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ABSTRACT

Chimeric antigen receptor (CAR)-T cells have shown promising efficacy in disease treatment. Considering the
safety issues of viral vectors, non-viral vectors such as lipid nanoparticles (LNPs) or transposon systems have
attracted growing attention in constructing CAR-T cells. However, the limited transfection efficiency of LNPs and
the possible cellular damage via electroporation of transposon system restrict their applications. Herein, we
propose to construct CAR-T cells with long-lasting CAR expression via non-classical LNPs delivering reformative
piggyBac transposon system. The non-classical LNPs (TA7AD8 LNPs) significantly enhance the cellular uptake by
T cells and promote lysosomal escape due to the engagement of novel lipid (AD8) holding asymmetric tails. To
further improve the transfection efficiency of transposon, we modify the transposon through inserting a nuclear-
targeting sequence and reducing the molecular size to gain a minicircle nuclear location piggyBac transposon
system. Based on these, we successfully construct the CD19 CAR-T with long-lasting CAR expression and potent
cytotoxicity, achieving antitumor efficacy comparable to that by lentivirus. This work provides a safe, facile, and
effective approach for in vitro engineering CAR-T cells, which can be applied in the future to avoid the safety

concerns of viral vectors, lower the price, and shorten the manufacturing period of CAR-T cells.

1. Introduction

Chimeric antigen receptor (CAR) T-cell therapy, as a new-paradigm
immunotherapy, has given rise to breakthroughs in treatment of ma-
lignant tumors [1], autoimmune diseases [2], myocardial damage [3],
and so on [4]. All the clinical CAR-T products are ex vivo constructed by
viral vectors [5] to gain persistent CAR expression. However, FDA
recently reported the possible serious risk of T cell malignancy following
BCMA-directed or CD19-directed autologous CAR-T cell therapy owing
to the viral vectors that can be inserted into the host cell genomes. More
than that, viral vectors face the limitations of limited capacity, high cost,
and immunogenicity. [6] Therefore, non-viral vectors for engineering
persistent CAR-T cells show promise.

Transposon system, an emerging non-viral system, such as Sleeping
Beauty (SB) and piggyBac (PB), can achieve stable gene expression by a
cut-and-paste mechanism [7], which is usually introduced into cells via
electroporation. It has been harnessed for constructing CAR-T cells with
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long-lasting CAR expression in clinical trials [8]. However, the uncertain
loss of cytoplasmic inclusions during the electroporation process and the
resulting low cell viability after electroporation might affect the efficacy
of CAR-T cells [9]. By comparison, lipid nanoparticle (LNP) is a non-
viral vector for gene delivery, which has received growing attention
due to low toxicity, superior biocompatibility, and cost-effectiveness
[10], especially after the approval of the first siRNA drug Onpattro™
and two COVID-19 vaccines [11]. Thus, delivering a transposon system
into primary T cells via LNPs might be an available approach for con-
structing long-lasting CAR-T cells. However, the extremely low trans-
fection efficacy of LNPs delivering transposon system for CAR
transfection, which is only 4.5 % to our best knowledge [12], hampers
their future application.

To address the challenges, the obstacles of engineering long-
persisting CAR-T cells via traditional LNPs can be ascribed to three
reasons. Firstly, as a kind of non-phagocytic lymphocyte, T cells cannot
actively phagocytose large amounts of exogenous materials [13,14],
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which limits the entry of LNP into T cells. Secondly, transposons within
LNP must escape from the endo/lysosomes to avoid degradation [15],
while the escape ratio of LNP is below 15 % [16]. The last one is that the
transposon system should enter the cell nucleus to take effect, whereas
the viscous cytosol hampers the free movement of transposon towards
the nucleus, and the small nuclear pore restricts the entry of large
transposon system (usually larger than 7000 bp).

Herein, we were supposed to sequentially conquer these obstacles
via developing a non-classical LNP and an optimized transposon for
effective construction of long-lasting CAR-T cells (Fig. 1). We first
designed a series of asymmetric tails-based functional lipids (ada-
mantane lipid, AD), as the fifth functional lipid whose adamantane tail
has demonstrated the tropism to T cells [17]. Afterward, a top-
performing LNP (TA7AD8 LNP) composed of ionizable lipid of TA7
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(an ionizable lipid with glutamic acid as a linkage designed by our
group), adamantane lipid (ADS8, as the fifth functional lipid), neutral
phospholipid  of  1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
(DOPE), cholesterol, and PEGylated lipid of PEGgggo-Succinic
anhydride-ditetradecyl glutamate (PEGgggo-Suc-TA,, a novel PEGylated
lipid designed by our group) was screened, which exhibited the superior
transfection efficiency of green fluorescent protein (GFP) pDNA into
CD3" primary T cells up to 18.3 %, about 2.3-fold than that has been
reported [18]. Further, we found that the endocytosis of TA7AD8 LNP
by T cells was significantly increased due to the reduced particle size
after AD8 engagement in LNP. Moreover, AD8 could increase the
membrane fusion through enhancing the membrane fluidity and
inducing more lipid packing defects to reduce the energy barrier during
membrane fusion. Besides, we found that the low pK, of TA7AD8 LNP
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Fig. 1. Schematic illustration of the preparation and mechanism of non-classical LNP delivering transposon system for ex vivo engineering CAR-T cells. The
functional adamantane lipids (AD1-ADS8), ionizable lipid (TA7), and PEGylated lipid (PEG2000-Suc-TA2) were newly synthesized. Of which, the complex of AD8 and
TA?7, along with DOPE, cholesterol, and PEGyggo-Suc-TA, were optimized for the preparation of the top-performing TA7AD8 LNP via the microfluidic method, which
showed a high transfection efficiency of pDNA in primary T cells by enhancing endocytosis, promoting lysosomal escape, and increasing the concentration of pDNA
around nucleus via tubulin-mediated intracellular transport. To further improve the pDNA into the nucleus, the conventional PB transposon (pCD19-CAR, 7824 bp)
was remodeled by inserting nuclear localization sequence (3NFs) and deleting prokaryotic sequences, thereby generating the minicircle nuclear location transposon
(mcDNA-CD19 3NF, 5235 bp). Based on these, TA7AD8 LNP successfully transfected primary T cells by co-delivering mcDNA-CD19-3NF and a transposase plasmid,
thus achieving CD19 CAR-T cells with a high CAR positive ratio and long-lasting CAR expression, which showed potent cytotoxicity against CD19" Tumor cells.
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favored the pDNA escape from lysosomes near the nucleus, which
leveraged the tubulin movement to deliver pDNA around the nucleus,
thus circumventing the long-distance movement in viscous cytosol.
Finally, to promote the entry of large transposons into the nucleus, a
minicircle nuclear location transposon (mcDNA-CD19-3NF) was
designed and constructed through modifying the conventional PB
transposon into a shortened sequence with a nuclear targeting sequence.
Thus, TA7AD8 LNP delivering mcDNA-CD19-3NF and a transposase
plasmid into primary human CD3"T cells achieved a positive ratio of
10.8 % of CD19 CAR and with a persisted CAR expression at least 15
days, while that transfected by Lipofectamine 2000 was only 0.89 %.
The physiological functions of CD19 CAR-T cells, such as proliferation,
viability, and phenotype maintained after transfection via TA7AD8 LNP,
as well as the potent cytotoxicity against CD19" tumor cells. In short,
TA7ADS8 LNP delivering the minicircle nuclear location transposon has
the application prospect to engineer CAR-T cells in a safe, simple, facile,
and cost-effective manner in the future.

