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Background: The complex preparation procedures and severe toxicities are two major
obstacles facing the wide use of chimeric antigen receptor-modified T (CAR-T) cells in
clinical cancer immunotherapy. The nanotechnology-based T cell temporary CAR modifica-
tion may be a potential approach to solve these problems and make the CAR-T cell-based
tumor therapy feasible and broadly applicable.

Methods: A series of plasmid DNA-loaded self-assembled nanoparticles ()DNA@SNPs*Y)
prepared from adamantane-grafted polyamidoamine (Ad-PAMAM) dendrimers of different
generations (Gl or G5) and cyclodextrin-grafted branched polyethylenimine (CD-PEI) of
different molecular weights (800, 2000, or 25,000 Da) were characterized and evaluated. The
detailed physicochemical properties, cellular interaction, and cytotoxicity of selected
pDNA@SNPS!8% were systematically investigated. Thereafter, the epidermal growth factor
receptor variant III (EGFRVIII) CAR-expression plasmid vector (pEGFRVIII-CAR) was
constructed and encapsulated into SNPS3% The resulting pEGFRvIII-CAR@SNPS1/800
was used for Jurkat cell transient transfection, and the EGFRVIII-CAR expressed in trans-
fected cells was measured by flow cytometry and Western blot. Finally, the response of
EGFRvIII CAR-positive Jurkat T cell to target tumor cell was evaluated.

Results: The pDNA@SNPC!8% showed the highest efficacy in Jurkat cell gene transfection
and exhibited low cytotoxicity. pEGFRVIII-CAR@SNPC#% can efficiently deliver
pEGFRVIII-CAR into Jurkat T cells, thereby resulting in transient EGFRVIII-CAR expres-
sion in transfected cells. EGFRVIII-CAR that is present on the cell membrane enabled Jurkat
T cells to recognize and bind specifically with EGFRvIII-positive tumor cells.
Conclusion: These results indicated that pEGFRVIII-CAR@SNPS"8% can effectively
achieve T-cell transient CAR modification, thereby demonstrating considerable potential in
CAR-T cancer therapy.

Keywords: self-assembled nanoparticle, PAMAM dendrimer, polyethylenimine, epidermal
growth factor receptor variant III, chimeric antigen receptor, T lymphocyte

Introduction

Chimeric antigen receptors (CARs) expressed on the T-cell surface can redirect
them against targets on malignant cells, thereby enabling their destruction by
exerting T-cell effector functions.'™ The adoptive transfer of CAR-modified
T (CAR-T) cells has emerged as a promising cancer treatment method.””’ This
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strategy has demonstrated its clinical efficacy in hemato-
logic malignancies and shown evident responses when
targeting solid tumors.®’

The clinical-scale manufacturing of CAR-T lympho-
cytes requires harsh and complex processes, including
T lymphocyte isolation, viral vector-based genetic modifi-
cation, and selective expansion of redirected T cells before
infusing them back into the patient.'®'" The complex pro-
cedures and high costs involved in producing genetically
modified T lymphocytes remain the major obstacles in
implementing CAR-T in cancer treatment.'> CAR-T-based
therapy can also elicit expected and unexpected toxicities,
including cytokine release syndrome, neurologic toxicity,
“on target/off tumor” recognition, and anaphylaxis.'* Thus,
abrogating toxicity has also become a critical step in the
successful application of this emerging technology with
considerable potential. Various strategies, such as the use
of true tumor targeting, combinational targeting or “tumor-
sensing” CAR-T to enhance tumor specificity, site-specific
insertion of CAR, inducible suicide or apoptosis as a safety
switch for adoptive cell therapy, have been used to abrogate
or reduce the toxicity of CAR-T-based tumor therapy.'>'
However, the effectiveness of these strategies is potentially
limited. As a result, effective strategies still need to achieve
ideal therapeutic efficiency without serious accompanying
side effects.

A temporary approach toward CAR expression and T-cell
activation may be a potential strategy to solve the problems
encountered in CAR-T-based cancer immunotherapy.'> June
et al constructed transient CAR-redirected T cells by using
the in vitro electroporation of mRNA encoding a CD19- or
Mesothelin-specific CAR, and the results showed that the
adoptive transfer of these CAR-T cells is feasible, effective,
and safe in xenograft animal model and patients.'®!"”
Although the in vitro electroporation of CAR mRNA for
transient CAR expression has produced impressive results,
the dismal cell viability post electroporation, instability of
mRNA molecules, and the in vitro methods required to
generate large numbers of tumor-specific T cells all limit
the widespread application of in vitro CAR-mRNA electro-
poration-based cancer immunotherapy.

