantifying luciferase-encoded mRNA delivery to T cells
via luminescence measurements, C14−4 LNPs were utilized
for CAR mRNA delivery as a clinically relevant application of
the delivery vehicle. CAR T cells generated with mRNA have
been utilized in numerous clinical trials as initial investigations
suggest that transient CAR expression may overcome obstacles
associated with toxicity and off-target effects that result from
permanent modification.28,33,40 However, in these investiga-
tions, mRNA was delivered to T cells via electroporation (EP),
a commonly used, potent but toxic method of transfection that
relies on electrically permeabilizing T cell mem-
branes.27,28,31,41,43,44 Here, C14−4 LNPs encapsulating CD19
CAR mRNA were compared to EP to determine their ability to
generate functional CAR T cells with minimal cytotoxicity.
LNPs were used to treat primary T cells at a 1:1 CD4+/

CD8+ ratio in comparison to EP at identical 450 ng/μL
mRNA concentrations. The resulting T cell populations were
analyzed for CAR expression by flow cytometry, wherein
surface CAR expression was quantified using mean fluores-
cence intensity (MFI) (Figure 5A). The highest resulting MFIs
came from the T cells treated using EP and purified C14−4
LNPs, while crude C14−4 LNPs generated a more modest
MFI. When these values were normalized to the untreated
control group of T cells, EP showed a 10-fold increase in MFI
over untreated cells, and purified C14−4 LNPs showed a 9.4-

fold increase, while crude C14−4 LNPs only increased MFI by
4.5-fold. Thus, as observed with luciferase mRNA delivery, the
crude C14−4 LNPformulation was less effective in inducing
expression than its purified counterpart, despite no major
differences in size or mRNA concentration (Figure 5B,C). The
viability of T cells treated with LNP formulations in
comparison to EP treatment was also quantified (Figure
5D), indicating significantly reduced cytotoxicity with LNP
treatment compared to EP. As observed previously with
luciferase mRNA delivery, cells treated with purified and crude
LNPs have a similar, high viability of 76% and 78%,
respectively. This was contrasted by the 31% viability observed
in EP treated T cells, emphasizing the cytotoxic nature of this
currently utilized mRNA delivery process. Overall, these results
highlight the safety benefits of utilizing C14−4 LNPs over EP
for mRNA delivery to T cells ex vivo.
With EP and purified C14−4 LNPs inducing similar CD19

CAR expression in T cells, the two mRNA delivery methods
were evaluated for the CAR-driven effector function using a
coplated cancer cell killing assay. By engineering Nalm6 ALL
cells to express luciferase, cancer cell killing can be assessed by
change in luminescence after the coculture with CAR T cells as
compared to the signal from Nalm6 cells plated with T cells
lacking CAR expression. Both this assay and cell line have been
utilized routinely in previous studies to demonstrate the CAR
T cell functionality and therapeutic potential.28,87−90 Here,
CAR T cells engineered with mRNA delivered via purified
C14−4 LNPs or EP were compared at a range of T cell to
effector cell ratios. After 48 h, the EP and C14−4 LNP
treatment groups performed nearly identically and resulted in
significantly more cancer cell killing than the control group
(Figure 5E). Thus, the purified C14−4 LNPs successfully
generated mRNA-engineered CAR T cells that are comparable
to those generated using EP, the current standard of delivery
for mRNA CAR T cells. Collectively, these results validate
purified C14−4 LNPs as a method for mRNA-based CAR T
cell engineering with similar potency and reduced T cell
cytotoxicity compared to EP.
In conclusion, this investigation utilized LNPs to achieve

mRNA delivery, while lowering cytotoxicity compared to EP
treatment of primary human T cells. Utilizing luciferase mRNA
delivery to Jurkat cells to assess T cell transfection, a library of
24 distinct LNP formulations was screened, and C14−4 LNPs
were identified as the top performer. This formulation was
then used to transfect primary human T cells with luciferase-
encoding mRNA and was further optimized by purifying the
fully saturated C14−4 ionizable lipid for LNP formulation.
This purified C14−4 LNP was then able to successfully deliver
CD19-targeted CAR mRNA to primary human T cells while
lowering the cytotoxicity compared to EP. Further, CAR T
cells engineered with C14−4 LNPs, EP, or lentivirus induced
the same potent cancer cell killing in a coplated assay using
ALL cells. These results demonstrate the ability of C14−4
LNPs to deliver CAR mRNA to primary T cells and generate
functional CAR T cells, validating the delivery platform as a
new means to engineer CAR T cells that avoids the use of
specialized EP equipment. Additionally, by demonstrating the
delivery of both luciferase and CAR mRNA, the potential for
C14−4 LNPs to be optimized and utilized for a broad range of
mRNA-based T cell engineering applications is established.
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■ MATERIALS AND METHODS

