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Introduction: Chimeric antigen receptor (CAR) cell therapy represents a hallmark in cancer immunotherapy, with significant clinical 
results in the treatment of hematological tumors. However, current approved methods to engineer T cells to express CAR use viral 
vectors, which are integrative and have been associated with severe adverse effects due to constitutive expression of CAR. In this 
context, non-viral vectors such as ionizable lipid nanoparticles (LNPs) arise as an alternative to engineer CAR T cells with transient 
expression of CAR.
Methods: Here, we formulated a mini-library of LNPs to deliver pDNA to T cells by varying the molar ratios of excipient lipids in 
each formulation. LNPs were characterized and screened in vitro using a T cell line (Jurkat). The optimized formulation was used ex 
vivo to engineer T cells derived from human peripheral blood mononuclear cells (PBMCs) for the expression of an anti-CD19 CAR 
(CAR-CD19BBz). The effectiveness of these CAR T cells was assessed in vitro against Raji (CD19+) cells.
Results: LNPs formulated with different molar ratios of excipient lipids efficiently delivered pDNA to Jurkat cells with low 
cytotoxicity compared to conventional transfection methods, such as electroporation and lipofectamine. We show that CAR- 
CD19BBz expression in T cells was transient after transfection with LNPs. Jurkat cells transfected with our top-performing LNPs 
underwent activation when exposed to CD19+ target cells. Using our top-performing LNP-9-CAR, we were able to engineer human 
primary T cells to express CAR-CD19BBz, which elicited significant specific killing of CD19+ target cells in vitro.
Conclusion: Collectively, our results show that LNP-mediated delivery of pDNA is a suitable method to engineer human T cells to 
express CAR, which holds promise for improving the production methods and broader application of this therapy in the future.
Keywords: lipid nanoparticles, pDNA delivery, CAR T cells, cell engineering, cancer immunotherapy

Introduction
Immunotherapy, using T cells expressing the chimeric antigen receptor (CAR) targeting CD19, has been approved since 
2017 by the FDA for the treatment of B-cell acute lymphoblastic leukemia (B-ALL),1,2 and later for large B-cell 
lymphoma (BCL)3 and multiple myeloma (MM).4,5 Due to the high remission rates obtained by this treatment, CAR 
T cells are a useful and efficient approach for the treatment of hematologic cancers.6,7 Despite its specificity, they are still 
inaccessible to many patients due to the high cost of available treatments, such as Axicabtagene ciloleucel (Yescarta, 
Gilead)8 and Tisagenlecleucel-T (Kymriah, Novartis).9 The associated costs of this therapy are especially troublesome in 
developing countries, such as Brazil, where the costs of treatment, hospital procedures, and diagnostics are financed by 
the public healthcare system for a total of R$ 3.5 billion.10
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Approved CAR T cell products use viral vectors to engineer T cells, and their production requires expensive quality 
controls, trained personnel, and a production facility that is difficult to scale up. When combined, these factors restrict the 
broad application of CAR T cell therapy.8,11 Another bottleneck is the time required for the activation, engineering, and 
expansion of CAR T cells, which can take up to 22 days for Axicabtagene ciloleucel.8 This extensive ex vivo culturing 
procedure influences the phenotype of CAR T cells, which in turn may affect their ability to engraft and be effective upon 
reinfusion to patients.12 Furthermore, viral transduction systems are associated with immunogenicity against CAR T cells 
and B cell aplasia due to constitutive expression of CAR in effector cells.13,14 Despite these limitations associated with 
T cell engineering, studies using CAR T cells are ongoing, with durable responses against refractory multiple myeloma15 

and several solid tumors.16 Taken together, this indicates that CAR T cells will be largely applied in the future, 
highlighting the need for novel production methods that are easy to scale-up and manufacture in accordance with the 
safety and effectiveness profile required by this therapy.

Non-viral delivery methods have been studied for the production of CAR T cells. Reports using transposon- 
transposase systems delivered by electroporation have shown promising results in pre-clinical mouse models of 
leukemia.17,18 Although this strategy aims at maintaining T cells in culture for shorter periods, it still uses an integrative 
system, which is related to adverse effects observed due to the long-term expression of CAR.19–21 Chemical agents such 
as polyethylenimine (PEI) and poly(2-dimethylamino) ethyl methacrylate (PDMAEMA) can be used as non-viral 
delivery methods to T cells, despite the difficulties in DNA uptake by primary T cells. Additionally, this method severely 
impacts cell viability, as also observed after electroporation.22