Nonviral vector-mediated gene delivery is relatively
safer and more easy to use than in vitro electroporation.
Among the potential nonviral vectors, lipid nanoparticle is
one of the most common vectors used for in vitro gene
delivery. Lipid-mediated transfection is extremely effective
in adhesion cells, while their transfection rates in the hard-to
-transfect lymphoma/leukemia cells are unsatisfactory and

generally accompanied by cytotoxicity and potent inter-
feron response.'® Chemical cationic polymers, such as
linear or branched polyethylenimine (PEI), linear poly
(amido-amine), polyamidoamine (PAMAM) dendrimers,
and poly(B-amino ester) (PBAE), have demonstrated con-
siderable potential for gene transfection in adhesion and
suspension cells.'® Stephan et al successfully delivered
leukemia-specific CAR genes into host T cells in situ by
using functionalized polymeric nanocarriers that were pre-
pared from PBAE 447 polymer-microtubule-associated
nuclear localization peptide, CAR-expression plasmid
DNA, polyglutamic acid, and lymphocyte-targeting ligand.
PBAE nanoparticle-reprogrammed T cells can destroy
tumor cells and are sufficient to induce tumor regression
with efficacies that are similar to the conventional infusions
of T cells transduced ex vivo with CAR-encoding viral
vectors.'” These results indicated that the cationic-
polymer vector-based transient T cell CAR modification
may provide a feasible and broadly applicable cancer treat-
ment in various settings due to its excellent advantages,
such as simple procedures and predictable low toxicity.
Therefore, new gene delivery vectors with considerable
potential in gene loading and T cell genetic modification
need to be developed.

PEI is the gold standard approach for cell transfection,
and some PEI derivatives are currently being investigated in
clinical trials.**?' High-molecular-weight PEI or high-
generation PAMAM dendrimers have high gene loading
and transfection efficiency but are generally accompanied
by serious cytotoxicity and cargo release difficulty.>> > By
low-molecular-weight (LMW) PEI or low-
generation PAMAM dendrimers have low transfection

contrast,

efficiency and cytotoxicity.® >® In our previous study, supra-
molecular self-assemble nanoparticles (SNPs) that were pre-
pared from cyclodextrin-grafted branched PEI?*°*
(CD-PEI?°%), adamantane-grafted PAMAM®! dendrimer
(Ad-PAMAME"), and Ad-grafted poly(ethylene glycol) (Ad-
PEG) were used for gene loading, and high-efficiency gene
delivery was realized in pDNA@SNPs combined with Ad-
grafted silicon nanowire substrates (Ad-SINWS) gene trans-
fer in vitro.”” Meanwhile, the application potential and ideal
formulation of pDNA@SNPs in T-cell gene delivery and
transient CAR modification are unclear.

This study was conducted to evaluate the application
potential of pPDNA@SNPs in T lymphocyte CAR modification
and explore promising formulation for T cell transfection
(Figure 1). Molecular blocks, including CD-PEI*®, CD-
PEIP*®,  CD-PEI**®  Ad-PAMAM®!, Ad-PAMAM®,
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Figure | Schematic illustration of the preparation and formulation screening of pPDNA@SNPs for pEGFRVIII-CAR loading and T cell CAR modification.
Abbreviations: pDNA, plasmid DNA; Ad-PEG, adamantane-grafted poly(ethylene glycol); Ad-PAMAM*, adamantane-grafted polyamidoamine dendrimer (x: PAMAM
dendrimer generation); CD-PEl, cyclodextrin-grafted branched polyethylenimine (y: PEI molecular weight); SNPs, self-assembled nanoparticles; EGFRVIII, epidermal growth
factor receptor variant lll; CAR, chimeric antigen receptor; pEGFRVIII-CAR, epidermal growth factor receptor variant lll-chimeric antigen receptor expression plasmid.

and Ad-PEG*™, were synthesized for plasmid DNA-loaded
self-assembled nanoparticle (pDNA@SNP*Y; x: PAMAM
dendrimer generation, y: PEI molecular weight) preparation.
The formulation pPDNA@SNP8% was screened out from
pDNA@SNP*? series on the basis of gene transfection effi-
ciency evaluation, and its detailed physicochemical properties,
cellular interaction, and cytotoxicity were systematically
investigated. Therefore, the epidermal growth factor receptor
variant III (EGFRvIII) CAR-expression plasmid vector
(pEGFRVIII-CAR) for the intracellular expression of third-
generation CAR targeting EGFR variant III was constructed
and encapsulated into pDNA@SNP®"®®. The resulting
pEGFRVIII-CAR@SNPC#% was used for Jurkat cell transi-
ent transfection, and the EGFRVIII-CAR expressed in trans-
fected cells was measured by flow cytometry and Western blot.
Finally, the response of EGFRVIII CAR-positive Jurkat T cell
to target tumor cell was evaluated.