2. Materials and methods
2.1. Materials

All chemical agents for lipid synthesis were purchased from Bide
Pharmtech Ltd. Cholesterol, 1,2-dioleoyl-sn-glycero-3-phosphoethanol-
amine (DOPE), 1, 2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), soy
phosphatidylcholine  (SPC), 1,2-dioctadecanoyl-sn-glycero-3-pho-
phocholine (DSPC), 1, 2-dimyristoyl-sn-glycero-3-phosphocholine
(DMPC), 1, 2-distearoyl-sn-glycero-3-phosphoethanolamine (DSPE),
and 1, 2-dipalmitoyl-sn-glycero-3-phosphoethanolamine (DPPE) were
purchased from AVT (shanghai) Pharmaceutical Tech Co. All of them
were used as received. PmaxGFP was purchased from Lonza. Ultra
GelRed, Annexin V-PE/7-AAD Apoptosis Detection Kit, and Phanta Max
Super-Fidelity DNA Polymerase were purchased from Vazyme. Human
peripheral blood lymphocyte separation medium was purchased from
TBD science. ImmunoCult™-XF T cell medium, ImmunoCult™ human
CD3/CD28 T cell activator, recombinant human IL-2, and EasySep™
human T cell isolation kit were purchased from STEMCELL. Fetal bovine
serum (FBS) and Roswell Park Memorial Institute (RPMI) 1640 medium
were purchased from Gibco. Dulbecco's modified eagle medium
(DMEM) was purchased from HyClone. All of the antibodies were pur-
chased from BioLegend. All of the endonuclease were purchased from
Adamas life. Phosphotungstic acid was purchased from Yonghua
Chemical Co. CFDA SE staining kit, LDH cytotoxicity assay kit, ion-
omycin, phorbol-12-myristate-13-acetate, brefeldin, Lyso-tracker green,
and Hoechst 33342 were purchased from Beyotime. Cy5 nucleic acid
labeling kit was purchased from Mirus bio. Chlorpromazine, nystatin,
amiloride were purchased from J&K Scientific. NBD-PE and Rh-PE,
Lipofectamine 2000 were purchased from Thermo Fisher Scientific.
Membrane fluidity assay kit was purchased from Abcam. EndoFree Maxi
Plasmid Kit was purchased by Tiangen.

2.2. Synthesis of lipids

AD lipids were synthesized in three steps (Scheme S1). Firstly, AD-a
was prepared. Oleic acid (10.0 g, 35.40 mmol) was dissolved in
dichloromethane (DCM, 200 mL), which was added by 2-hydroxy-
methyl-1,3-propanediol (7.51 g, 70.80 mmol), 4-dimethylaminopyri-
dine (DMAP) (0.43 g, 3.54 mmol), triethylamine (TEA) (5.37 g, 53.10
mmol), and N-(3-Dimethylaminopropyl)-N-ethylcarbodiimide hydro-
chloride (EDCI) (10.13 g, 53.10 mmol), with stirring for 10 min under
the ice bath. Then, the mixture was recovered to room temperature and
stirred overnight. After successive washing with water, 10 % Citric acid
aqueous solution, and brine, the mixture was then dried by using
NayS0y, following filtration and evaporation under vacuum. The residue
was purified by silica gel chromatography (30 % ethyl acetate in hex-
anes) to give AD-a (8.38 g, 22.61 mmol, 63.88 %) as a colorless oil. Next,
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1-adamantaneacetic acid (4.39 g, 22.61 mmol), DMAP (0.28 g, 2.26
mmol), TEA (3.43 g, 33.92 mmol), EDCI (6.47 g, 33.92 mmol) were
added into the solution of AD-a (8.38 g, 22.61 mmol) in DCM (200 mL),
and stirred for 10 min under the ice bath. After stirring overnight at
room temperature, the mixture was washed in turn with water, 10 %
citric acid aqueous solution, and brine. Then, the mixture was dried by
using NaySOy, filtered, and evaporated under vacuum. The residue was
purified by silica gel chromatography (10 % ethyl acetate in hexanes) to
give AD-b (8.56 g, 15.65 mmol, 69.22 %) as a colorless oil. Finally,
various amine heads were reacted with AD-b to obtain the AD lipids
from AD1 to ADS. In brief, AD-b (0.80 g, 1.46 mmol) was dissolved in
DCM (20 mL), into which 4-nitrophenylchloroformate (0.53 g, 2.63
mmol), DMAP (0.18 g, 1.46 mmol), and TEA (0.30 g, 2.93 mmol) were
added and stirred for 1 h under the ice bath. Then, different amine heads
(7.31 mmol) and DMAP (0.18 g, 1.46 mmol) were added to the solution
and stirred for 2 h, respectively. After in turn washing with water, 10 %
citric acid aqueous solution, 5 % sodium hydroxide solution, and brine,
the mixture was dried by using NaySOy, filtered, and evaporated under
vacuum. The residue was purified by silica gel chromatography (4 %
MeOH in DCM) to give AD lipids as colorless oils.

The synthesis of PEGy0o-Suc-TAy included three steps (Scheme S2).
In brief, TA2-NH; was first synthesized. L-glutamate (1.00 g, 6.80 mmol)
was dissolved in anhydrous toluene (30 mL), into which p-Toluene-
sulfonic acid (1.40 g, 8.16 mmol) was added for stirring at reflux for 2 h.
The reaction was then cooled to room temperature, following the
addition of 1-Tetradecanol (2.91 g, 13.59 mmol) for another stirring at
reflux overnight. The reaction mixture was evaporated under reduced
pressure to give a thick dark brown oil which was then dissolved in
dichloromethane, washed with saturated sodium bicarbonate solution
and brine in turn. After drying by using NaySOj4, the mixture was filtered
and the filtrate was evaporated under vacuum. The residue was purified
by silica gel chromatography (10 % ethyl acetate in hexanes) to obtain
TA2-NH; (1.93 g, 3.57 mmol, 52.60 %). Then, TA,-COOH was synthe-
sized. TA,-NH; (0.50 g, 0.93 mmol) was dissolved in DCM (10 mL) with
the addition of succinic anhydride (0.20 g, 2.00 mmol) and DMAP (0.25
g, 2.00 mmol) for stirring at reflux for 24 h. The reaction mixture was
evaporated under reduced pressure to give a yellow solid. The residue
was purified by silica gel chromatography (5 % MeOH in DCM) to give
TA,-COOH (0.43 g, 0.68 mmol, 72.89 %). Finally, TA,-COOH (0.43 g,
0.68 mmol), EDCI (0.19 g, 1.00 mmol), DMAP (0.16 g, 1.31 mmol), N,N-
diisopropylethylamine (DIPEA) (0.17 g, 1.32 mmol), mPEGgp00-OH
(2.62 g, 1.31 mmol) were dissolved in DCM (20 mL) and stirred at room
temperature for 24 h. The reaction mixture was evaporated under
reduced pressure to give a yellow solid. The residue was purified by
silica gel chromatography (4 % MeOH in DCM) to give PEG20o-Suc-TAy
(0.38 g, 0.14 mmol, 78.60 %) as a white solid.

The 'H NMR (Bruker 300 or 500 MHz spectrometer) and HRMS (ESI)
of all lipids were shown in supporting information.