As an alternative to viral vectors or electroporation methods to engineer CAR T cells, nanomaterials such as ionizable lipid 
nanoparticles (LNPs) have been explored as they form systems that protect nucleic acids from nucleases and facilitate 
intracellular delivery.23,24 In contrast with viral vectors, LNPs can be rapidly optimized, do not require complex production 
plants, accommodate different cargos, and are able to scale up.25,26 Compared to other non-viral methods, such as polymeric 
nanosystems, LNPs are more clinically applicable, with approved products that efficiently deliver mRNA and interference 
RNA to different cell types in vivo.27–29 Using LNPs also overcomes common barriers of viral vectors, since there are fewer 
limitations to the amount of genetic material that can be delivered by this system.30 Previous reports from our group show the 
ability of LNPs formulated with C12-200 to transfect primary cardiomyocytes with DNA31 as well as their optimization 
potential for targeted in vivo delivery of both DNA and mRNA.32 The delivery of mRNA by LNPs to T cells has recently been 
described. These observations confirm that LNPs can be optimized for the production of CAR T cells. More importantly, CAR 
T cells produced by this approach transiently express CAR, which is an important feature as a non-integrative system.33,34 

Therefore, LNPs can be used as a platform to manufacture cellular immunotherapeutics, although their potential to deliver 
plasmid DNA (pDNA) to engineer T cells needs further investigation.

In this context, we sought to evaluate the delivery of pDNA to T cells using LNPs. Thus, we synthesized and screened 
a mini-library of pDNA-loaded LNPs (Figure 1A and B) and evaluated their transfection efficiency in Jurkat cells, an 
immortalized human T cell line (Figure 1C). By varying the lipid ratios in each formulation, we identified a lead LNP that 
induced high expression of CAR in this cell line, with low toxicity when compared to standard transfection methods. 
Further investigation revealed the activation of transfected Jurkat cells after co-plating with Raji cells (CD19+ Burkitt’s 
lymphoma cell line). Additionally, specific killing was assessed after co-plating CAR T cells with CD19+ cells at different 
ratios, demonstrating the effectiveness of the transfected cells (Figure 1D).

Materials and Methods
Synthesis and Characterization of Lipid Nanoparticles
To formulate ionizable lipid nanoparticles (LNPs), an ethanolic phase containing ionizable lipids and excipients was mixed with 
an aqueous phase of pDNA in a customized microfluidic device made in-house as previously described.35 Stock solutions of the 
ionizable lipid C12-200, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE, Avanti Polar Lipids), cholesterol (Avanti Polar 
Lipids), and 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethyleneglycol)-2000] (ammonium salt) 
(C14-PEG 2000, Avanti Polar Lipids) (Figure S1) were prepared in ethanol and mixed at predetermined molar ratios as shown 
in Table 1 and Table 2. The aqueous phase containing the plasmid DNA of interest was prepared in 10 mM citrate buffer, pH 3.0 
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(Teknova). Both inlets were connected to programmable syringe pumps (Harvard Apparatus), and the solutions were injected into 
the inlet of the microfluidic devices at a 2.5:1 ratio. LNPs were collected and then dialyzed against PBS in a 20,000 MWCO 
dialysis cassette (Thermo Scientific) for 2h. Afterwards, the LNPs were passed through a 0.22 µm filter (Merck Millipore). LNPs 
were diluted in a PBS containing 1% Triton before quantification of dsDNA using NanoDrop (Thermo Scientific). Qubit dsDNA 
HS Assay Kit (Thermo Scientific) was used to determine the encapsulation efficiency (EE) of the LNP-CAR library as described 
previously.36

LNP hydrodynamic diameter, polydispersity index (PDI), and zeta potential were measured using a Zetasizer Nano ZS 
machine (Malvern Instrument). The structural analysis of the optimized LNP was performed via cryogenic-transmission 
electron microscopy (Cryo-TEM). Vitrified samples were examined using Tecnai G2-20 - FEI SuperTwin 200 kV at the 
Microscopy Center of UFMG. The apparent pKa of the optimized LNP was assessed by the 6-(p-Toluidino)-2-naphtha-
lenesulfonic acid sodium salt (TNS) binding assay as previously described.31

Figure 1 Schematic workflow for the optimization of DNA-loaded LNPs for the expression of CAR-CD19BBz. (A) Schematic representation of the components used for 
LNP synthesis by microfluidic. (B) Representation of the mini-library of LNPs (left) and DLS measurement of the optimized LNP-9-CAR. (C) Schematic representation of 
LNP screening using Jurkat cells. (D) Representation of the transfection of T cells using the optimized LNP for the expression of CAR-CD19BBz and co-culture experiments 
with Raji cells to assess effector cell activation and tumor cell specific killing.

