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Abstract

Viral engineered chimeric antigen receptor (CAR) T cell therapies are potent, targeted cancer 

immunotherapies, but their permanent CAR expression can lead to severe adverse effects. 

Nonviral messenger RNA (mRNA) CAR T cells are being explored to overcome these drawbacks, 

but electroporation, the most common T cell transfection method, is limited by cytotoxicity. As a 

potentially safer nonviral delivery strategy, here, sequential libraries of ionizable lipid nanoparticle 

(LNP) formulations with varied excipient compositions were screened in comparison to a standard 

formulation for improved mRNA delivery to T cells with low cytotoxicity, revealing B10 as the 

top formulation with a 3-fold increase in mRNA delivery. When compared to electroporation in 

primary human T cells, B10 LNPs induced comparable CAR expression with reduced cytotoxicity 

while demonstrating potent cancer cell killing. These results demonstrate the impact of excipient 

optimization on LNP performance and support B10 LNPs as a potent mRNA delivery platform for 

T cell engineering.
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In March 2021, Abecma became the fifth chimeric antigen receptor (CAR) T cell therapy 

to receive FDA approval within the past five years.1 The approved therapies include CD19 

CAR T cells for the treatment of relapsed or refractory acute lymphoblastic leukemia 

(ALL) and B cell lymphomas and BCMA CAR T cells for the treatment of multiple 

myeloma.1–4 The continued clinical success of these therapies in treating hematological 

cancers has incited the investigation of CAR T cells to treat a variety of other cancer types 

and diseases including non-small cell lung cancer,5 glioblastoma,6,7 and HIV.8 To generate 

these autologous CAR T cell therapies, current methods require ex vivo T cell engineering, a 

process in which patient T cells are harvested, modified to express CAR, and reinfused into 
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the patient. The transmembrane CAR constructs then allow T cells to specifically bind and 

eliminate the target cell population.9

Despite the success of CAR T cell therapy in inducing durable remissions, there are 

limitations to its clinical application due, in part, to its severe side effects. Nearly 70% 

of adults receiving the therapy experience immediate adverse reactions associated with their 

own immune response,10 which can include macrophage activation syndrome, neurotoxicity, 

and cytokine release syndrome.11–13 Though IL-6 blockers can mitigate these reactions, 

long-term effects, such as B cell aplasia and hypogammaglobulinemia, require additional 

intervention via intravenous immune globulin infusions.13,14 Further, explorations of new 

CAR constructs to target cell populations beyond B cells have also observed adverse events 

related to inflammation,15,16 emphasizing the need for safer CAR T cell options for early 

clinical investigation.

The longevity of these adverse effects stems, in part, from the continuous CAR expression 

induced by viral transduction. This permanent expression relies on genomic integration, 

leading to the risk of insertional mutagenesis, though this may be beneficial for CAR 

T cell proliferation in some instances, such as integration within the TET2 gene,17,18 

and escalating the consequences of transducing off-target cell types ex vivo.13,19 In 

addition to safety concerns, viral transduction presents a number of limitations for 

CAR T cell manufacturing and in vivo translation including limited cargo capacity,20,21 

elaborate transduction protocols, high cost, and in vivo immunogenicity.22,23 Thus, the viral 

transduction used in CAR T cell manufacturing contributes to adverse effects, imposes 

its own risks, and necessitates ex vivo T cell engineering, motivating investigations into 

alternative production strategies to generate safer, less expensive CAR T cells.