Materials and Methods

Materials and Chemicals

Branched PEI (bPEL, MW of 800, and 2000 Da) was obtained
from Sigma-Aldrich (St. Louis, MO). bPEI (MW of 25 kD)
was obtained from Polysciences Inc (Washington, PA). First-

and fifth-generation PAMAM dendrimers in MeOH were
obtained from Dendritic Nanotechnologies, Inc. (Mount
Pleasant, MI). NHS-PEG**® was obtained from Nanocs,
Inc. (New York, NY). 1-Adamantanamine hydrochloride and
B-cyclodextrin were obtained from TCI America (San
Francisco, CA). Lipofectamine™ 2000 was obtained from
Invitrogen (Carlsbad, CA). Plasmid gWIZ-GFP encoding
green fluorescent protein (GFP) was obtained from Gene
Therapy Systems, Inc. (San Diego, CA). pGL3-control vector
and Luciferase assay kits were obtained from Promega
Corporation (Madison, USA). HuH7 hepatocarcinoma cell
line and Jurkat cell line were purchased from the Institute of
Biochemistry and Cell Biology (SIBS, CAS, China) and rou-
tinely maintained in RMPI1640 containing 10% fetal bovine
serum (FBS) and 1% penicillin/streptomycin in a humid cell
incubator. YOYO-1 dye was obtained from Thermo Fisher
Scientific (Madison, USA). Cy5.5 NHS ester was obtained
from ApxBio (Glendale, USA). LysoTracker Red, BeyoECL
Star, Carboxyfluorescein diacetate, carboxyfluorescein succi-
(CFSE), 1,1"-Dioetadeeyl-3,3,3",3'-
tetramethylindocarboeyanine perchlorate (Dil) were obtained
from Beyotime Biotechnology Co., Ltd. (Shanghai, China).
Anti-CD3(, anti-GAPDH, and mouse IgG H&L (horseradish

nimidyl ester and
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peroxidase, HRP) were obtained from Santa Cruz
Biotechnology, Inc. (Dallas, USA). Other reagents and sol-
vents were obtained from Sigma—Aldrich (St. Louis, MO) or
Sinopharm Chemical Reagent Co., Ltd (Shanghai, China) and
used as received without further purification, unless otherwise
noted. 6-Mono-tosyl-B-CD (6-OTs-B-CD) was prepared by
following the method reported in the literature.’® Ad-
PAMAM*, CD-PEP, and Ad-PEG were prepared according

to the method previously reported by Wang et al®'.

Construction of EGFRvIII-CAR

Expression Plasmid

pcDNA3.1(+) plasmid containing anti-EGFRVIII scFv-
CD28-4-1BB-CD3( expression cassette was constructed
and named as pEGFRVIII-CAR. The products were trans-
formed into DH5a competent cells, and a single clone was
selected, amplified, and sequenced.

pDNA@SNP*” Preparation (X: PAMAM

Generation, Y: PEl Molecular Weight)
pDNA@SNPs were prepared by applying a self-assembly
procedure.*? Briefly, 2 uL of DMSO solution containing Ad-
PAMAM®! or Ad-PAMAM®’ (2.1 mg/mL) was added into
600 pL of ddH,O mixture with 6 pg plasmid DNA and 1.69
nmol Ad-PEG. The resulting mixture was incubated at room
temperature for 2 min. Then, 1.5 uL of CD-PEI*®, CD-
PEF**®, or CD-PEI** (10 mg/mL) was added slowly
under vigorous stirring. The mixture was kept at room tem-
perature for 20 min, thereby yielding pDNA@SNPs*” by
using a self-assembly procedure.

Gel Electrophoresis Assay

The pDNA loading capacity of SNPs*Y was analyzed by gel
electrophoresis. Briefly, 1 kb DNA ladder, naked pGL3, and
pGL3@SNPs*” containing 0.3 pg pGL3 were used for
electrophoresis in 1% agarose gel 100 V for 30 min.
Plasmid DNA was visualized under UV illumination by
staining the gels with gel red at room temperature.