Table 1 Composition and Characterization of pDNA-ZsGreen Encapsulated in LNPs with Different DOPE and Cholesterol Ratios

LNP Molar ratio (%) Characterization

C12-200 DOPE Cholesterol C14PEG Diameter (nm) PDI Zeta (mV) ZsGreen pDNA (ng/uL)

1-GN1 35 15 47.5 2.5 97.20±0.71 0.111±0.008 −12.20±10.40 104.0

2-GN1 35 20 42.5 2.5 122.70±13.60 0.143±0.012 −10.80±4.99 126.5
3-GN1 35 25 37.5 2.5 118.00±1.58 0.152±0.007 −6.19±8.12 101.8

4-GN1 35 30.5 32 2.5 109.50±2.34 0.106±0.013 −3.13±7.85 114.3

5-GN1 35 32.5 30 2.5 126.00±0.20 0.106±0.013 −2.08±0.53 301.3
9-GN1 35 47.2 20 2.5 118.40±3.02 0.149±0.021 −10.70±0.63 224.0

Note: Data shown as mean ± SEM. 
Abbreviations: DOPE, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine; PDI, polydispersity index; C14PEG, Polyethylene Glycol (PEG) 2000.
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Cell Culture
Jurkat cells (ATCC, TIB-152) were purchased from the Rio de Janeiro Cell Bank (BCRJ), and Raji cells (ATCC, CCL-86) 
were acquired by collaborators from Fiocruz-Rio and INCA. All cell lines were cultured in RPMI-164 supplemented with 2 
mM L-glutamine, 10% fetal bovine serum (FBS), 1% penicillin-streptomycin, 10 mM HEPES, and 1 mM sodium pyruvate.

Plasmid DNA Delivery to Jurkat Cells in vitro
Jurkat cells were plated in triplicate in 96-well plates at a density of 6 × 104 cells/well in 100 µL and treated with established 
doses of pDNA encapsulated in LNPs diluted in complete culture medium. As positive controls of transfection, Jurkat cells 
were treated with the same dose of pDNA using lipofectamine and electroporation. For lipofectamine transfection, pDNA was 
mixed with Lipofectamine 2000 (Invitrogen) reagent in OptiMEM and incubated for 20 minutes at room temperature, as per 
manufacturer’s instructions, before adding the mixture to the cells. For electroporation, 2 × 106 Jurkat cells were transferred to 
2 mm cuvettes with 100 µL of OptiMEM with the determined dose of pDNA. Cells were then electroporated using an Amaxa 
Nucleofector II Device (Lonza). Cells transfected with LNPs, Lipofectamine 2000, or electroporation were incubated at 37 °C 
for 72 hours. Cells were then collected, centrifuged (400 xg, 5 minutes, 4 °C), and resuspended in PBS. The expression of 
CAR-CD19BBz in transfected cells was assessed by the enhanced green fluorescent protein (eGFP) present in the plasmid 
construct, as previously described.37,38 Briefly, this pDNA presents a P2A ribosomal skipping sequence separating the CAR- 
CD19BBz and eGFP sequences, allowing the detection of CAR-expressing cells without the need of additional markers.37 To 
exclude dead cells from the analysis, propidium iodide (PI) was added to the cell suspension at a concentration of 0.5 µg/mL 
immediately before acquisition in an FACS Calibur. The expression of ZsGreen or CAR-CD19BBz was carried out gating 
“live cells” determined as PI−.

Activation of Jurkat Cells Expressing CAR-CD19BBz
Raji cells, a CD19+ Burkitt’s lymphoma cell line, were co-plated with Jurkat cells transfected with different LNPs at 
a 1:1 effector-to-target ratio. After 24 hours, cells were collected and labeled with an antibody mix to determine effector 
cell activation and target cell death. Activation of CAR+ Jurkat cells was determined by CD69 and PD-1 mean 
fluorescence intensity (MFI). Similarly, Raji cells were plated at a density of 3 × 104 cells/well and Jurkat cells 
transfected with either LNP-9-CAR or LNP-9-GN1 were plated at a serial dilution at varying effector-to-target ratios.