Previous investigations have found that utilizing messenger RNA (mRNA) to induce CAR 

expression offers a number of potential advantages over viral transduction. As mRNA is 

translated without genomic integration, it allows for transient CAR expression, mitigating 

the risks associated with long-term CAR T cell activity.24 Additionally, in vitro transcription 

allows customized CAR mRNA to be engineered for potent transfection and translation 

that results in dose-dependent CAR expression.25–28 In combination, administering transient 

mRNA CAR T cells and modulating their level of CAR expression provides the opportunity 

to optimize CAR T cell potency while minimizing adverse effects, but it often necessitates 

repeated dosing to achieve therapeutic efficacy.24,28 However, the potential benefits of 

mRNA CAR T cell therapies have led to their evaluation in various cancers including 

melanoma, Hodgkin’s lymphoma, and ALL, and they have been shown to reduce short-term 

disease burden as effectively as virally engineered CAR T ceHs.24,28,29 Further, mRNA 

CAR T cell therapy has been evaluated in numerous clinical trials for cancers including 

breast cancer,30 pancreatic ductal adenocarcinoma,31 and Hodgkin’s lymphoma.32

To produce mRNA CAR T cells, delivery strategies are required for rapidly degradable, 

negatively charged mRNA to enter the T cell cytosol. Currently, the most common technique 

for ex vivo transfection is electroporation (EP), which uses electric pulses to permeabilize 

cell membranes for potent mRNA delivery.24,26,33 However, this permeabilization risks 

loss of cytoplasmic content, altered gene expression, and high cytotoxicity without the 
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guarantee of consistent membrane disruption across cells.34–36 One promising alternative to 

EP is the use of lipid- or polymer-based nanoparticles (NPs) for mRNA delivery.37,38 NPs 

can mitigate cytotoxicity, stabilize mRNA cargo, and enhance intracellular delivery while 

avoiding specialized equipment.39–41 Both polymeric NPs and ionizable lipid NPs (LNPs) 

have demonstrated mRNA delivery in a variety of cell types ex vivo and in vivo, including 

T cells, with some investigations confirming their reduced cytotoxicity compared to EP.42–49 

One of these NP platforms47 was successfully used for CAR mRNA delivery to T cells and 

is undergoing further preclinical development via the spinout company Tidal Therapeutics, 

which was acquired by Sanofi.50 However, LNP platforms are more clinically advanced 

than their polymeric counterparts in terms of mRNA delivery, with the FDA approval of 

Alnylam’s Onpattro51 and emergency use authorization of LNPs for Moderna and Pfizer/

BioNTech’s COVID-19 mRNA vaccines, making them a potentially promising platform for 

mRNA delivery to T cells.52,53

In addition to nucleic acid cargo, LNPs are typically composed of four main components: 

an ionizable lipid, cholesterol, phospholipid, and lipid-anchored PEG (Figure 1A), 

that can be varied to produce distinct formulations with differing physicochemical 

properties.43,54,55 The ionizable lipid allows LNPs to shift from a neutral to positive charge 

in acidic environments, facilitating endosomal escape, which is required for intracellular 

delivery38,56,57 and aiding in LNP formation by allowing the ionizable lipid to complex with 

negatively charged mRNA for high encapsulation efficiency.58 The remaining excipients 

also play vital roles, with cholesterol stabilizing the LNP while enabling membrane 

fusion, the phospholipid providing structural support while promoting endosomal escape, 

and PEG reducing aggregation and nonspecific endocytosis.42,43,59,60 The molar ratio at 

which these components are combined can be optimized for specific applications, to 

encapsulate desired cargos, interact with target cells, or alter biodistribution and protein 

corona formation.43,54,61–65

In previous work, we screened a library of novel ionizable lipids in LNPs with set excipient 

molar ratios and identified a top-performing structure, C14–4, that achieved potent mRNA 

delivery to T cells with reduced cytotoxicity compared to EP.45 However, this screen used a 

standard excipient molar ratio for mRNA delivery.42,43 Here, we used an orthogonal design 

of experiments (DOE) methodology to identify novel C14–4 LNP formulations for T cell 

delivery via sequential library screens of C14–4 LNPs with varied excipient molar ratios 

(Figure 1B).54,66 This allowed a design space of 256 potential LNP formulations, generated 

using four molar ratios each of C14–4, cholesterol, phospholipid, and lipid-anchored 