Hydrodynamic Size and Zeta Potential

Measurements
The
pDNA@SNPs*” were determined via dynamic light scatter-
ing method (DLS) by using Malvern Nano-ZS90 (Malvern
Instruments, Malvern Worcs, U.K.). To test the stability of
pDNA@SNPY#% e determined the particle size distribu-
tion of pGL3@SNP®"#% dispersions prepared with PBS by

hydrodynamic sizes and =zeta potentials of

using NanoSight NS300 system (Malvern Instruments, UK)
at different time points (0, 2, 4, 8, 12, and 24 h).

Transmission Electron Microscopy (TEM)

Analysis

A drop of aqueous solution containing pPDNA@SNPs®'/8%
was placed and dried on the C-coated copper grid. The
morphology of pDNA@SNPs®"#% was analyzed by

a Tecnai G2 Spirit BioTwin TEM (FEI, Netherlands).

pGL3 Transfection and Assay

Jurkat cells in 48-well plates were incubated with
pGL3@SNPs™ in an equivalent pGL3 dosage of 2 ug
for 4 h and then replenished with fresh medium compris-
ing 10% FBS and cultured for another 24 h. Luciferase
gene expression was quantified by using a commercial kit
and photon counting. All experiments were run in tripli-
cate, and data were expressed as relative light units.

gWIZ-GFP Transfection and Assay

Jurkat cells in 24-well plates were incubated with pGFP/
PEI*® complex (N/P 20), pGFP/Lipofectamine™ 2000
complex (prepared according to the manufacturer’s
instruction), or pGFP@SNPs®"%% at an equivalent gWIZ-
GFP dosage of 2 pg for 4 h and then replenished with
fresh medium with 10% FBS and cultured for another 48
h. The GFP expression in transfected cells was evaluated
using fluorescent microscopy.

Cellular Binding and Endosome Escape

Evaluation

Dual fluorescence-labeled pGL3@SNPs®"3% were prepared
from Cy5.5-labeled CD-PEI*® and YOYO-1-labeled plas-
mid DNA. To analyze their cellular binding properties, we
incubated the Jurkat cells with pGL3@SNPs®8% at 37°C
for 15 or 30 min, followed by washing and fixing. The cells
without pGL3@SNPs®8 treatment served as a control
group. Then, the cells were incubated with DAPI at 37°C
for 7 min. After three washes with PBS, the cells were
dispersed on slides and then mounted with coverslips with
antifade mounting medium. To analyze the endosome escape
of pGL3@SNPs“"8%° Jurkat cells were incubated with
YOYO-1-labeled pGL3@SNPs®"5% at 37°C for 4 h. After
incubation, the cells were washed three times with PBS
(pH of 7.4) and then incubated with Lysotracker Red
(DND 99) at 37°C for 1 h, followed with DAPI dyeing and
mounting, as mentioned above. The resulting slides were
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visualized using a Leica TCS SP8 confocal microscope
(Leica, Germany).

Cytotoxicity Assay

The cytotoxicity of pDNA@SNPs®% was measured
using the CCK-8 assay. Briefly, Jurkat cells in 96-well
plate were incubated with fresh cultured medium contain-
ing 10% FBS (negative control group), pGL3@SNPSG”
800 or PEI*®/pGL3 complexes (N/P 20) at designated
plasmid DNA dosage for 4 h and then replenished with
fresh medium. After 24 h, the treated cells were subjected
to CCK-8 assay following the manufacturer’s protocol. All
experiments were performed in triplicate.

Flow Cytometry (FACS) and Western
Blot Analysis of EGFRVIII-CAR Expressed
in pEGFRvIII-CAR@SNPC /8%,

Transfected Jurkat Cells
EGFRVIII-CAR expression plasmid-loaded pEGFRvIII-
CAR@SNPs 8% were prepared by the method mentioned
above. Jurkat cells were incubated with pEGFRVIII-CAR
@SNPsC!8% at 37°C for 4 h, and then the medium was
replaced with fresh RPMI1640 containing 10% FBS. After
24 h, the pEGFRVIII-CAR-transfected Jurkat cells were
harvested and incubated with FITC-protein-L (2.5 pg/mL)
at 4°C for 30 min. After being washed with ice-cold wash
buffer three times, the cells were analyzed using a BD
FACScan flow cytometer (BD Biosystems).

For the Western blot analysis of the EGFRVIII-CAR
in pEGFRVII-CAR@SNP"*% transfected
Jurkat cells, the Jurkat cells were harvested 24 h after trans-

expressed

fection, followed by washing and lysis procedures. After
centrifugation, the supernatant was collected, denatured
under reducing condition, and electrophoresed by 12%
SDS-PAGE. Then, the sample was transferred to PVDF
membrane (Millipore) and immunoblotted with antihuman
CD3( and anti-GAPDH antibody. The blot was incubated
with HRP-conjugated goat anti-mouse IgG H&L and
detected by ECL Western blotting analysis system.