Table 2 Composition and Characterization of pDNA-CAR-CD19BBz Encapsulated LNPs with Different DOPE and Cholesterol 
Ratios

LNP Molar Ratio (%) Characterization

C12-200 DOPE Cholesterol C14PEG Diameter 
(nm)

PDI Zeta (mV) CAR-CD19 
BBz pDNA 

(ng/uL)

Encapsulation 
Efficiency (%)

1-CAR 35 16 46.5 2.5 107.00±0.95 0.093±0.034 −14.60±3.64 184.4 79.6

2-CAR 35 20 42.5 2.5 98.18±0.86 0.080±0.013 −15.77±1.33 173.9 80.9

3-CAR 35 25 37.5 2.5 111.00±1.06 0.124±0.006 −14.27±0.78 176.7 81.4

4-CAR 35 30.5 32 2.5 104.90±0.36 0.111±0.010 −12.67±0.15 182.6 81.6

5-CAR 35 32.5 30 2.5 125.40±0.44 0.139±0.005 −5.71±0.23 155.1 90.1

7-CAR 35 37.5 25 2.5 118.53±0.40 0.131±0.026 −1.69±0.89 167.7 82.2

9-CAR 35 42.5 20 2.5 113.50±0.17 0.107±0.031 −2.41±0.32 174.6 95.0

11-CAR 35 47.5 15 2.5 106.57±1.00 0.132±0.021 −2.86±1.36 156.6 84.5

13-CAR 35 52.5 10 2.5 105.10±1.10 0.135±0.021 −2.27±0.36 163.6 80.5

15-CAR 35 62.5 0 2.5 126.70±2.92 0.145±0.023 −4.48±1.17 216.2 78.5

Note: Data shown as mean ± SEM. 
Abbreviations: DOPE, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine; PDI, polydispersity index; C14PEG, Polyethylene Glycol (PEG) 2000.
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Ex vivo pDNA Delivery to Primary Human T Cells
Blood from healthy donors was collected after informed consent, in accordance with the Research Ethics Committee of 
the Federal University of Minas Gerais (COEP-UFMG) under the approval number 02177612.0.0000.5149. Peripheral 
blood mononuclear cells (PBMC) were collected by centrifugation using a density gradient (Ficoll, GE). Primary T cells 
(CD3+) were purified from fresh PBMC using negative selection beads (Thermo Scientific), then stimulated overnight 
with human T cell activator beads CD3/CD28 (Thermo Scientific) at a 1:3 bead-to-cell ratio. Stimulated T cells were 
expanded in vitro for 6 days by adding 100 U/mL of recombinant human IL-2 (rhIL-2). Following activation and in vitro 
expansion, T cells were transfected using the optimized LNP. Cells were periodically counted by Trypan Blue viability 
staining so the cell density did not exceed 1 × 106 cells/mL.

Functional Assays Using Engineered Human CAR T Cells
CAR T cells were co-plated with Raji cells at varying effector-to-target ratios. Non-transfected T cells were co-plated at 
the same ratios as the controls. After 24 hours, cells were collected and labeled with surface markers to identify CD19+ 

cells and with the viability markers Annexin V and 7AAD (Thermo Scientific) as per manufacturer’s instructions. 
Specific killing was expressed by the frequency of CD19+ cells positively labeled for both Annexin V and 7AAD.

Statistics
Data are expressed as mean ± SD. Analyses were performed using Prism 7 (GraphPad Software Inc). ANOVA tests 
followed by Bonferroni post-tests were applied for comparison of more than 2 groups. Student's t-test was used for 
analysis between 2 groups. In all cases, p values <0.05 indicate statistical significance.

Results
In vitro Transfection of Jurkat Cells by DNA-Loaded LNPs
A mini-library of LNPs encapsulating a plasmid DNA (pDNA, Addgene no. 54702) encoding for ZsGreen (LNP-GN1) was 
synthesized using an ionizable lipid (C12-200), a PEG–lipid conjugate (C14-PEG2000), phospholipid (DOPE) and cholesterol at 
varying ratios (Table 1 and Figure S2A).31 LNPs were added to Jurkat cells and the frequency of ZsGreen-expressing cells, as 
well as cell viability, were assessed after 3 days by flow cytometry (Figure S2B). Our LNPs were characterized by size, 
polydispersity index (PDI), and zeta potential (Figure S2C and D). Although, all LNPs induced ZsGreen expression in Jurkat 
cells, LNP-5-GN1 performed better than the other formulations without affecting cell viability (Figure S2E and F). 
Electroporation and Lipofectamine 2000, were used as controls and induced higher cytotoxicity compared to the LNPs 
(Figure S2E and F). The lead formulation LNP-5-GN1 also induced higher ZsGreen expression, as measured by mean 
fluorescence intensity (MFI) in Jurkat cells (Figure S2G). Furthermore, it was found that increased DOPE molar ratio in the 
LNP formulation improved transfection efficiency in Jurkat cells (Figure S2H). Next, we sought to analyze how the lead 
formulation LNP-5 would perform delivering pDNA in Jurkat cells for the expression of CAR.