2.3. Preparation and characterization of LNPs

For rough screening, LNPs were prepared by the ethanol injection
method. Briefly, all lipids including ionizable lipid (TA7 or TA13),
adamantane-containing lipid (AD1-AD8), DOPE, cholesterol, and
PEG2gp0-Suc-TA; at different mole ratios were dissolved in anhydrous
ethanol, while PmaxGFP as the model pDNA was diluted in 10 mM
citrate buffer (pH 4). The ethanol solution was added to triple volume of
citrate buffer drop by drop. After mixing, the mixture was dialyzed
against PBS buffer by using a 1.4 K MWCO (molecular weight cut-off)
dialysis membrane for 2 h to gain the LNPs. In the process of opti-
mizing the formulation, the pDNA concentration remained constant,
while the ratio of PEGgggo-Suc-TAy, the kind of neutral phospholipid
(DSPC, DMPC, DPPE, DSPE, SPC, DOPC) and the N/P ratio were altered.

After fixing the top-performing formulation, the preparation method
was further optimized by using a microfluidic device. One volume of
lipid mixtures in ethanol and three volumes of pDNA solutions were
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mixed by using syringe pump (Pump 11Elite, Harvard) to drive the so-
lutions through the microfluidic device (Wenhao Microfluidic Tech-
nology) at a combined flow rate of 4 mL/min (1 mL/min for ethanol and
3 mL/min for aqueous buffer). The particle Z-average sizes and zeta
potential of LNPs were measured by dynamic light scattering (Nano-
Brook Omni, Brookhaven). Agarose gel electrophoresis was utilized to
evaluate the pDNA encapsulation efficiency. All samples containing
with 200 ng of pDNA were loaded onto 0.7 % agarose gel for electro-
phoresis (130 V, 20 min). The gel was stained by Ultra GelRed and
visualized on the gel imaging system (5200 Multi, Tanon).

McDNA-CD19-3NF/TA7AD8 LNPs were prepared by the best
formulation and preparation method as above. In the best transfection
manner, we co-encapsulated two plasmids of mcDNA-CD19-3NF and
transposase at a ratio of 2:1 (w/w).

For transmission electron microscopy (TEM) imaging, 20 pL of LNPs
were placed onto the carbon-coated 200 mesh Cu grid. Then, the sample
was stained with 20 pL of 2 % phosphotungstic acid solution for 3 min.
The excess solution was absorbed using filter paper. After drying, the
morphology of LNP was observed by transmission electron microscope
with an operating voltage of 100.0 kV (Hitachi, HT7700).

To evaluate the stability of top-performing LNP, TA7AD8 LNP
diluted in PBS was stored at 4 °C for up to 60 days. At each time point, an
aliquot was pulled from the sample to measure the particle size and

polydispersity.
2.4. Isolation and culture of human primary CD3" T cells

Human peripheral blood mononuclear cells (PBMCs) were collected
from healthy volunteer donors by density gradient centrifugation with
human peripheral blood lymphocyte separation medium. All the ex-
periments were performed in compliance with the Guide for Use of
Human Blood, approved by the Ethics Committee of China Pharma-
ceutical University. All the donors had been informed before the ex-
periments. After collection of the PBMC layer, the red blood cells were
lysed by using RBC lysis buffer and washed with PBS twice. Then, CD3"
T cells were isolated using the EasySep™ Human T Cell Isolation Kit
according to the manufacturer's protocol and were then cultivated in T
cell medium containing 100 [U/mL of recombinant human IL-2 and 25
pL/mL of ImmunoCult™ Human CD3/CD28 T cell activator.

2.5. Invitro transfection of pDNA-LNP into primary T cells

Human primary CD3" T cells were seeded at a density of 50,0000
cells per well in a 24-well plate. Then, 100 pL of LNP solution (con-
taining 1 pg of pmax GFP) was added into each well for incubation of 48
hat37°Cina5 % CO; incubator. The expression of GFP was monitored
by inverted fluorescence microscopy (Nikon, Ts2R) and determined by
flow cytometry (Attune NxT, Thermo Fisher). Lipofectamine 2000, a
commercially available transfection reagent, was used as a positive
control.

2.6. Culture and transfections of HeLa cells

To assess the gene expressions of mcDNA-CD19-3NF and pCD19-
CAR, Hela cells were seeded in 24-well plates at 1 x 10° cells per well
and grown to 80 % density prior to transfection. Lipofectamine 2000
was performed for transfection following the manufacturers' protocols.
The expression of GFP was monitored by inverted fluorescence micro-
scopy (Nikon, Ts2R) and determined by flow cytometry (Attune NxT,
Thermo Fisher).

2.7. Calculation of encapsulation efficiency
The encapsulation efficiency of top-performing TA7AD8 LNP using

the dsDNA HS Assay Kit. Briefly, Equal concentrations of lipid nano-
particles (LNPs) were divided into two groups: one treated with Triton
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X-100 to lyse particles and release total RNA, and the other left un-
treated to retain intact LNPs. After 5 min, the LNP samples and purified
PDNA (0-20 pg/mlL, for standard curve) were plated in a 96-well plate
with three duplications. Fluorescent dsDNA reagent was added accord-
ing to the manufacturer's instructions, and the generated fluorescence
was measured on a microplate reader at Ex/Em = 480/520 nm. F; for
untreated LNPs and F; for Triton X-100-lysed LNPs. Encapsulation effi-
ciency (EE%) was calculated using the formula: EE% = (F-F;)/F x 100
%. The final pDNA content was calculated based on the pDNA standard
curve.

2.8. Toluene nitrosulphonic acid (TNS) assay

The apparent pK, of LNPs were measured using the 6-(p-Toluidino)-
2-naphthalenesulfonic acid (TNS) assays. Briefly, 5 pL of LNP solution
(20 pM) and 5 pL of TNS solution (60 pg/mL) were added to 140 pL of
buffer solution with different pH values from pH 2 to pH 12 at an
increment of 0.5 in a 96-well plate and mixed well. The fluorescence
intensity of each group was measured at excitation and emission
wavelengths of 320 nm and 450 nm. The pK, value was estimated as the
pH corresponding to 50 % LNP protonation, assuming that minimum
fluorescence represents zero charge and maximum fluorescence repre-
sents 100 % charge.

2.9. Cellular uptake assay

Cy5-labeled PmaxGFP (Cy5-PmaxGFP) was prepared by using the
Cy5 nucleic acid labeling kit according to the manufacturer's protocol.
Then, human CD3" T cells were seeded in a 24-well plate at 500,000
cells per well and incubated with Lipo2000/Cy5-pmaxGFP or LNP/Cy5-
pmaxGFP at 37 °C for 6 h. Then, the cell culture medium was removed,
and cells were washed with PBS twice. The nucleus was then stained by
Hoechst 33342 (1: 1000, v: v) for 10 min, following the observation of
cellular uptake by confocal laser scanning microscope (CLSM, Zeiss,
LSM 880). Moreover, the intensity of Cy5 within T cells was detected by
flow cytometry (Attune NxT, Thermo Fisher).

2.10. Endocytosis pathway evaluation

T cell culture media containing different uptake mechanism in-
hibitors were prepared, including: (1) chlorpromazine (20 pg/mL); (2)
nystatin (15 pg/mL); (3) amiloride (133 pg/mL). T cells (5 x 10° cells
per well in 24-well plate) were pre-incubated in T cell culture medium
precooled to 4 °C or T cell culture medium containing different uptake
mechanism inhibitors for 1 h. Then, the cells were incubated with LNP/
Cy5-PmaxGFP for another 6 h. Then, the intensity of Cy5 within the cells
was analyzed by flow cytometry (Attune NxT, Thermo Fisher).