PEG, to be evaluated using 16 representative LNP formulations. Library A was screened 

for mRNA delivery and cytotoxicity in Jurkat cells, an immortalized T cell line, and 

compared to the standard formulation, S2. The results indicated that increasing C14–4 and 

phospholipid while decreasing cholesterol led to improved mRNA delivery. These trends 

were explored with increased resolution, observing more formulations within a narrowed 

range of excipient molar ratios, in library B, which revealed B10 as the top-performing 

formulation. Further, to illustrate the translatability of the improved LNP platform, B10 

LNPs were used to deliver CAR mRNA to primary human T cells and demonstrated lower 

cytotoxicity than EP (Figure 1C). The CAR T cells produced by B10 LNPs, EP, or lentivirus 

were compared in a killing assay with ALL cells, and all groups demonstrated potent 
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cancer cell killing. Thus, B10 LNPs were validated as a promising platform for the ex vivo 
engineering of mRNA CAR T cells.

Design, Characterization, and Evaluation of LNP Libraries.

In this study, LNPs were generated using varied excipient molar ratios to investigate the 

impact of LNP formulation on mRNA delivery to T cells. Throughout this investigation, 

LNPs incorporated the C14–4 ionizable lipid as it previously demonstrated potent, nontoxic 

mRNA delivery to T cells.45 C14–4 was synthesized (Figure S1) and combined in ethanol 

with cholesterol, the phospholipid dioleoylphosphatidylethoanolamine (DOPE), and lipid-

anchored PEG. To formulate LNPs, this ethanol phase and an aqueous phase containing 

mRNA were mixed using a microfluidic mixing device (Figure 1A).67,68 To generate a 

library of LNPs with varied excipient molar ratios, each ethanol phase was adjusted to 

contain the desired lipid components.

Previous work has optimized the ratios of ionizable lipid, phospholipid, cholesterol, and 

PEG in LNPs for mRNA delivery, with general trends indicating less ionizable lipid and 

more cholesterol and PEG may be beneficial.43,61 However, these investigations did not 

explore the impact of excipient ratios on delivery to T cells. This previously optimized 

formulation for mRNA delivery, a molar ratio of 35 ionizable lipid:46.5 cholesterol:16 

DOPE:2.5 PEG, was used as a standard formulation for comparison, S2, and in combination 

with previous investigations exploring excipient ratios,54,65,66 it informed the initial range 

of excipient ratios explored in library A. Specifically, library A contained 16 formulations 

(Table 1) selected via an established orthogonal DOE that allowed for the four excipients 

to be evaluated at four molar ratios each using only 16 representative formulations (Figure 

1B).54,66

After formulation, all 16 LNPs were characterized by size, mRNA concentration, and pKa 

(Table S1). Across library A, the LNP sizes (z-average diameter) ranged from 57 to 151 nm 

with PDIs below 0.3, confirming homogeneous LNP formation, and mRNA concentrations 

ranged from 3 to 45 ng/μL. The pKa values of the LNPs, the pH at which they are 

50% protonated, reflect their ability to change charge in acidic environments to facilitate 

endosomal escape.44,69,70 Here, the pKa values from library A ranged from 4.90 to 6.47, 

confirming their ionizable properties (pKa< 7.2) and indicating that these excipient ratios 

minimally impacted this property.

To evaluate the LNPs in library A for mRNA delivery to T cells, luciferase mRNA was used 

as a model cargo.
43,44,71 Upon intracellular delivery, the mRNA is translated into luciferase 

that reacts with luciferin reagent to generate a luminescent signal, allowing luminescence 

as a measure of functional mRNA delivery.43,44,71 Here, the library A formulations 

encapsulating luciferase mRNA were used to treat Jurkat cells, an immortalized human 

T cell line. After 48 h, mRNA delivery was measured via luminescence, and Jurkat cell 

viability was quantified (Figure 2A). To assess mRNA delivery, the LNPs in library A 

were compared to the established S2 formulation, revealing four promising formulations, 

A10, A11, A12, and A16, but none with significantly enhanced mRNA delivery. To 

evaluate viability, the LNP formulations were normalized to untreated cells and compared 
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to S2, which determined that only A12 significantly lowered viability (Figure 2B). As the 

goal of this screen was to identify LNP formulations that significantly improved mRNA 

delivery without decreasing viability, no formulations were considered hits, but formulations 

A10, A11, and A16 were noted as resulting in higher mean luminescence values without 

decreasing viability.