Screening of LNPs for pDNA-CAR Delivery to Jurkat Cells
We encapsulated a pDNA encoding for a second-generation CAR targeting CD19 (CAR-CD19BBz, Addgene 
no. 135992) in our lead formulation LNP-5 (LNP-5-CAR). Jurkat cells were treated with different amounts of pDNA, 
and the expression of CAR-CD19BBz was assessed after 3 days by flow cytometry (Figure 2A). We determined that the 
optimal pDNA concentration for transfection of Jurkat cells was 420 ng of pDNA per 60,000 cells (Figure 2B). Cell 
viability was not affected after treatment with LNP-5-CAR at different concentrations (Figure 2C). We then evaluated the 
expression of CAR for up to 12 days using the optimal pDNA concentration, as a means to assess the CAR expression 
over time. We found higher CAR-CD19BBz expression 3 days after transfection with LNP-5-CAR, and from day 6 
onwards the frequency of cells expressing CAR decreased significantly (Figure 2D). In addition, we observed a slight 
decrease in cell viability along the culture period, despite cell viability being maintained above 90% at all timepoints 
(Figure 2E).
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To optimize our lead formulation, we formulated a new library of LNPs encapsulating pDNA-CAR-CD19BBz 
varying the molar ratios of DOPE and cholesterol, and screened these formulations using Jurkat cells (Table 2, 
Figure 3A and B). The hydrodynamic diameter of all LNPs ranged from 99.15 to 129.80 nm with PDI values ranging 
from 0.06 to 0.22 and slightly negative or neutral zeta potential (Figure 3C and D). As assessed by cryo-TEM, LNPs 
showed spherical morphology with an electron-dense core (Figure 3E). Our screening on Jurkat cells identified four top- 
performing LNPs, which induced higher frequency of cells expressing CAR-CD19BBz when compared to non- 
transfected control, electroporation and Lipofectamine 2000 (Figure 3F). When analyzing the effects of different amounts 
of excipient lipids in delivering pDNA to Jurkat cells, we found improved transfection with increased molar ratios of 
DOPE (35% to 42.5%), associated with reduced molar ratios of Cholesterol (30% to 20%) (Figure S3A and B). These 

Figure 2 DNA loaded LNPs induce transient expression of CAR-CD19BBz in Jurkat cells. (A) Schematic of LNP-CAR mediated transfection of Jurkat cells. (B) CAR- 
CD19BBz expression in live (PI−) Jurkat cells 3 days after transfection with LNP-5-CAR with different amounts of pDNA identifying the best concentration to be used. * 
p<0.05; **** p<0.0001 versus 420 ng/ 60,000 cells evaluated by one-way ANOVA with n=3. (C) Cell viability of Jurkat cells assessed by the frequency of PI− cells after 
transfection with LNP-5-CAR. (D) CAR-CD19BBz expression over time in Jurkat cells treated with 420 ng/60,000 cells of LNP-5-CAR confirming the transient expression 
of CAR in these cells. ** p<0.01; ***p<0.001; ****p<0.0001 versus NTC on the same timepoint evaluated by one-way ANOVA with n=3. (E) Cell viability of Jurkat cells over 
time. * p<0.05; ****p<0.0001; Not significant (ns) p>0.05 versus NTC on the same timepoint evaluated by one-way ANOVA with n=3.
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Figure 3 Higher DOPE molar ratios facilitate efficient transfection with CAR-CD19BBz in Jurkat cells. (A) Schematic of the components used to prepare LNPs by 
microfluidic mixing. (B) Schematic of LNP-CAR screening using Jurkat cells. (C) Hydrodynamic diameter (Size) and polydispersity index (PDI) of different LNPs encapsulating 
CAR-CD19BBz pDNA. (D) Zeta potential of different LNPs. (E) Representative cryo-TEM of LNPs encapsulating pDNA. (F) CAR-CD19BBz expression in live (PI−) Jurkat 
cells 3 days after transfection with different LNPs identifying top-performing LNPs. **** p<0.0001 versus NTC evaluated by one-way ANOVA with n=3. (G) Cell viability of 
Jurkat cells assessed by the frequency of PI− cells after transfection with top-performing LNPs **** p<0.0001 versus NTC; evaluated by one-way ANOVA with n=3. (H) 
Representative histograms of CAR-CB19BBz expression after transfection. NTC = non-transfected control; EP = Electroporation; Lipo = Lipofectamine. Graphs represent 
mean ± SD. (I) CAR-CD19BBz expression measured by mean fluorescence intensity (MFI) after transfection with top-performing LNPs and controls. **p<0.01; 
****p<0.0001; Not significant (ns) p>0.05 versus NTC evaluated by one-way ANOVA with n=3. “a” = p<0.001 compared to EP; “b” = p<0.001 compared to Lipo evaluated 
by one-way ANOVA with n=3. NTC = non-transfected control; Graphs represent mean ± SD. 
Abbreviations: EP, Electroporation; Lipo, Lipofectamine.
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formulations showed over 80% of encapsulation efficiency (Table 2). TNS assay showed a pKa of 7.45 for LNP-5-CAR, 
7.54 for LNP-7-CAR, 7.42 for LNP-9-CAR and 7.47 for LNP-11-CAR (Figure S4A–D). Importantly, these top- 
performing LNPs induced enhanced CAR-CD19BBz expression compared to electroporation and Lipofectamine 2000, 
with significantly reduced cytotoxicity (Figure 3G). Expression of CAR-CD19BBz was similar after transfection with 
different LNPs and was significantly higher than non-transfected cells and cells transfected by electroporation and 
Lipofectamine 2000 (Figure 3H and I). After determining the transfection efficiency, we assessed the activation of Jurkat 
cells expressing CAR-CD19BBz after transfection with the four top-performing LNPs.