2.11. Intracellular tracking study

Human CD3" T cells were seeded in 24-well plates at a density of 1 x
108 cells/mL and treated with LNP/Cy5-PmaxGFP for 6 h. Then, the cell
culture medium was removed, and cells were washed with PBS twice
and continued to incubate in fresh T cell medium for 0 h or 2 h. At
different time points, T cells were stained with LysoTracker green and
Hoechst 33342 at 37 °C for 15 min. After washing with PBS twice, T cells
were re-suspended in PBS and added into laser confocal dish, followed
by observation using CLSM (Zeiss, LSM 880).

To further demonstrate that LNPs leveraged the tubulin-mediated
intracellular transport, human primary CD3" T cells were treated with
LNP/Cy5-PmaxGFP for 2 h, T cells were stained with tubulin-tracker
green, Hoechst 33342 at 37 °C for 15 min. After washing with PBS
twice, T cells were re-suspended by T cell culture media and added into
laser confocal dish, followed by observation using CLSM (STELLARIS5,
Leica) for ultra-high-resolution imaging and real-time imaging.
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2.12. Membrane fusion and fluidity assay

The membrane fusion ability of TA7AD8 LNP with lysosomal
mimicking anionic liposomes was evaluated by fluorescence resonance
energy transfer (FRET) assay. Lysosomal mimicking anionic liposomes
were prepared by the film dispersion method with formulation of DSPC:
DOPE: DOPS: Chol: NBD-PE: Rh-PE = 20: 20: 20: 15: 1: 1 (mol: mol), and
total lipid concentration was fixed at 48 pM. TA7 LNP and TA7AD8 LNP
solutions were diluted using citrate buffer (pH = 6.0 and 5.0) to fix total
lipid concentration at 120 pM. Then, 120 pL of LNP was mixed thor-
oughly with 30 pL of Lysosomal mimicking anionic liposomes. After
incubating at 37 °C for 5 min, fluorescence measurements (F) were
conducted on microplate reader at Ex/Em = 480/538 nm. Only lyso-
somal mimicking anionic liposomes were set as a negative control
(Fmin)- Lysosomal mimicking anionic liposomes incubated with 1 %
Triton X-100 solutions were set as a positive control (Fpax). The lipid
fusion (%) was calculated as (F — Fyin)/(Fmax — Fmin) X 100 %.

Membrane fluidity of LNP was assessed by using the Membrane
Fluidity Kit. LNP solutions (TA7 LNP, TA7AD8 LNP) were labeled with
lipophilic pyrene probe (10 pM pyrene decanoic acid and 1 % pluronic F-
127 in PBS) for 1 h in the dark at room temperature with shaking. By
measuring the ratio of Ex/Em = 350/400 nm and Ex/Em = 350/470 nm,
a quantitative monitoring of the membrane fluidity was attained. Data
are expressed as ratio between pyrene excimer and monomer. Data were
normalized to TA7 LNP.

2.13. Molecular dynamic simulation

In this study, we compared the properties of two bilayer membrane
systems. The first system comprised TA7, Chol, DOPE, and PEGy(go-Suc-
TA; in a molar ratio of 36:48.5:15:0.5, while the second system included
TA7, ADS8, Chol, DOPE, and PEGpgo-Suc-TA, in a molar ratio of
18:18:48.5:15:0.5. Each system was constructed with 800 lipid mole-
cules randomly arranged. We conducted three parallel 100 ns MD sim-
ulations on each of these two systems.

Our workflow began with conformational optimization for TA7,
ADS, Chol, DOPE, and PEG(go-Suc-TA, using GaussView6 along with
Gaussian16, and calculated their corresponding RESP2 [19] charges
with Multiwfn [20]. Subsequently, we generated structure files for these
five molecules to serve as input files for molecular dynamics simulations
using Sobtop. Each system was randomly assembled using genmixmem.
After energy minimization and initial NPT ensemble equilibration, we
performed 100 ns NPT ensemble simulations. The entire molecular dy-
namics simulations were conducted using GROMACS 2022.5 [21] and
the AMBER14SB force field [22]. Figures were generated using VMD.

The Luzzati thickness [23] of two membrane systems was calculated
using the Python library MDTraj [24], which is designed for analyzing
MD trajectories. This involved subtracting the integral of the probability
distribution of water molecules from the repeat spacing D.

The relative depth of water molecules infiltrated into the hydro-
phobic interior was calculated by the formula as

(z2 —z1) + (24 — z3)

Yorelative depth = 24 —21) ,

where z1, z4 correspond to the boundaries of the hydrophobic interior of
the bilayer, respectively, and z2, z3 are the deepest positions at which
water atoms penetrate the hydrophobic interior of the bilayer,
respectively.

2.14. Generation of minicircle CD19-CAR plasmid (mcDNA-CD19-3NF)

Basic piggyBac transposon plasmid (pCD19-CAR) and transposase
plasmid were entrusted to VectorBuilder for synthesis. pCD19-CAR is a
polycistronic genetic construct that co-expresses enhanced green fluo-
rescent protein (EGFP) and the CAR gene linked by a T2A peptide
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sequence. Thus, GFP could be used as surrogate marker for CAR-
expression. Firstly, the 3NFs sequence, consisting of upstream (3NF1)
and downstream (3NF2), were inserted into the basic vector plasmid
pCD19-CAR by Kpnl and HindIIl endonuclease. CD19-3NF DNA frag-
ments, including CD19-CAR expression cassette, EGFP, and 3NFs, were
generated by linearized pCD19-CAR with polymerase chain reaction
(PCR) and added EcoRI and Xabl restriction sites to its 5- and 3-end.
Linearizing pMC.BESPX-MCS2 plasmid (MN100B1 plasmid) in the same
protocol. Then, we directionally ligated two linearized DNA fragments
by T4 DNA ligase to generate the parental minicircle plasmid pMC.
BESPX-CD19-3NF. Transformed E. coli carrying pMC.BESPX-CD19-3NF
was cultured with TB medium containing 100 pg/mL kanamycin, with
a rotation speed of 200 rpm at 37 °C overnight. To assist the generation
of mcDNA-CD19-3NF, the expression of ®C31 integrase and Scel endo-
nuclease was induced by adding the same volume LB medium, con-
taining 10 % L-arabinose. After an additional 5.5 h cultivation with a
rotation speed of 250 rpm at 30 °C, bacteria cells were harvested and
mcDNA-CD19-3NF purified using TIANGEN's EndoFree Plasmid Maxi
Kit. The correct sequence of gene sequences was verified by gene
sequencing. Oligonucleotides and primers used for mcDNA-CD19-3NF
were shown in Table S6.

2.15. Exploration of physiological functions of CD19 CAR-T cells

For cell apoptosis, human primary CD3" T cells were seeded at a
density of 5 x 10° cells per well in a 24-well plate and treated with
mcDNA-CD19-3NF/TA7AD8 LNP for 48 h at 37 °C. The cells were
harvested, washed with PBS twice, and suspended in 100 pL of the
binding buffer containing 2.5 pL of Annexin V-PE and 2.5 pL of 7-Amino-
actinomycin D (7-AAD) for 10 min in the dark. The cells were imme-
diately analyzed with flow cytometer mentioned above (Attune NxT,
Thermo Fisher). Human primary CD3" T cells were transfected by
Nucleofector Device (Nucleofector Device ™ System, Lonza) following
the manufacturer's protocols as control.

For CAR expression, human primary CD3" T cells were seeded at a
density of 5 x 10° cells per well in a 24-well plate and treated with
mcDNA-CD19-3NF/TA7AD8 LNP. At each time point, the expressions of
GFP were analyzed by flow cytometry.