Confocal Microscopy of Interaction of
EGFRvIII-CAR-Redirected Jurkat Cells
with EGFRvllI-Positive HuH7 Cells

Human hepatocarcinoma HuH7 cells that were engineered
to stably overexpress EGFRVIII (Huh-7S"RY1) were used
to test the response of EGFRVIII-CAR-redirected Jurkat

cells to EGFRvlII-expressing target cells. The adherent
Huh7""®1 were labeled with CFSE and then incubated
with Dil-labeled pEGFRVIII-CAR-transfected Jurkat cells
at 37°C for 1 h. After washing, cells were mounted in
antifade mounting medium and visualized using a Leica
TCS SP8 confocal microscope (Leica, Germany).

Statistical Analysis

All experiments were carried out at least in triplicate.
Experimental data were shown as the mean + standard
deviation, unless otherwise indicated. Statistical differ-
ences were evaluated by analysis of variance (ANOVA),
and p<0.05 was considered significant.

Results and Discussion

pDNA@SNPY Preparation and Evaluation
Supramolecular SNPs prepared from CD-PEI*, Ad-
PAMAM®!, and Ad-PEG**® on the basis of the molecular
recognition of Ad and CD motifs can effectively encapsulate
plasmid DNA.?***3? To prepare pDNA@SNPs™ with differ-
ent CD-PEI molecular weights and different Ad-PAMAM
generations, we synthesized, purified, and further confirmed
the molecular building blocks, such as CD-PEI*®, CD-
PE?°? CD-PEI**”, Ad-PAMAM®!, and Ad-PAMAM®’,
by MALDI-TOF-MS and | H nuclear magnetic resonance
spectroscopy (data not supplied). pPDNA@SNPs™Y were pre-

23233 and their

pared as previously reported (Figure 2A),
physicochemical properties were evaluated. The agarose gel
retardation assay indicated the complete retardation of the
plasmid DNA formulated with all SNPs (Figure 2B). This
result suggested the successful incorporation of plasmid
DNA molecules into the pPDNA@SNPs™”. The mean hydro-
dynamic diameter of pPDNA@SNPs*Y was approximately
100-300 nm, and the surface charge approximately ranged
from +20 mV to 40 mV (Figure 2C).

We further compared the transfection efficiency of
pDNA@SNPs™” in Jurkat T cell by using pGL3 luciferase
reporter vector. The results presented in Figure 2D showed that
the transfection efficiency was relatively different among the
six groups, and the highest luciferase expression level was
found in the pGL3@SNP®""* group. The high PEI molecular
weight or PAMAM generation used in pDNA@SNPs*Y
decreased the transfection efficiency of pDNA@SNPsX/y.
The activity of luciferase expressed in the pGL3@SNPS©"/5%
group was not significantly different from that in
the pGL3@SNPS"?°° group (P>0.05) and approximately
7-, 24-, 3.7-, and 40-fold higher than those of the
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Figure 2 pDNA@SNP* preparation and evaluation. (A). Scheme of pDNA@SNP* preparation. (B). Gel retardation assay of pGL3@SNPs™”. (C). Hydrodynamic size

(column diagram) and zeta potentials (broken line diagram) of pGL3@SNPsX/y

transfected with pGL3@SNPs™Y (%P<0.05, *#P>0.05).

obtained from DLS measurement. (D). Activity of luciferase expressed by Jurkat cells

Abbreviations: pDNA, plasmid DNA; Ad-PEG, adamantane-grafted poly(ethylene glycol) (molecular weight: 5000); Ad-PAMAM*, adamantane-grafted polyamidoamine
dendrimer (x: PAMAM dendrimer generation); CD-PEP, cyclodextrin-grafted branched polyethylenimine (y: PEI molecular weight); SNPs, self-assembled nanoparticles; DLS,

dynamic light scattering.