Activation of Jurkat Cells Transfected with Top-Performing LNPs
According to the literature, Jurkat cells expressing CAR-CD19BBz recognize target cells expressing CD19, in a co-culture 
model and upregulate the expression of activation markers such as CD69 and PD-1. This is a fast and easy method that 
allows high-throughput evaluation of different CAR constructs.37 Thus, we evaluated whether Jurkat cells transfected with 
our top-performing LNPs underwent activation when exposed to CD19+ target cells (Figure 4A). After transfection with 
top-performing LNPs, Jurkat cells were co-plated with Raji cells at a 1:1 or 1:0 ratio, and the expression of activation 
markers was assessed by flow cytometry (Figure 4B and C). Jurkat cells transfected with LNP-9-CAR showed higher levels 
of CD69 and PD-1 than cells transfected with the control formulation LNP-9-GN1 (Figure 4D and E). These markers were 
not upregulated in CAR-expressing Jurkat cells in the absence of target cells, indicating a specific activation upon antigen 
binding of CAR-CD19BBz (Figure 4D and E).

We then analyzed whether the activation of Jurkat cells expressing CAR-CD19BBz was dependent on the ratio between target 
and effector cells. After transfecting Jurkat cells with the optimized LNP-9-CAR or the control LNP-9-GN1 (Figure S5A and B), 
we co-plated these cells with Raji cells at varying effector-to-target ratios. We demonstrated that Jurkat cells expressing CAR- 
CD19BBz upregulate the expression of both CD69 and PD-1 in a ratio-dependent manner (Figure 4F and G). Thus, our LNP 
system was able to generate CAR-expressing cells that properly respond to CD19+ target cells. Despite being a good model to 
analyze cell activation, Jurkat cells are not able to secrete all cytokines required to induce target cell death,37 which can be assessed 
in vitro by co-plating target cells with human primary T cells expressing CAR.

Ex vivo Engineering of Human Primary CAR T Cells
To assess the DNA delivery of our optimized formulation, human primary T cells were transfected with LNP-9-CAR, and 
the expression of CAR-CD19BBz was assessed by flow cytometry after 3 days (Figure 5A). Our LNP system was able to 
transfect T cells without affecting cell viability (Figure 5B–D). Additionally, both CD4+ and CD8+ T cells were 
transfected by the LNP, with a higher frequency of CD4+ T cells expressing CAR-CD19BBz (Figure 5E and F).

Specific Killing of Target Cells by Engineered CAR T Cells
The effectiveness of T cells transfected by LNP-9-CAR was evaluated by co-plating CAR T cells or control non- 
transfected cells with CD19+ cells for 24 hours at varying effector-to-target ratios (Figure 5G). Specific killing of CD19+ 

cells was determined by labeling the cells with Annexin V and 7AAD and expressed as the frequency of double positive 
cells within the CD19+ population (Figure 5H). Our results demonstrate that CAR T cells most effectively killed CD19+ 

cells at the highest effector-to-target ratio (5:1 and 2:1). Specific killing of target cells was still observed even at a 1:1 
ratio, indicating the efficacy of CAR T cells engineered using LNPs (Figure 5I).