To measure the phenotypical ratio of the generated CAR T cells,
CD19 CAR-T cells were stained with APC anti-human CD4 antibody (0.5
pg/mL) and PE anti-human CD8 antibody (0.5 pg/mL), following the
analysis by flow cytometry (Attune NxT, Thermo Fisher). Normal T cells
were used as a control.

For proliferation assay, normal T cells, CD19 CAR-T cells were
cultured for 10 days at 37 °Cin a 5 % CO» incubator. The number of cells
was calculated every other day, and the proliferation curve was
generated.

2.16. Activation and exhaustion phenotype of CD19 CAR-T cells

Naive unmodified T cells and CD19 CAR-T cells were co-cultured
with Raji cells at an effector-target (E: T) ratio of 5:1 on 24-well
plates, respectively. After 24 h incubation, the cells were collected and
stained separately with FITC anti-human CD3 antibody, PerCP/Cy5.5
anti-human CD69 antibody, APC anti-human TIM-3 antibody. CD19-
CAR-T and Raji cells are distinguished based on the expression of
CD3. The expression of the early T cell activation markers CD69 and T
cell exhaustion markers were quantified by flow cytometry (Attune NxT,
Thermo Fisher).

2.17. The effector function of CD19 CAR-T cells

Naive unmodified T cells and CD19 CAR-T cells were co-cultured
with Raji cells at an effector-target (E:T) ratio of 5:1 on 24-well plates,
respectively. After 24 h incubation, the cells were collected and stained
separately with FITC anti-human CD3 antibody. Next, cells were fixed
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with 4 % paraformaldehyde (PFA) and permeabilized using 0.1 % Triton
X-100. After that, cells were stained with PE/Cy7 anti-human/mouse
GZM B antibody (0.8 pg/mL), PE anti-human TNF-o antibody (0.8 pg/
mL), and APC anti-human IL-2 antibody (0.8 pg/mL). Expressions of
CD69, IL-2, GZM B, and TNF-a were quantified by flow cytometry (At-
tune NxT, Thermo Fisher).

2.18. Lactate dehydrogenase (LDH) cytotoxicity assay

Naive unmodified T cells and CD19 CAR-T cells were mixed with Raji
cells at the ratio of 20:1, 10:1, 5:1, 1:1 in T cell medium. After 24 h, the
cytotoxic efficiency was measured by quantifying the release of endog-
enous LDH from tumor cells using the LDH Cytotoxicity Assay Kit ac-
cording to the instruction of the manufacturer. Briefly, the culture
supernatant from cells were transferred to a new 96-well plate and
mixed with LDH reaction mixture. After a 30 min of incubation at room
temperature with shaking, the absorbance at 490 nm was measured by
microplate reader (Synergy H1, Biotek) to determine LDH activity.
Untreated T cells were used as a control.

2.19. Xenograft mouse models

NOD-SCID IL-2 receptor gamma null (NSG) mice were injected with
1 x 10° Raji-Luc cells via the tail vein to construct acute lymphoblastic
leukemia models. After luciferase-induced fluorescence was observed
(in approximately 5 days), tumor-bearing mice were randomly divided
into 3 groups (n = 5 per group) and intravenous injected with PBS, CAR-
T cells constructed by TA7AD8 LNP (2 x 10% and CAR-T cells con-
structed by lentivirus (2 x 106). Bioluminescence imaging was per-
formed on the small animal in vivo imaging system (IVIS) after
intraperitoneal injection of D-luciferin at 0.15 mg per g body weight,
and the data were analyzed using Tanon system software.

At study termination (Day 15), major organs (Heart, liver, spleen,
lung and kidney) were harvested and fixed in 4 % paraformaldehyde for
48 h. Tissues were paraffin-embedded, sectioned at 5 pm thickness, and
stained with hematoxylin and eosin using standard protocols.

2.20. In vivo persistence and proliferation capacity of CD19 CAR-T cells

To assess the in vivo persistence of LNP-based CAR-T cells, periph-
eral blood (0.1 mL) was collected from tumor-bearing NSG mice at days
5, 10, and 15 post treatment. Erythrocyte depletion was performed using
RBC lysis buffer (5 min incubation on ice). And then the cells were
stained with APC anti-human CD3e antibody (30 min at 4 °C) to identify
human T cells. The proportion of CAR-T cells within the total CD3™ T-
cell population was quantified via flow cytometry (Attune NxT, Thermo
Fisher).

2.21. Statistical analysis

All results were presented as the mean + SD, unless otherwise noted.
Statistical analysis was performed using GraphPad Prism 9.0 software.
Statistical significance was analyzed by the unpaired t-test, one-way
ANOVA or two-way ANOVA. (p-Value: ns or unmarked, not signifi-
cant; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).

3. Results and discussion

3.1. Design of functional lipids and construction of top-performing LNP
for human primary T cells transfection

To improve the transfection effect of LNPs on T cells, we first
designed a series of functional adamantane lipids consisting of a tertiary
amine head, a biodegradable carbonate ester linker, and asymmetric
tails which included a rigid adamantane tail for tropism to T cells and a
flexible oleic acid tail for membrane fluidity (Fig. 1). These adamantane
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lipids were synthesized via a simple three-step esterification reaction,
which was facile for future application (Scheme S1). All the adamantane
lipids were characterized by using 'H NMR, 3C NMR, and HRMS
(Figs. S1-17). Next, two ionizable lipids of TA7 and TA13 with an N-
methyl pyrrolidine amine head, biodegradable glutamic acid ester
linker, and two 1-tetradecanol tails were synthesized according to our
previous report, which can effectively deliver siRNA into HeLa cells with
high transfection efficiency [25], but fail to deliver pDNA into T cells.
Besides, we synthesized a novel PEGylated lipid (PEGgggo-Suc-TA3)
holding the same tails with TA7 or TA13 through a simple esterification
reaction (Fig. 1, Scheme S2), which was characterized by using TH NMR
(Fig. S18).

In order to screen the top-performing LNP, we first determined the
best combination of adamantane lipid and ionizable lipid for trans-
fection of GFP pDNA into primary T cells. A series of LNPs composed of
TA7 or TA13 as ionizable lipid, functional adamantane lipid (AD1-ADS),
DOPE, cholesterol, and PEGy(oo-Suc-TA, were prepared at a molar ratio
of 18:18:15:48:1, which encapsulated the GFP pDNA at a N/P ratio of 7.
The particle sizes and zeta potentials of these LNPs were shown in
Tables S1 and S2. Interestingly, we found LNPs containing AD lipids
exhibited smaller particle sizes (ranging from 150 to 170 nm) than those
without AD lipids (ranging from 220 to 240 nm) (Fig. 2A), indicating
that the ability of AD lipids to reduce the particle size of LNPs. Moreover,
all the LNPs showed stable pDNA loading ability (Fig. S19a). We sub-
sequently quantified the GFP expression in human primary CD3™" T cells
by using flow cytometry. Excitingly, LNPs with AD8 exhibited superior
potential in delivering pDNA into human primary T cells, while other
LNPs showed limited transfection efficiency which were lower than 1 %
and similar to that of commercial Lipofectamine 2000 (Fig. 2B). These
results further revealed the huge challenge in pDNA transfection into
human primary T cells, and indicated the critical role of AD8 in pro-
moting T cell transfection. Of which, TA7AD8 LNP showed the highest
GFP-positive T cell ratios and the mean fluorescence intensity (MFI) of
GFP.