In addition to identifying these promising formulations, we explored relationships between 

the molar ratio of each excipient and mRNA delivery to inform the generation of a 

subsequent library. To explore these trends, luminescence was compared to the molar ratios 

of an isolated excipient (Figure 2C). This revealed general trends of improved mRNA 

delivery with higher DOPE ratios, lower cholesterol ratios, and moderate ratios of C14–

4 and PEG. Further, when observing cytotoxicity, it was noted that LNP formulations 

containing lower PEG ratios generally resulted in lower viability (Figure S3). Next, we 

examined the potential impacts of excipient interactions on mRNA delivery by observing 

the effects of two excipient molar ratios at once (Figures 2D, S2). These comparisons 

revealed that formulations with higher C14–4 ratios showed improved delivery with higher 

DOPE ratios and with lower cholesterol ratios. Similarly, formulations with higher DOPE 

ratios benefited from more C14–4 and less cholesterol. In all, these trends suggest that 

LNP formulations with increased C14–4 and DOPE ratios in combination with reduced 

cholesterol improve mRNA delivery to Jurkat cells, and maintaining moderate PEG ratios 

minimizes cytotoxicity.

These observed trends directly informed the design of library B, which featured 12 LNP 

formulations that explored a narrowed range of excipient molar ratios (Table 1, S3). As 

determined by library A, library B featured high ratios of C14–4 and DOPE while the 

cholesterol ratios were kept low, and the PEG ratio was held constant. Across library B, 

LNP sizes ranged from 71.4 to 125.1 nm with PDIs below 0.3, and mRNA concentrations 

ranged from 24.9 to 42.6 ng/μL, resulting in a higher average mRNA concentration for 

LNPs in library B compared to library A (Table S2). Library B was then screened for 

luciferase mRNA delivery and viability in Jurkat cells, which revealed five hit formulations 

featuring significantly enhanced mRNA delivery compared to S2 without decreased viability 

(Figure 2A,B). Further, the top-performing LNP formulation from library B, B10, resulted 

in >3-fold greater luminescence than S2, whereas library A only achieved a 2-fold increase 

over S2. Thus, the observed trends from library A successfully informed an improved library 

B, leading to the development of LNP formulations for potent mRNA delivery.

A16 and B10 LNPs Confirm Library Screen Results in Jurkat and Primary 

Human T Cells.

To confirm the results from the initial library screens, a top LNP formulation from each 

library was compared at varying doses in Jurkat cells. From library A, A16 was chosen 

for its high viability and consistently potent mRNA delivery. From library B, B10 was 

chosen as it achieved the highest mRNA delivery without decreasing viability. A16, B10, 

and S2 LNPs were used to treat Jurkat cells with luciferase mRNA, and both luminescence 

and viability were measured at 48 h. The results validated that B10 LNPs achieved the 
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most potent delivery at each dose, while A16 showed a slight improvement over S2, and 

none of the LNPs resulted in notable toxicity (Figure 3A). While S2 is an important 

standard to examine the impacts of excipient molar ratios on mRNA delivery, B10 was also 

compared to lipofectamine, a commercially available transfection reagent (Figure 3B). B10 

demonstrated enhanced mRNA delivery at two doses without decreasing viability compared 

to lipofectamine, confirming B10 LNPs as a promising platform for mRNA delivery to T 

cells.