Discussion
Significant advances have been made in CAR T cell therapy in terms of regulatory aspects, production methods, and 
application against different malignancies.34,39,40 Although durable remissions are induced by this therapy, long-term 
adverse effects such as B-cell aplasia,14 cytokine release syndrome,41,42 and neurotoxicity43 are commonly observed. One 
of the factors that contribute to the long-term adverse effects is the integration of the CAR construct to the genome of the 
T cells, which induces constitutive expression of CAR. Therefore, novel methodologies are needed to overcome 
the development of severe long-term adverse effects associated with CAR T cell therapy, as well as to improve the 
manufacturing process, reducing the time and cost of the final product.
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LNPs have been investigated as potential delivery methods for both DNA and mRNA. Recently, the potential of LNPs was 
demonstrated by their wide application in COVID-19 vaccines,44 as well as by their ability to transfect primary cells,31 

reassuring their potential in cell engineering. LNPs were also used to produce CAR T cells in vitro, with a screening showing 

Figure 4 Top-performing LNPs generate CAR-Jurkat cells with high efficiency. Jurkat cells were transfected with top-performing LNPs using 420 ng/60,000 cells, collected 
after 3 days and co-cultured at 1:1 or 1:0 ratios with Raji cells. (A) Schematic of Jurkat cell transfection with LNP-CAR and effector cell activation after co-culture with Raji 
cells. (B) Representative histogram of Jurkat and Raji cells distinguished based on the expression of CD19. (C) Expression of activation markers PD-1 and CD69 in Jurkat 
cells expressing CAR-CD19BBz. (D and E) Activation of Jurkat cells expressing CAR-CD19BBz measured by mean fluorescence intensity (MFI) of CD69 (D) and PD-1 (E) 
after 24 hours co-cultured with Raji cells. * p<0.05; ** p<0.01; ***p<0.001; **** p<0.0001 Not significant (ns) p>0.05 versus LNP-9-GN1; “a” = p<0.001 compared to 1:1; 
“b” = p<0.0001 compared to 1:1; evaluated by one-way ANOVA with n=3. (F and G) Activation of Jurkat cells transfected with the optimized formulation LNP-9 24 hours 
after co-culture with Raji cells at different effector-to-target ratios. Activation was assessed by the expression of CD69 (F) and PD-1 (G). *p<0.05; **p<0.01; ***p<0.001; 
Not significant (ns) p>0.05 evaluated by two-way ANOVA with n=3. Graphs represent mean ± SD.
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Figure 5 LNP-9-CAR promotes functional delivery of pDNA to primary human T cells. (A) Schematic of primary human T cell transfection with LNP-9-CAR (B) 
Representative plots of CAR-CD19BBz expression 3 days after transfection of primary human T cells with LNP-9-CAR. (C) Cell viability of CD3+ cells 3 days after 
transfection with LNP-9-CAR. Not significant (ns) p>0.05 evaluated by unpaired t-test compared to NTC. (D) Frequency of Live/CD3+/CAR-CD19BBz+ T cells analyzed 3 
days after transfection with LNP-9-CAR. ***p<0.001 evaluated by unpaired t-test compared to NTC. (E) Representative plots of T cell subsets expressing CAR-CD19BBz 3 
days after transfection with LNP-9-CAR identified by the expression of CD4 and CD8. (F) Frequency of Live/CD3+/CAR-CD19BBz+ CD4+ and CD8+ T cells analyzed 3 
days after transfection with LNP-9-CAR. **p<0.01 evaluated by unpaired t-test compared to NTC. (G) Schematic of T cell transfection with LNP-9-CAR and tumor cell 
specific killing in co-culture with Raji cells. (H) Representative plots of Annexin V/7AAD labeled cells gated on the CD3−/CD19+ population. Dead cells are labeled as double 
positive for both markers. (I) Results of specific killing of CD19+ 24 hours after coplating with CAR T cells or non-transfected cells at different ratios. *p<0.05; ****p<0.0001; 
Not significant (ns) p>0.05 evaluated by two-way ANOVA with n=4 donors. NTC = non-transfected control. Graphs represent mean ± SD.
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the performance of different ionizable lipids in delivering mRNA to T cells and highlighting the importance of optimizing 
a formulation for T cell engineering.33,34

In this study, LNPs were formulated and characterized focusing on the enhanced pDNA delivery to T cells. In all 
formulations, the ionizable lipid-to-pDNA ratio was fixed in 10:1, and the molar ratios of two excipient lipids were 
varied. A primary screening showed that increasing the DOPE molar ratio favors the expression of ZsGreen in Jurkat 
cells, which are considered hard to transfect by non-viral methods.45 In this screening, we identified a lead formulation, 
which induced a significantly higher frequency of transfected cells when compared to other formulations as well as to 
standard transfection methods such as electroporation and Lipofectamine.