Next, we optimized the LNP formulation including the kinds of
neutral phospholipids, the ratio of PEGylated lipid, and the N/P ratio
(Tables S3-5, Fig. S19b-g). Considering the pDNA loading stability and
the transfection efficiency, we identified the top-performing LNP
formulation of TA7, AD8, DOPE, cholesterol, and PEGoggo-Suc-TA, at a
molar ratio of 18:18:15:48.5:0.5, N/P ratio of 7, the lipid concentration
of 0.36 mg/mlL, and the encapsulation efficiencies of 93.8 %. To gain
higher transfection efficiency, the preparation technology was explored
by using the microfluidic mixing method. We found that as the increase
of flow rate, the particle size of TA7AD8 LNP gradually reduced from
150 nm to 60 nm (Fig. S20a). Moreover, different particle sizes resulted
in varied transfection efficiency (Figs. 2C, D, and S20b). Thereinto, the
smallest particle size of TA7AD8 LNP of about 60 nm achieved the
highest transfection efficiency of about 18.3 % in human primary CD3*
T cells, which was 3.5-fold and 25.8-fold higher than MC3 LNP, and
Lipofectamine 2000, respectively (Fig. 2C). These data suggested that
the uniform small size of LNP served as a key parameter for effective T
cell transfection, probably improving the cellular uptake [26] and the
subsequent lysosomal escape [27]. We finally examined the morphology
of the top-performing TA7AD8 LNP by transmission electron microscopy
(TEM), showing a uniform solid spherical shape of about 60 nm
(Fig. 2E). Notably, after 4 weeks of storage at 4 °C, there were no
obvious changes in particle size, PDI, the amount of DNA, and encap-
sulation efficiency of TA7AD8 LNP (Fig. S20c and d), indicating superior
stability.

3.2. Top-performing TA7AD8 LNP improve cellular uptake and lysosomal
escape

Then, we wondered about the underly reason for TA7AD8 LNP
holding the high transfection efficiency. Thus, the cellular uptake,
endocytic pathways, and the following endo/lysosomal escape that are
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Fig. 2. Optimization and characterization of top-performing LNP. (A) Particle sizes of TA7 or TA13 LNPs with or without AD lipids. (B) The GFP expression of human
primary CD3™ T cells after treatment with various LNPs for 48 h at a dose of 1 pg/500000 cells by flow cytometry (n = 3, mean =+ SD, Two-way ANOVA analysis, **P
< 0.01, ***P < 0.001, ****P < 0.0001). (C) The GFP expression of human primary CD3"T cells after transfection by TA7AD8 LNPs with different particle sizes
measured by flow cytometry. Lipofectamine 2000 and MC3 LNPs were used as controls (n = 3, mean + SD). (D) The GFP expression of human primary CD3T cells
after transfection by TA7AD8 LNPs with different particle sizes were observed by inverted fluorescence microscope. Lipofectamine 2000 and MC3 LNPs were used as
controls. Scare bars: 100 pm. (E) TEM image of TA7AD8 LNP (60 nm, up), of which the white frame was enlarged (down). Scare bars: 50 nm.

closely related to the transfection efficiency of LNPs were explored [28].
We found that, after incubation with T cells for 6 h, TA7ZAD8 LNP
encapsulating Cy5-labeled GFP pDNA resulted in a 99.7 % positive rate
of Cy5" T cells, while that of Lipofectamine 2000 and TA7 LNP were
only 66.3 % and 55.3 %, respectively (Fig. 3A). Moreover, the MFI of
Cy5 treated with TA7AD8 LNP showed approximately 10-fold and 64-
fold higher than that of Lipofectamine 2000 and TA7 LNP, respec-
tively, which was further confirmed by the brightest Cy5 fluorescence
within T cells by using confocal microscopy imaging (CLSM) (Fig. 3B).
Furthermore, we compared the cellular uptake of TA7AD8 LNPs with
different particle sizes in human CD3" T cells. The quantitative analysis
demonstrated that while the positive rate of Cy5" T cells remained
consistently high (>99 %) in all particle size groups, the MFI of Cy5
showed a significant size-dependent increase. Specifically, smaller-sized
LNPs exhibited substantially higher MFI values compared to their larger
counterparts, indicating enhanced cellular internalization efficiency
with decreasing particle size (Fig. S21). These data indicated that the
engagement of AD8 lipid in LNPs and the reduction of particle size
obviously promoted the cellular uptake by T cells, conquering the first
challenge faced by LNP transfecting T cells.

Notably, TA7 LNP exhibited limited cellular uptake in T cells
(Fig. 3A), which precluded meaningful analysis of the endocytic
pathway and downstream intracellular processes such as lysosomal
escape. Next, we explored the endocytic pathway of TA7AD8 LNP by T
cells which pretreated with chloropromazine, nystatin, or amiloride, the
respective inhibitors of clathrin-mediated endocytosis, caveolae-
mediated endocytosis or micropinocytosis [25]. For TA7AD8 LNP, all
the inhibitors dramatically reduced the cellular uptake of TA7AD8 LNP
(Fig. 30), indicating that multiple endocytic pathways were involved in
the endocytosis of TA7AD8 LNP, which might be one of the reasons for
its high uptake by T cells. After endocytosis, the intracellular transport
of TA7AD8 LNP within T cells was monitored by CLSM. After incubation
with T cells for 6 h, we found the obvious co-localization of the Cy5-

PDNA (red) and lysosomes labeled by Lyso-tracker green (green), indi-
cating that pDNA-TA7AD8 LNP entered lysosomes after endocytosis.
After LNP removal for another 2 h, the co-localization of Cy5-pDNA with
lysosomes gradually disappeared, while the red Cy5-pDNA accumula-
tion around the nucleus and entering into the nucleus stained by Hoechst
33342 (blue) (Fig. 3D and Fig. S22). Moreover, we confirmed that
TA7AD8 LNP could leverage the tubulin-mediated intracellular trans-
port by ultra-high-resolution confocal microscope image (Fig. 5E) and
real-time imaging (Supplementary Video), exhibiting the transport
tendency from the membrane site to the perinuclear site. The enhanced
accumulation of pDNA around the nucleus might improve the entrance
of pDNA into the nucleus due to the reduced movement distance in the
cytosol. These data validly confirmed that TA7AD8 LNP could effec-
tively enter the T cells, escape from the lysosomes, accumulate near the
nucleus, and finally enter the nucleus to take effect.