Ionizable Lipid Synthesis. Ionizable lipids were synthe-
sized by reacting epoxide-terminated alkyl chains (Avanti Polar
Lipids) with polyamine cores (Enamine, Monmouth Jct, NJ)
using Michael addition chemistry. The components were
combined with a 7-fold excess of alkyl chains and mixed with a
magnetic stir bar for 48 h at 80 °C. The crude product was
then transferred to a Rotavapor R-300 (BUCHI, Newark, DE)
for solvent evaporation, and the lipids were suspended in
ethanol. Finally, to purify the top-performing lipid (C14−4),
the lipid fractions were separated via a CombiFlash Nextgen
300+ chromatography system (Teledyne ISCO, Lincoln, NE),
and the saturated lipid fraction was identified by molecular
weight using liquid chromatography−mass spectrometry.
CAR mRNA Synthesis. mRNA was produced using

standard in vitro transcription methods, as previously
described.44 Briefly, plasmid DNA encoding a second-
generation lentiviral vector for CD19 targeting CAR bearing
the CD3ζ and 4−1BB costimulatory domains was linearized
overnight, followed by the production of mRNA using the T7
mMessage ULTRA kit (Thermo Fisher) as per manufacturer
instructions. mRNA was then polyA tailed, capped, and
purified using the RNeasy mini kit (Qiagen).
Lipid Nanoparticle (LNP) Formulation and Character-

ization. To synthesize LNPs, an aqueous phase containing
mRNA and an ethanol phase containing lipid and cholesterol
components were mixed using a microfluidic device as
previously described.91 Briefly, the aqueous phase was
prepared using 10 mM citrate buffer and either luciferase
mRNA with N1-Methyl-PseudoU and 5-Methyl-C substitu-
tions (Trilink Biotechnologies, San Diego, CA) or CAR
mRNA (synthesized as described above) at 1 mg/mL. To
prepare the ethanol phase, ionizable lipid, 1,2-distearoyl-sn-
glycero-3-phosphoe-thanolamine (DOPE) (Avanti Polar Lip-
ids, Alabaster, AL), cholesterol (Sigma, St. Louis, MO), and
lipid-anchored polyethylene glycol (PEG) (Avanti Polar
Lipids) components were combined at a molar ratio of 35%,
16%, 46.5%, and 2.5%, respectively. Pump33DS syringe pumps
(Harvard Apparatus, Holliston, MA) were used to mix the
ethanol and aqueous phases at a 3:1 ratio in a microfluidic
device.91 After mixing, LNPs were dialyzed against 1× PBS for
2 h before sterilization via 0.22 μm filters. Dynamic light
scattering (DLS) performed on a Zetasizer Nano (Malvern
Instruments, Malvern, U.K.) was then used to measure, in
triplicate, the diameter (z-average) and polydispersity index
(PDI) of the LNPs suspended in 1× PBS. A NanoDrop ND-
1000 Spectrophotometer (ThermoFisher, Waltham, MA) was
used to obtain the mRNA concentration of each LNP
formulation.
Further analysis of top-performing LNP formulations

included Quant-iT RiboGreen (ThermoFisher) and 6-(p-
toluidinyl)naphthalene-2-sulfonic acid (TNS) assays to
determine the encapsulation efficiency and pKa of the LNPs,
respectively. The Quant-iT Ribogreen was performed as
previously described.92 Briefly, equal concentrations of LNPs
were treated with Triton X-100 (Sigma) to lyse the LNPs or
left untreated, and after 10 min, the groups were plated in
triplicate in 96-well plates alongside RNA standards. The
fluorescent Ribogreen reagent was added per manufacturer
instructions, and the resulting fluorescence was measured on a
plate reader. A standard curve was used to quantify RNA
content and calculate encapsulation efficiency. To determine

either LNP or ionizable lipid pKa, a TNS assay was used to
measure surface ionization as previously described.72 Buffered
solutions of 150 mM sodium chloride, 20 mM sodium
phosphate, 25 mM ammonium citrate, and 20 mM ammonium
acetate were adjusted to reach pH values ranging from 2 to 12
in increments of 0.5. LNPs or ionizable lipids were added to
each pH-adjusted solution in triplicate wells in a 96-well plate.
TNS was then added to each well to reach a final TNS
concentration of 6 μM, and the resulting fluorescence was read
on a plate reader. The pKa was then calculated as the pH, at
which the fluorescence intensity was 50% of its maximum
value, reflective of 50% protonation.