pGL3@SNPC!250% 1 GI 3@SNPOS® hGL3@SNPOS 200,
and pGL3@SNPF?°°  groups (P<0.05), respectively.
Compared with poor transfection efficiency of LMW PEI
and low-generation PAMAM dendrimers,”’****  the
pDNA@SNPCYEC  prepared from CD-PEI*® and Ad-
PAMAM®! had the highest transfection efficiency in addition
to the effective encapsulation of plasmid DNA. This enhanced
gene encapsulation efficiency of SNPs may contribute to the
cationic hydrogel generated from CD-PEI*® and Ad-
PAMAM®! on the basis of the molecular recognition of CD
and Ad.*? Similar to the enhanced transfection efficiency and
low cytotoxicity of degradable PEI or PAMAM due to the
cleavage of the disulfide linkages in the polymer,**>* the
noncovalent crosslink of CD-PEI*® and Ad-PAMAM®!
may also allow the efficient release of plasmid DNA from
pDNA@SNPs“8% and then increase the transgene expres-

sion in transfected cells.

pDNA@SNPC'8% Preparation and

Characterization

Given that pDNA@SNP"#% has the highest transfection
efficiency in Jurkat cell among the prepared
pDNA@SNPs*, its physicochemical properties and cyto-
toxicity were further evaluated. The mean hydrodynamic
diameter of pDNA@SNPs5% was approximately 120
nm, and the surface charge was approximately +20 mV
(Figure 3A). Most pDNA@SNPs®"8% were uniform in size
and morphology, as shown by TEM in Figure 3B. To test the
stability of prepared nanoparticles, we determined the size
distribution of the pDNA@SNPY*% dispersions prepared
with PBS by NanoSight at different time points, and the
variation for 24 h was insignificant (Figure 3C). The stability
of these nanoparticles can be attributed to CD/Ad host—guest
recognition and electrostatic interactions between Ad-
PAMAM/CD-PEI hydrogel and plasmid DNA.? The
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Figure 3 pGL3@SNPS '8 preparation and evaluation. (A). Hydrodynamic size distribution and zeta potential of pGL3@SNPs®'"/2%. (B). TEM image of pGL3@SNPs® /8%
(C). Hydrodynamic size of pGL3@SNPS'"®% in PBS buffer (pH of 7.4) at different time points. (D). Viability of Jurkat cells treated with pGL3@SNPs®"®%° or pGL3/PEI®*°

complexes at varying doses of pGL3 (*P<0.05).

Abbreviations: pDNA, plasmid DNA; SNPs, self-assembled nanoparticles; PEI®®, polyethylenimine (molecular weight: 800); TEM, transmission electron microscope.

difference in cell wviability with the increase in
pDNA@SNPCS#% concentrations in the present dosage
range was insignificant (Figure 3D). The cytotoxicity of
pDNA@SNPs®8% was even lower than that of PEI®®,
a LMW PEI showed low cytotoxicity and transfection effi-

ciency in in vitro gene delivery.2®*"’

Cellular Binding and Endosome Escape of
pDNA@SNP©'/8%°

Cellular binding and internalization are the prerequisites for
pDNA@SNPC8% to achieve high transfection efficiency.
Here, pDNA@SNPs®"#% containing cy5.5-labeled PEI®®
and YOYO-1-labeled plasmid DNA were first prepared, and
their binding ability to Jurkat cells was evaluated by confocal
laser scanning microscopy. The results showed evident

overlapping green and red fluorescence on the Jurkat cell
surface after incubation with dual fluorescence-labeled
pDNA@SNPS8% for 15 min, and the fluorescent signal
increased with increase in incubation time (Figure 4A).
After cellular binding and consequential internalization, the
effective endosome escape of pPDNA@SNPs® /8%
involved in achieving efficient gene delivery and transgene

was also

expression. The results of intracellular trafficking experi-
ments presented in Figure 4B showed that the fluorescence
of YOYO-1-labeled pDNA and LysoTracker Red indicated
endosomes was separated 4 h after incubation. This observa-
tion can be interpreted as follows: after pPDNA@SNPs® /8%
are internalized into endosome, the proton sponge effect of
CD-PEI and Ad-PAMAM blocks in pDNA@SNPs®!/800
enhances the escape of gene cargo from the endosome to

cytoplasm.*-¢
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Transgenic Expression in
pDNA@SNPC'"8% Transfected Jurkat
Cells

After confirming the cellular binding and endosome
escape of pDNA@SNPsG” 800 "we further evaluated the
transgenic expression of the reporter gene in Jurkat cells
treated with GFP or luciferase encoding plasmid DNA-
loaded pDNA@SNPs®!/8%
images presented in Figure 5A indicated the high-level
GFP transgenic expression in pGFP@SNP®"8% or pGFP/
Lipofectamine™ 2000 complex-transfected Jurkat cells,