To gain mechanistic insight into effective lysosomal escape, we
explored the apparent pK, of LNP which directly affected the surface
charge of LNP at various pH environments and thus the interaction be-
tween LNP and membrane [29]. The apparent pK, of TA7AD8 LNP
showed about 5.4 by 6-(p-toluidinyl)naphthalene-2-sulfonic acid (TNS)
assay [30], which was different from optimal pK, (about 6-7) for siRNA
or mRNA delivery [31]. Because LNP with low pK, was able to remain in
the early endosomes and escape from the lysosomes closer to the nu-
cleus, circumventing the tough movement in the cytosol, which benefit
the plasmid transfection. Additionally, a fluorescence resonance energy
transfer (FRET) assay was applied to evaluate the ability of TA7AD8 LNP
to fuse with and thus disrupt the lysosomal membrane (Fig. S23a). In
brief, N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)-1,2-dihexadecanoyl-sn-
glycero-3-phosphoethanolamine (NBD-PE) and Rhodamine B 1,2-dihex-
adecanoyl-sn-glycero-3-phosphoethanolamine (Rh-PE) were incorpo-
rated into liposomes as mimic lysosomes, in which the fluorescence of
NBD was quenched by Rho due to the close distance. Once membrane
fusion occurred, the NBD fluorescence rose owing to the increased
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Fig. 3. Cellular uptake and the following intracellular transport of TA7AD8 LNP (60 nm) by human primary CD3T cells. (A) Cellular uptake of TA7AD8 LNP, TA7
LNP, and Lipofectamine 2000 were determined by flow cytometry (Mean + SD, n = 3, Two-way ANOVA analysis, ****P < 0.0001). (B) CLSM images of human
primary CD3*T cells transfected with TA7AD8 LNP, TA7 LNP, and Lipofectamine 2000 at 6 h. pDNA was labeled by Cy5 (red) and the nucleus was labeled by Hoechst
33342 (blue). Scale bar: 10 pm. (C) Endocytic pathways of TA7AD8 LNP in human primary CD3™T cells determined by flow cytometry (Mean + SD, n = 3, One-way
ANOVA analysis, ***P < 0.001). (D) CLSM images of lysosomal escape of TA7AD8 LNP within human primary CD3"T cells at 6 h and 8 h. pDNA was labeled by Cy5
(red), the nucleus was labeled by Hoechst 33342 (blue), and lysosome was labeled by lysotracker green (green). Scale bar: 5 pm. (E) Ultra-high-resolution confocal
microscope images of the tubulin-mediated transport of TA7AD8 LNP within human primary CD3™T cells at 2 h. pDNA was labeled by Cy5 (red), tubulin was labeled
by tubulin-tracker (green), and nucleus was labeled by Hoechst 33342 (blue). Scale bar: 5 pm. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

distance between the two probes [32]. Compared to TA7 LNP, TA7AD8
LNP exhibited stronger membrane fusion at pH 5.0. Especially, TA7AD8
LNP has stronger membrane fusion ability at pH 5.0 than at pH 6.0,
indicating that TA7AD8 LNP could remain in endosomes and escape
from the lysosomes (Fig. S23b). Further, we demonstrated the potenti-
ated fluidity of TA7AD8 LNP by using the membrane fluidity kit
(Fig. S23c) [33], which probably led to the improved membrane fusion.
These data demonstrated the significance of AD8 lipid in promoting
lysosomal escape via effective membrane fusion.

Taken together, TA7AD8 LNP addressed the challenges of cellular
uptake and lysosomal escape, and further promoted the possibility of
encapsulated pDNA into nucleus via the tubulin-mediated intracellular

transport to circumvent the tough movement in viscous cytosol.

3.3. Molecular dynamics simulation demonstrating the critical role of
AD8 lipid in promoting LNP transfection

To further explore the action of AD8, molecular dynamics (MD)
simulations were performed. Firstly, we wondered about the reason for
AD8 reducing the particle size of TA7AD8 LNP as compared to TA7 LNP.
As detected by MD simulation, the bilayer thickness of the TA7AD8
bilayer was 2.82 nm, which was lower than that of the TA7 bilayer (3.02
nm). The thinner bilayer may be the reason that the addition of AD8
reduced the particle size, which is consistent with the previous report
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that bilayer thickness affects the particle size distribution, and reducing
them will reduce particle size [34]. Subsequently, we explored the
promotion effect of AD8 on membrane fusion. The membrane lipid
packing defects are identified as those regions in the outer leaflet where
the packing of the hydrophilic lipid head groups is imperfect and the
hydrophobic lipid tails are exposed to the aqueous environment. Some
studies have shown lipid packing defects can promote membrane fusion
by reducing the energy barrier [35,36]. We hypothesized that the
addition of AD8 might enlarge the lipid packing defects of LNP. To
confirm this, we quantified the number of atoms of all water molecules
within 3 A around the hydrophobic tail to characterize the lipid packing
defect by using MD simulation, with more atoms indicating larger lipid
packing defects. As expected, more water atoms in TA7AD8 bilayer
indicated more lipid packing defects in three separate simulations,
compared to TA7 bilayer (Figs. 4A and S24), as further confirmed by the
top views of TA7AD8 bilayer showing larger blue areas than that of TA7
bilayer (Fig. 4B). Moreover, we plotted the density profiles of water
atoms and hydrophobic atoms in TA7ADS8 or TA7 bilayers (Fig. 4C), and
calculated the relative depth of water molecules infiltrated into the
hydrophobic interior that in TA7ADS8 bilayer was 56.00 %, which was
larger than that in TA7 bilayer, of only 49.07 %, indicating that the
addition of TAS8 resulted in a deeper lipid packing defect.

All MD data further verified the crucial roles of AD8 engagement,
including reducing the particle size and improving the membrane fusion
ability of LNP, which promoted the cellular uptake and lysosomal escape
as well as the ultimate potentiated transfection efficiency of primary T
cells by TA7AD8 LNP.

3.4. Construction and characterization of CD19 CAR-T cells via
minicircle nuclear location transposon-encapsulated TA7AD8 LNP

The entry of pDNA, especially the large transposon system, into the
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nucleus is the final bottleneck in transfection of primary T cells.
Therefore, we remolded the conventional PB transposon (pCD19-CAR,
7824 bp) through inserting an optimized DNA nuclear targeting
sequence of 3NFs to enhance the nuclear import by interacting with the
transcription factor [37], and then deleting the excess antibiotic se-
quences via using a minicircle backbone to reduce the size of transposon
and enhance cell viability [38], resulting in the creation of minicircle
nuclear location transposon (mcDNA-CD19-3NF, 5235 bp) (Fig. 5A).

The correct sequence was confirmed by Sanger sequencing and gel
electrophoresis (Figs. S25 and $26), and the detailed map of mcDNA-
CD19-3NF is shown in Fig. S27. Subsequently, we first assessed the
transfection effect of modified transposons in model HeLa cells by using
Lipofectamine 2000 (Fig. S28). The results showed that after the inser-
tion of nuclear localization signal, the CAR expression enhanced and
further increased with the aid of deleting the unnecessary sequences,
indicating the necessity of both modifications. Then, the modified
transposons were further evaluated in T cells by LNPs. It could be found
that mcDNA-CD19-3NF exhibited obvious nuclear localization effect
following 8-hour co-incubation with different LNPs, while pCD19-CAR-
3NF showed no improved nuclear localization effect compared to
pCD19-CAR (Fig. S29). These results indicated that NLS insertion alone
was insufficient for effective nuclear localization in T cells due to the
large size restricting the entrance into the nucleus. Thus, we only
explored the transfection effect of mcDNA-CD19-3NF in the following
studies.