mRNA Delivery to Jurkat Cells in Vitro. Jurkat cells
(ATCC no. TIB-152), an immortalized human T cell line,79

were cultured in RPMI-1640 with L-glutamine (Thermo-
Fisher) supplemented with 10% fetal bovine serum and 1%
penicillin−streptomycin. Cells were plated at 60 000 cells per
well in 96-well plates in 60 μL of media and were immediately
treated with 60 μL of LNPs diluted in PBS to varying
concentrations. The lipofectamine MessengerMAX trans-
fection reagent (ThermoFisher), used here as a positive
control comparison, was combined with mRNA for 10 min per
the manufacturer protocol and used to treat wells using the
same mRNA concentration as the LNP groups. After 48 h of
incubation, the cells were centrifuged at 300g for 4 min and
resuspended in 50 μL of 1× lysis buffer (Promega, Madison,
WI) and 100 μL of the luciferase assay substrate (Promega).
The luminescence was then quantified using an Infinite M Plex
plate reader (Tecan, Morrisville, NC). The luminescent signal
from each group was normalized to either untreated cells or
the lowest concentration treatment group, and the background,
measured as wells with reagents but no cells, was subtracted.
To assess the cytotoxicity, Jurkat cells were plated under the
same conditions and treated with either C14−4 or lipofect-
amine at 30 ng mRNA per 60 000 cells. After 48 h, 60 μL of
CellTiter-Glo (Promega) was added to each well, and
luminescence corresponding to ATP production was quanti-
fied using a plate reader. The luminescent signal from each
group was normalized to untreated cells, and the background
was subtracted. The relative luminescent signal of each LNP
was then graphed in comparison to size, mRNA concentration,
and ionizable lipid pKa to determine if any correlation between
these values and functional mRNA delivery existed (Figure
S1).

mRNA Delivery to Primary T Cells ex Vivo. Primary
human T cells (CD3+) were collected from healthy volunteer
donors and procured for these studies through the Human
Immunology Core service. These cells were combined at an
equal ratio of CD4+ and CD8+. Cells to be treated with LNPs
were activated overnight with Human T-activator CD3/CD28
Dynabeads (ThermoFisher) at a 3:1 bead to cell ratio. After
activation, the cells were plated at 60 000 cells per well in 96-
well plates in 60 μL of media and treated with LNPs at varying
mRNA concentrations. For electroporation, T cells were
washed three times with serum-free media, resuspended at
108 cells/mL, and mixed with transcribed mRNA at a
concentration of 100 μg mRNA per 106 T cells. The cells
were then electroporated in a 2 mm cuvette using an ECM830
Electro Square Wave Porator (Harvard Apparatus BTX).
For luciferase mRNA experiments, the same protocols

described above were used to assess luminescence after 48 h
and cytotoxicity after 24 h. For CAR mRNA treatments, T cells
were stained using an anti-idiotype antibody to the CD19 CAR
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(generously provided by Novartis Pharmaceuticals), followed
by secondary staining with an antihuman IgG linked to R-
phycoerythrin (Jackson Laboratories). T cells were then
washed, and the surface CAR expression was evaluated on a
BD LSRII Fortessa. Gating was performed as per the standard
protocol with doublet exclusion. Cytotoxicity of the CAR
mRNA treatments was assessed as described above, using a
CellTiter Glo kit.
Lentiviral Vector Production and Primary T Cell

Transduction. 293T human embryonic kidney cells were
used to generate high-titer, replication-defective lentiviral
vectors.93 Here, 107 cells were seeded in T150 tissue culture
flasks for 24 h and then treated with 7 μg of pMDG.1, 18 μg of
pMDLg/p.RRE packaging plasmids, and 15 μg of transfer
plasmid with 96 μL of the Lipofectamine 2000 transfection
reagent (Life Technologies, Grand Island, NY). The transfer
plasmids containing CAR constructs utilized an EF-1α
promoter.94 At 24 and 48 h post-transfection, the viral
supernatant was collected and concentrated via ultracentrifu-
gation overnight at 10 500g. Twenty-four h after undergoing
Dynabead activation as described above, T cells were
combined with lentiviral vectors at a concentration of 5−10
infectious particles per cell.
Functional Assays. CAR T cells were coplated with

luciferase-expressing Nalm-6 cells, a CD19+ pre-B ALL cell
line, at varying effector-to-target ratios. Non-engineered, CAR
negative T cells were also co-plated with the same cell line to
provide a control. After 48 h in the coculture, D-luciferin
potassium salt (PerkinElmer, Waltham, MA) was added to cell
cultures to reach a final concentration of 15 μg/mL and
incubated at 37 °C for 10 min. Luminescence was then
detected using a Synergy H4 imager (BioTek, Winooski, VT),
and the signal was analyzed using BioTek Gen5 software. The
percentage of specific lysis was calculated using the control of
target cells without effectors.
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