Using the lead formulation, LNP-5, encapsulating a pDNA for the expression of CAR-CD19BBz, we showed 
enhanced frequency of CAR-expressing cells 3 days after transfection. This system does not likely lead to incorporation 
of the CAR construct to the genome of the cell, since a significant reduction in the frequency of CAR-expressing cells 
was observed after 9 days of culture with no effects on cell viability. Similar results have been achieved after transfection 
of Jurkat cells with mRNA encoding for Luciferase, with maximum luciferase expression after 24 hours followed by 
a significant reduction after 48 hours.34 The differences in mRNA and pDNA expression rely not only on the delivery 
method but also on the intracellular processing of these molecules. Following pDNA delivery, transcription only occurs 
after nuclear translocation of the construct, whereas mRNA is readily transcribed by the cellular machinery once it is 
released into the cytoplasm.25 A second screening was performed to optimize our lead formulation, formulating new 
LNPs varying the molar ratios of excipient lipids. Four new formulations with high transfection efficiency were 
identified. These results highlighted that pDNA delivery can be improved by increasing the molar ratio of DOPE in 
the LNP. In fact, other studies using RNA loaded LNPs have reported that increasing DOPE percentages in the 
formulation favor the in vitro transfection of Jurkat cells,46 as well as in vivo targeting and transfection of immune 
cells.47,48 However, formulations with more than 50% of DOPE do not perform as well in T cells.

Despite Jurkat cells being a good model to study T cells, their cytokine repertoire is limited.49 However, Jurkat cells 
expressing CAR upregulate the expression of activation markers, especially CD69, when co-plated with target cells. In 
a screening setting, this serves as an indicator that the construct, or cell engineering method, is able to generate functional 
CAR-expressing cells.37 By co-plating transfected Jurkat cells with CD19+ cells, we demonstrated that the activation of 
CAR-expressing cells was significantly higher in cells transfected with our optimized formulation, LNP-9. Additionally, 
we showed that transfection with LNP-9 generated CAR-expressing Jurkat cells that were activated in an effector-to- 
target ratio-dependent manner.

In a short culture period (3 days), we were able to engineer human primary T cells after in vitro activation. Our analysis 
shows that both CD4+ and CD8+ T cells were successfully engineered to express CAR-CD19BBz, with a higher frequency of 
CD4+ cells. Some variability in transfection efficiency was observed across the four donors, which is expected even in the 
clinical setting.50 When co-plating these CAR T cells with CD19+ cells, we observed higher specific killing in effector-to- 
target ratios with more effector cells. Specific killing was observed up to the 1:1 ratio, corroborating previous reports which 
show that higher numbers of target cells reduce specific killing induced by CAR T cells.17,34,42 The presence of a CD4+ CAR- 
expressing T cell population has clinical importance, with reports showing a decade-long persistence of this subset51 and their 
participation in cytokine release syndrome and long-term responses52 after CAR T cell treatment. Though clinical trials and 
reports show that the CD4:CD8 ratio should be determined beforehand to induce better responses, each subset has their 
importance in the success of CAR T cell therapy for hematological malignancies.53,54

Although in vivo studies are needed to determine the engraftment and efficacy of CAR T cells generated by LNP 
mediated pDNA delivery, our results suggest that this LNP platform can be used as a fast and non-toxic approach for 
T cell engineering. Further optimization may be performed based on our LNP-9 formulation opening ways for in vivo 
T cell targeted delivery as well as an alternative method to manufacture CAR T cells with different constructs targeting 
solid tumors.

Conclusion
In this work, we developed optimized LNP formulations to efficiently deliver pDNA to human primary T cells. This 
allows the engineering of CAR T cells targeting CD19, which were capable of inducing specific killing of lymphoma 
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cells in vitro. The transient expression of CAR-CD19BBz induced by our system could be an interesting approach for 
CAR T cell immunotherapy. Further studies should evaluate the effect of this transient expression of CAR on the onset of 
adverse effects associated with this therapy. Additionally, our results provide new venues for pDNA delivery to T cells 
using non-viral transfection methods and could be applied for the treatment of solid tumors and other diseases.
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