As the CAR T cells used clinically are produced from patient T cells, S2, A16, and B10 

LNPs were next evaluated for mRNA delivery in primary human T cells to demonstrate 

translatability. Briefly, CD4+ and CD8+ T cells were isolated from healthy donors, 

combined at a 1:1 ratio, and activated using Dynabeads. These cells were then treated 

with S2, A16, or B10 encapsulating luciferase mRNA, and the subsequent luminescence 

and viability were measured after 24 h (Figure 4). Donor-to-donor variability was observed 

in these results; however, this was expected as previous studies have shown variations in 

T cell quality across patients receiving CAR T cell therapy.72,73 Though the magnitude of 

luminescence varied with the donor cell population, B10 generally achieved the highest 

luciferase expression with S2 resulting in the lowest expression, and no differences in 

cytotoxicity were observed. Thus, these results from both Jurkat and primary human T 

cells validated the relative mRNA delivery of S2, A16, and B10, establishing B10 as the 

top-performing formulation.

B10 LNPs Generate Functional CAR T Cells with Low Cytotoxicity.

To further explore the translatability of B10 LNPs, this platform was used to deliver CD19-

specific CAR mRNA to primary human T cells and compared to EP, the clinical standard 

for CAR mRNA delivery. Primary human T cells were prepared as previously described, 

treated with CAR mRNA for 24 h using B10 LNPs, S2 LNPs, or EP, and evaluated for CAR 

expression using flow cytometry (Figure 5A). As shown in the representative histogram, 

EP and B10 LNPs generally produced higher mean fluorescence intensity (MFI) values 

indicative of potent CAR expression, while S2 resulted in moderate CAR expression. When 

assessing the transfection rate of viable T cells after treatment with EP, B10 LNPs, or 

S2 LNPs across three donors, EP generally resulted in the highest percentage of CAR+ 

T cells, followed by B10 then S2 LNPs, but no significant difference was found across 

delivery methods. Further, when assessing the CD4+ and CD8+ fractions of CAR+ T 

cells, all treatment groups resulted in an even distribution of CAR expression across T 

cell types (Figure 5B), indicating these three delivery methods transfect comparable T 

cell populations. Though the LNPs and EP resulted in comparable transfection, EP was 

significantly more toxic to T cells, with B10 and S2 LNPs resulting in >70% viability 

compared to 55% with EP (Figure 5C). In combination, the results concerning CAR 

expression and viability in T cells indicate the ability of B10 LNPs to induce potent CAR 

expression comparable to EP with minimal toxicity, making it a promising platform for T 

cell transfection.

After characterization, the CAR T cell function was assessed in a coculture assay to measure 

cancer cell killing. This commonly used assay utilized luciferase-expressing Nalm-6 ALL 
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cells coplated with CAR T cells, which allowed for cancer cell death to be measured as 

decreased luminescence.45,74,75 In these assays, CAR T cells were generated using B10 

LNPs, S2 LNPs, or EP, Nalm-6 and CAR T cells were plated at varied T cell to effector 

cell ratios, and cancer cell killing was measured at 48 h. At each T cell to effector cell 

ratio, there were no differences in cancer cell killing across treatment groups (Figure 5D, 

S4), validating that B10 LNPs generated CAR T cells with comparable functionality to 

those generated with EP, the clinical standard. B10 and S2 LNPs were also compared 

with lentiviral-generated CAR T cells in this same assay (Figure 5E), and the results 

demonstrated similar cancer cell killing across groups, confirming that these LNP-generated 

CAR T cells are comparable to current clinical standards.

In conclusion, this investigation utilized orthogonal DOE to identify new LNPs for potent 

mRNA delivery to T cells with lower cytotoxicity than EP. Subsequent libraries of LNP 

formulations with varied excipient compositions were screened for mRNA delivery and 

cytotoxicity in Jurkat cells, resulting in the identification of B10 as the top-performing 

formulation with a 3-fold increase in functional delivery compared to the standard 

formulation. B10 LNPs were then used to deliver CAR mRNA to primary human T cells 

and demonstrated CAR expression comparable to EP with less cytotoxicity. Further, in a 

coculture assay with ALL cells, the B10 LNP-generated CAR T cells were able to induce 

the same potent cancer cell killing as EP and lentiviral CAR T cells, confirming B10 LNPs 

as a promising delivery platform for CAR T cell engineering. Though future work should 

explore the mechanisms by which this altered excipient composition enhances delivery, the 

optimized B10 LNP platform has the potential to be utilized for a broad range of T cell 

engineering applications, and the B10 formulation could inform future work optimizing 

LNPs with various ionizable lipid components or enhancing delivery to other immune cells.