Fluorescence microscopy

whereas no GFP fluorescence was observed in pGFP/
PEI*® complex group. Consistent with these results, the
luciferase activities in pGL3/PEI*® complex group were
extremely low, while it was approximately 600-fold higher
in pGL3/Lipofectamine™ 2000 complex group. The luci-
ferase activity in the pGL3@SNP®"8% group was even
10-fold higher than that in pGL3/Lipofectamine™ 2000
complex group (Figure 5B). The high transfection effi-
ciency of pDNA@SNPC#% should contribute to its
effective cellular binding, endosome escape, plasmid
DNA release, and low cytotoxicity. These experiments
revealed that pDNA@SNPY#% significantly enhanced
transfection efficiency while maintaining or even reducing
cytotoxicity compared with LMW PEL

EGFRvIII-CAR Expression in
pEGFRVIII-CAR@SNP® '8 _Transfected
Jurkat Cells

The EGFRVIII is a consistent tumor-specific mutation that
is absent from normal tissues but widely expressed in var-
ious human epithelial tumors.*® Thus, EGFRVIII represents
an excellent candidate for cancer target therapy, including
immunotherapy. Various preclinical reports on cancer adop-
tive immunotherapy by using EGFRvIII CAR-redirected
T cells prepared by virus infection are available.***
Here, a human-derived, third-generation EGFRvIII-
specific CAR (EGFRVIII-CAR) was designed by fusing
humanized EGFRVIII scFv* to the hinge region of the
human CD8a chain and transmembrane and cytoplasmic
regions of the human CD28, 4-1BB, and CD3{. The struc-
ture of EGFRVIII-CAR is presented in Figure 6A, and its
corresponding intracellular expression plasmid vector
pEGFRVIII-CAR was constructed. pEGFRVIII-CAR was
encapsulated into SNPs®8% according to the procedure

above, and the resulting pEGFRVIII-CAR@SNP"#% was

used for the potential evaluation of T-cell transient CAR
modification. At 24 h after pEGFRVIII-CAR@SNPC /800
treatment, Jurkat cells were stained with FITC-labeled pro-
tein-L, which was a protein that can bind to single-chain
antibody fragments specifically and has been confirmed as
a general reagent for CAR expression detection on trans-
duced lymphocytes by flow cytometry.** The FACS analy-
sis results presented in Figure 6B showed no difference in
fluorescence intensity between FITC-protein-L-treated
Jurkat cells and non-FITC-protein-L-treated Jurkat cells,
thereby indicating no nonspecific binding of protein L by
Jurkat cells. Compared with no fluorescence change in
untransfected Jurkart cell after FITC-Protein-L incubation,
evident fluorescence intensity shift was found in Jurkat cells
treated with pEGFRVIII-CAR@SNPs%"*% thereby con-
firming the existence of EGFRVIII-CAR on the surface of
the transfected Jurkat cells. The density of the CAR that is
present on the cell surface is related to the transfection
dosage of pEGFRVIII-CAR (data not shown). The
Western blot analysis further confirmed EGFRvIII-CAR
expression in pEGFRVIII-CAR@SNP"8%_transfected
Jurkat cells (Figure 6C).

Interaction of EGFRvIII-CAR-Positive
Jurkat T Cell with EGFRvlII-Positive
HuH7 Cells

Whether the transient modification of CAR provides T cells
with tumor cell-specific response is a prerequisite for CAR-T
cell to exert cytotoxicity, thereby inducing antitumor immu-
nity against malignancies (Figure 7A). Thus, after confirm-
ing the EGFRVIII CAR expression on the surface of
pEGFRVIII-CAR@SNP®#%_transfected Jurkat cells, we
further tested the response of these EGFRvVIII-CAR-
redirected Jurkat cells (Jurkat®*®") to EGFRvllI-positive
tumor cells. Human hepatocarcinoma HuH7 cells that were
engineered to stably overexpress EGFRVIII (Huh7"CFRvITT)
were used as target tumor cells,*” and their EGFRVIII expres-
sion was validated using Western blot first (Figure 7B). Dil-
labeled non-EGFRVIII CAR-engineered Jurkat T cells
(Jurkat“®7) or Jurkat“*®" were cocultured with CFSE-
labeled Huh7"*™™ for 1 h and then visualized using
confocal microscope after washing. The results presented in
Figure 7C showed that Huh7""®"™ cells were specifically
recognized and bound by Jurkat“*®* but Jurkat“*?”, thereby
indicating that EGFRVIII-CAR molecules that are present on
Jurkat cells were the critical factors for T cells’ response to
target tumor cells. These results showed that Jurkat T cells
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Figure 4 Cellular binding and endosome escape of pDNA@SNPs®'8°  (A)

can be efficiently engineered to transiently express CARs
that recognize EGFRvVIII by using pEGFRVIII-CAR
@SNPS"®® " and the EGFRVII-CAR-redirected Jurkat
T cells exhibit specific reactivity to target tumor cells.

pPDNA/YOYO-1

DAPI PDNA/YOYO-1 LysoTracker Red

¥

PEI/CyS.5 Merge

Confocal microscopy images of Jurkat cells incubated with dual-fluorescence-labeled
pDNA@SNPsG”soo. (B). Confocal microscopy images of endosome escape of pDNA@SNPsG”800 Scale bars, 20 pm.