Next, we applied TA7AD8 LNP to co-deliver mcDNA-CD19-3NF and
transposase pDNA (mcDNA-CD19-3NF/LNP, encapsulation efficiencies
of 91.4 %) into CD3" primary T cells in an optimized manner (Fig. $30),
resulting in 10.8 % of CAR" T cells by quantified the GFP expression
using flow cytometry (Fig. 5B), while pCD19-CAR/LNP only resulted in
a0.97 % of CAR™ T cells, verifying the necessary of modified transposon
in transfection efficiency. Moreover, the CAR expression was sustained
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Fig. 4. Exploration of lipid packing defects by MD simulations. (A) The number of atoms of all water molecules within 3 A around the hydrophobic tail in TA7ADS or
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Fig. 5. Construction and characterization of CD19 CAR-T cells via mcDNA-CD19-3NF-encapsulated TA7AD8 LNP. (A) Schematic diagram of mcDNA-CD19-3NF
generation. (B) Representative plots of CAR-CD19 expression (EGFP expression) after transfection of primary human T cells with mcDNA-CD19-3NF/TA7AD8
LNP and pCD19-CAR/TA7ADS LNP for 48 h. Scare bars: 100 pm. The physiological functions of human primary CD3*T cells after transfection by mcDNA-CD19-
3NF/TA7AD8 LNP including: (C) expressions of CD19 CAR as time went, (D) cell proliferation ability, (E) cell apoptosis, (F) CD4"/CD8" phenotype. (G) Flow
cytometry analysis of expression of CD69 of CAR-T cells after co-culture with tumor cells (n = 3, two-tailed unpaired t-test, *P < 0.05, **P < 0.01). (H) Flow
cytometry analysis of cytokine expressions (IL2, GZM B, TNFa) of CAR-T cells after co-culture with tumor cells (n = 3, mean + SD, two-tailed unpaired t-test, *P <
0.05, **P < 0.01). (I, J) Tumor-killing ability of CD19 CAR-T cells against CD19-positive tumor cells (I) or CD19-negative tumor cells (J) after co-culture for 24 h at
different effector-target (E: T) ratios. T cells were used as a control. (Mean + SD, n = 3, Two-way ANOVA analysis, ***P < 0.001, ****P < 0.0001).

for at least 15 days, indicating that the transposon system integrated the
CAR gene into the genome through a cut-and-paste mechanism
(Fig. 5Q).

Furthermore, the key physiological functions of CD19 CAR-T cells
produced by mcDNA-CD19-3NF/LNP that are crucial to their efficacy
were explored. We found that the proliferation, viability, and the ratio of
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CD4"/CD8" cells of CD19 CAR-T cells were consistent with that of T
cells (Fig. 5D-F), suggesting that TA7AD8 LNP would not change the cell
viability and phenotype. Notably, CAR-T cells transfected by TA7ADS8
LNP showed significantly reduced cytotoxicity compared to by electro-
poration (Fig. 5E), implying the superiority of transfection via LNP.
Further, the level of CD69, a typical T cell activation marker, was
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upregulated when exposed to CD19-positive target cells, indicating a
specific activation of CD19 CAR-T cells constructed via TA7AD8 LNP
upon antigen binding (Fig. 5G). Similarly, the expressions of interleukin-
2 (IL-2), granzyme B (GZM B), and tumor necrosis factor-alpha (TNF-a)
within CD19 CAR-T cells showed higher levels than T cells (Fig. 5H),
further confirming the activation of CD19 CAR-T cells when recognizing
the target cells. Finally, we showed that the constructed CD19 CAR-T
cells effectively killed CD19-positive Raji cells (Burkitt's Lymphoma)
rather than CD19-negative K562 cells (human chronic myeloid leuke-
mia), especially at a high effector-to-target ratio (E:T = 20:1), indicating
a specific killing upon antigen binding of CD19 (Fig. 5I and J). Mean-
while, CAR-T cells constructed by mcDNA-CD19-3NF/LNP showed
similar cytotoxicity against tumor cells with those constructed by the
lentivirus vector (Fig. S31). Our results demonstrated the efficacy and
clinical potential of CAR-T cells produced by mcDNA-CD19-3NF/LNP.
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3.5. Invivo antitumor efficacy and safety evaluation of CD19 CAR-T cells
constructed by TA7AD8 LNP

Finally, to evaluate the in vivo antitumor potency and safety of CD19
CAR-T cells constructed by LNP, we established a xenograft model via
intravenous injection of luciferase-expressed Raji cells (Raji-luci) into
immunodeficient NOD-SCID IL-2 receptor gamma null (NSG) mice. On
Day 5 post-tumor inoculation, mice were randomized into three groups:
(1) PBS (negative control), (2) CAR-T cells constructed by TA7AD8 LNP
(CAR-T (LNP)), and (3) CAR-T cells constructed by lentivirus (CAR-T
(Lenti) group). Tumor progression was monitored by using the in vivo
imaging system (IVIS) every 5 days. We found that CAR-T cells con-
structed by TA7AD8 LNP exhibited robust antitumor potency, achieving
significant suppression of tumor growth compared to the PBS group
(Fig. 6A and B). Moreover, the therapeutic efficacy of LNP-based CAR-T
cells was comparable to that of lentivirus-produced CAR-T cells
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Fig. 6. In vivo antitumor efficacy of CD19 CAR-T cells constructed by TA7AD8 LNP. (A) The bioluminescence images of individual mice at the indicated time points.
(B) Quantification of bioluminescence intensity of individual mice at the indicated time points. (C) Quantification of bioluminescence intensity of each group at the

indicated time points. (n = 5, Two-way ANOVA with no matching, ****P < 0.0001, ns meant not significant). (D) Flow cytometry analysis of the proportion of CAR-T
cells among CD3™ T cells in peripheral blood at the indicated time points (n = 3, Two-way ANOVA with no matching, ns meant not significant).
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(Fig. 6C), further demonstrating the effectiveness of LNP-transfected
CAR-T cells.

The persistence and expansion of CAR-T cells in vivo are critical for
effective leukemia treatment [39]. To evaluate the in vivo persistence of
CAR-T cells constructed by TA7AD8 LNP, peripheral blood samples were
collected on Days 5, 10, and 15 after administration to quantify the CAR-
T cell populations via flow cytometry. On day 10, the CAR-T (LNP)
group exhibited significantly higher peripheral CAR-T cell counts than
on Day 5, with comparable levels sustaining through Day 15, suggesting
continuous expansion of LNP-based CAR-T cells within the first 10 days
after administration (Fig. 6D). Moreover, the expansion tendency of
CAR-T cells produced by LNP was similar to that by lentivirus, indicating
the comparable proliferating activity of LNP-based CAR-T cells with
lentivirus-based CAR-T cells (Fig. 6D).

In addition, we demonstrated that mice in LNP-based CAR-T cells
maintained the body weight which was attributed to the delayed tumor
progression by the efficacy of CAR-T cells, while that of the PBS group
decreased significantly along with uncontrolled disease progression
(Fig. S32). Meanwhile, no significant toxicity was observed in mice
treated with LNP-based CAR-T cells through hematoxylin and eosin
(H&E) staining of sections of major organs (Fig. S33).

In short, we confirmed that CAR-T cells produced by LNP held the
capability of expansion and robust antitumor potency in vivo, with
clinical potential in the future.

4. Conclusions

In summary, we successfully constructed CD19 CAR-T cells with a
10.8 % of long-lasting CAR expression via a non-classical TA7AD8 LNP
delivering minicircle nuclear location transposon into primary human
CD3*T cells, which sequentially conquered the challenges of cellular
uptake, lysosomal escape, and transposon expression in the nucleus. Of
which, the engagement of AD8 promoted the cellular uptake of LNPs by
T cells due to the reduced particle size, as well as the potentiated lyso-
somal escape via improving membrane fluidity, inducing more lipid
packing defects, and therefore enhancing membrane fusion. Interest-
ingly, we found that the pK, of TA7AD8 LNP for effective pDNA delivery
was 5.4, probably because the lower pK, led to LNP escaping from ly-
sosomes which were closer to the nucleus, thus improving the proba-
bility of pDNA entering the nucleus. Furthermore, we proposed a
promising method to remold transposons, which could be applied in
other CAR transposons. Finally, we demonstrated that LNP-based CAR-T
cells achieved antitumor efficacy comparable to lentivirus-generated
CAR-T cells in the xenograft model, while demonstrating favorable
safety profiles through H&E staining. This study provides a safe and
valid tool for constructing gene-engineered human primary T cells with
cost-effectiveness, which has a great perspective in the future.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jconrel.2025.113779.
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