Supplementary Material
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Figure 1. 
(A) Schematic of LNP synthesis including the components used to make LNPs via 

microfluidic mixing and the expected resulting structure. (B) Visualization of the design 

process used to generate libraries A and B with library A resulting from an orthogonal DOE 

screening a wide range of excipient molar ratios, and library B examining more formulations 

within a narrowed range of excipient ratios based on the results from the library A screen. 

(C) Schematic of the CAR T cell production utilizing either LNPs or EP for mRNA delivery 

to T cells. The treated T cell populations may differ in viability and CAR potency depending 
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on the transfection method, but both are able to generate functional CAR T cells to induce 

targeted cancer cell killing.
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Figure 2. 
Subsequent screens of libraries A and B for luciferase mRNA delivery and toxicity in a 

T cell line (Jurkat) establish trends in excipient molar ratio and delivery. (A) Luciferase 

expression in Jurkat cells after treatment with LNP libraries and the initial formulation 

(S2) for 48 h at a dose of 30 ng/60 000 cells identifies formulations that achieve higher 

functional mRNA delivery than S2 (dashed line) and indicates that library B LNPs resulted 

in increased luciferase activity compared to library A. Results were normalized to cells 

treated with S2 and compared in a one-way ANOVA with post hoc t tests using Holm’s 

correction. *p < 0.05, **p < 0.01 compared to S2, n = 3 biological replicates, error bars = 

standard deviation. Inset schematic demonstrates the progression of library design from total 

potential design space with decreasing formulations in each library. (B) Viability of Jurkat 

cells treated with LNP libraries and S2 at 30 ng/60 000 cells for 48 h identifies formulations 

with increased cytotoxicity compared to S2 and reveals that library B resulted in fewer 

toxic LNP formulations than library A. Results were normalized to untreated cells (dashed 

line) and compared in a one-way ANOVA with post hoc t tests using Holm’s correction. 

*p < 0.05 compared to S2, n = 3 biological replicates, error bars = standard deviation. (C) 
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To observe the effects of individual excipient ratios on mRNA delivery, each data point 

represents the average relative luminescence of the four LNP formulations with the given 

excipient molar ratio. The trends indicate that increased C14–4 and DOPE may improve 

delivery while moderate ratios of cholesterol or high ratios of PEG may be detrimental. error 

bars = standard error of the mean. (D) To observe the effects of two excipient ratios on 

mRNA delivery, each data point represents the average relative luminescence of two LNP 

formulations with the given excipient molar ratio with either the higher or lower molar ratios 

of the second excipient. The trends indicate that higher ratios of C14–4 and DOPE may 

enhance delivery when increased together while decreasing the cholesterol. Error bars = 

standard error of the mean.
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Figure 3. 
Dose–response of top-performing LNPs from libraries A and B confirm enhanced mRNA 

delivery to a T cell line (Jurkat) over a standard LNP formulation and lipofectamine. (A) 

Luciferase expression and viability of Jurkat cells treated with S2, A16, or B10 LNPs for 

48 h, confirming the relative performance of each formulation. Luminescence and viability 

were normalized to untreated cells and compared within each dose using a one-way ANOVA 

with post hoc t tests using Holm’s correction. *p < 0.05, ***p < 0.001 as compared to 

S2, n = 3 biological replicates, error bars = standard deviation. (B) Luciferase expression 

and viability of Jurkat cells treated with B10 LNPs or lipofectamine for 48 h showing the 

ability of B10 LNPs to achieve increased mRNA delivery with no increase in cytotoxicity. 

Luminescence and viability were normalized to untreated cells, and the treatment groups 

were compared within each dose using a t test with post hoc t tests using Holm’s correction. 