Abbreviations: DAPI, 4',6-diamidino-2-phenylindole; pDNA, plasmid DNA; YOYO-I, YOYO™-| lodide; PEI, polyethylenimine; cy5.5, Cyanine5.5; SNP, self-assembled
nanoparticle.

Conclusions

A series of pDNA@SNPs™Y prepared from Ad-PAMAM
dendrimers of different generations (G1 or G5) and CD-PEI
of different molecular weights (800, 2000, or 25000 Da)
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Figure 5 Transfection efficiency of Jurkat cells with pPDNA@SNPs®'"®%, (A). Fluorescence microscope image of GFP expressed in pGFP@SNPs®"/%%_transfected Jurkat cells.
Scale bars, 50 pm. (B). Activity of luciferase expressed by Jurkat cells transfected with pGL3/Lipofectamine™ 2000, pGL3/PEI*® complexes, or pGL3@SNPs® 8% (+p<0,05).
Abbreviations: PE, polyethylenimine; Lipo2000, Lipofectamine™ 2000; SNP, self-assembled nanoparticle; GFP, green fluorescent protein.
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Figure 6 Flow cytometry and Western blot analysis of EGFRvIII-CAR expressed in pEGFRvIII-CAR@SNP®"%_transfected Jurkat cells. (A). Structural diagram of EGFRVIII-
CAR. (B). Protein L-based flow cytometry analysis of Jurkat cells transfected w/or w/o pEGFRVIII-CAR@SNPs®'"%_ (C). Western blot analysis of EGFRVIII-CAR expressed
in pEGFRvIII-CAR@SNPs®'8%®._transfected Jurkat cells.

Abbreviations: GAPDH, glyceraldehyde-3-phosphate dehydrogenase; EGFRVIII, epidermal growth factor receptor variant lll; CAR, chimeric antigen receptor; pEGFRvlII-
CAR, epidermal growth factor receptor variant lll-chimeric antigen receptor expression plasmid; SNPs, self-assembled nanoparticles.

were characterized and evaluated. pPDNA@SNPS5% was  and low cytotoxicity. pEGFRVIII-CAR@SNPs%"*%° can
selected for CAR-expressing plasmid DNA loading and efficiently deliver pEGFRVIII-CAR into Jurkat T cells,
Jurkat cell transfection due to its best transfection efficiency  thereby resulting EGFRVIII-CAR expression on cell surface
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Figure 7 Interaction of EGFRVIII-CAR-positive Jurkat T cells with EGFRvllI-positive HuH7 cells. (A). Scheme of the interaction of EGFRvIII-CAR-positive Jurkat T cell with
EGFRuvlII-positive HuH7 cell. (B). Western blot analysis of EGFRvIII expressed in HuH7 engineered to stably overexpress EGFRVIII. (C). Confocal microscopy-based studies
on the interaction between EGFRvlll-positive HuH7 cells (green) and Jurkat T cells (red) transfected w/or w/o pEGFRvII-CAR@SNPs®'/2%, Scale bars, 20 um.
Abbreviations: GAPDH, glyceraldehyde-3-phosphate dehydrogenase; EGFR, epidermal growth factor receptor; EGFRvIII, epidermal growth factor receptor variant lll;
CSFE, carboxyfluorescein succinimidyl ester; Dil, |,|’-Dioetadeeyl-3,3,3',3'-tetramethylindocarboeyanine perchlorate.

enabled Jurkat T cells to respond to EGFRvIll-positive
tumor cells specifically. These results indicated that
pDNA@SNPCE8% exhibits high efficacy in Jurkat cell
gene transfection with low cytotoxicity and has considerable
potential in T cell transient CAR modification. Considering
that the CD*"/CD® property of Jurkat cells, future studies
will be devoted to pEGFRVIII-CAR@SNPs%"* _based ex
vivo and in vivo primary T cells transient CAR modification
and antitumor efficiency evaluation.
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