**p < 0.01, n = 3 biological replicates, error bars = standard deviation.
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Figure 4. 
Luciferase expression and viability of primary human T cells treated with S2, A16, or 

B10 LNPs for 24 h, confirming trends in LNP formulation performance. The bar graphs 

represent an average of 3 individual donors as normalized to untreated cells. To demonstrate 

the donor-to-donor variability, the average relative luminescence for each donor at each 

treatment and dose is represented as a shape. The effects of the three treatments were 

compared via a one-way ANOVA at each dose, but no significance was found. However, the 

results from each donor demonstrate the same trends observed previously with B10 resulting 

in the highest luminescence and S2 resulting in the lowest. n = 3 biological replicates (bar 

graphs), n = 3 technical replicates (points), error bars = standard deviation.
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Figure 5. 
LNPs enable functional CAR mRNA delivery to primary human T cells with minimal 

toxicity compared to electroporation (EP). (A) Representative histogram of CAR expression 

(top) and average transfection rates (bottom) of primary human T cells 24 h after treatment 

with 300 ng of CAR mRNA per 60 000 cells using EP, S2 LNPs, or B10 LNPs. T cells were 

stained with a PE-labeled antibody to measure surface CAR expression with the histogram 

showing the mean fluorescent intensities associated with each treatment. The percent of 

transfection was determined as the fraction of living T cells expressing CAR. Results were 

compared via an ANOVA, which revealed no significant differences across the treatment 

groups. n = 3 biological replicates, error bars = standard deviation. (B) Representative flow 

cytometry data showing the CAR+ population of primary human T cells treated with EP, 

S2 LNPs, or B10 LNPs stained for CD8 (APC) and CD4 (FITC) surface expression. The 

boxes indicate the CD8+ and CD4+ T cell populations, and the percent of CAR+ T cells that 

fall into each population is noted. As the CAR expression is evenly split across CD8+ and 

CD4+ T cells for all three treatment groups, it seems the method of mRNA delivery did not 

impact this characteristic of the resulting CAR T cell population. (C) Viability of primary 

human T cells 24 h after treatment with 300 ng of CAR mRNA per 60 000 cells using EP, 

S2 LNPs, or B10 LNPs as compared to untreated cells. Results were compared in a one-way 

ANOVA with post hoc t tests using Holm’s correction. *p < 0.05 compared with EP, n = 3 

biological replicates, error bars = standard deviation. (D) Representative results of CAR T 

and ALL cell coculture assay after 48 h at different T cell to tumor cell ratios. n = 3 wells, 

error bars = standard deviation. (E) Representative results of CAR T and ALL cell coculture 

assay comparing CAR T cells generated with lentivirus to those made with S2 or B10 LNPs. 

n = 4 technical replicates, error bars = standard deviation. The percent of cancer cell killing 

in both panels D and E was determined by comparison to ALL cells cultured without T cells 
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as the negative control, and the results from each treatment group within each ratio were 

compared in a one-way ANOVA with no significance found.
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Table 1.

Excipient Molar Ratios of the LNP Formulations in Libraries A and B

Library A

LNP Name C14–4 DOPE Chol PEG

 A1 15 10 20 0.5

 A2 15 20 25 1

 A3 15 30 30 2.5

 A4 15 40 35 5

 A5 25 10 25 2.5

 A6 25 20 20 5

 A7 25 30 35 0.5

 A8 25 40 30 1

 A9 35 10 30 5

 A10 35 20 35 2.5

 A11 35 30 20 1

 A12 35 40 25 0.5

 A13 45 10 35 1

 A14 45 20 30 0.5

 A15 45 30 25 5

 A16 45 40 20 2.5

 S2 35 16 46.5 2.5

Library B

name C14–4 DOPE Chol PEG

 B1 35 30 20 2.5

 B2 35 35 20 2.5

 B3 35 40 20 2.5

 B4 35 30 25 2.5

 B5 35 35 25 2.5

 B6 35 40 25 2.5

 B7 40 30 20 2.5

 B8 40 35 20 2.5

 B9 40 40 20 2.5

 B10 40 30 25 2.5

 B11 40 35 25 2.5

 B12 40 40 25 2.5
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