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Abstract: CAR-T cell-based immunotherapy has shown great promise in clinical trials for the treatment of hemato-
logical malignancies. The majority of these trials utilize retroviral and lentiviral vectors to introduce CAR transgene.
In spite of its satisfactory efficiency, the concerns about the potential carcinogenicity and complicated synthesis
procedure restrict widespread clinical applications of viral vectors. Recent studies show that transposon-based
gene transfer is a safer and simpler non-viral approach for stable transgene expression. Here, we developed an in
house made polymeric nanomicelles carrier for piggyBac (PB) transposon delivery to primary T lymphocytes. The
properties, transfection efficiency and toxicity of this carrier was analyzed. Results indicated that nanomicelles pro-
duced in our study were stable and reduction-sensitive. These micelles can completely condense DNA and mediate
transfection with efficiency of average 30.2% with high cell viability (> 80%). Furthermore, incorporating piggyBac
transposase elements into polyplexes promoted persistent expression of the transgene (up to 55%). At the end of
culture, CAR-T cells mainly exhibited memory phenotype and consisted of CD3*CD8* T cells. The cytotoxicity of these
CAR-T cells was average 17% at 20:1 ratio. In conclusion, polymeric nanomicelles provide a flexible and safe method

for gene delivery to T lymphocytes.
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Introduction

Adoptive transfer of T cells genetically engi-
neered to express chimeric antigen receptors
(CARs) is an attractive strategy for cancer
immunotherapy. CAR redirects T-cell specificity
to tumor-associated antigen in an MHC inde-
pendent manner [1]. Impressive results have
been achieved for the treatment of patients
with B cell malignancies with such redirected T
cells [2, 3]. As CAR T-cell therapy advances to
the later-phase clinical trials to be applicable
for various patients, the transduction methods
of T cell are under intensive debate. Common
approaches to introduce CARs include viral vec-
tors (i.e., retrovirus/lentivirus), and non-viral
carriers such as DNA plasmids or mRNA [4].
Since extensive ex vivo T cell expansion is the
prerequisite for adoptive cell transfer, genetic
modifications must be stable and require vec-
tor integration. As such, transduction using

chromosome-integrating virus vectors is supe-
rior to transient transfection of naked DNA plas-
mids or mRNA. In addition, the difficulties in
large-scale production of pharmaceutical grade
viral vectors limit their use in treating diseases,
warranting the development of non-viral gene
vectors [5].

Transposon system is a promising non-viral
methodology for stable genetic modification.
Compared to viral approach, this system is
safer and simpler [6-8]. However, transposons
cannot promote gene expression before they
transpass cell membrane into cell nuclei. Most
conventional non-viral gene delivery methods
fail to efficiently transfect T lymphocytes. An
electroporation system, e.g. nucleofection, has
demonstrated the best efficacy so far. For
example, PiggyBac transposons can mediate
stable gene expression in 20-40% of primary
T-cells without selection [9]. As nucleofection is
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dependent on expensive device and rigid pro-
cedures, its use is limited [10]. It is expected
that these drawbacks will be soon overcome
with rapid progresses in material sciences and
nanotechnology [11].

Increasingly, polymeric carriers have been used
in biomedical research as powerful tools for
drug and gene delivery. Cationic polymers carri-
ers are more attractive because of their con-
trollable chemical diversity and shelf stability
[12]. Early carriers such as poly (I-lysine) (PLL)
and polyethylenimine (PEl) were studied for
gene therapy of various cancers [13, 14].
Polyethylene glycol (PEG), a biocompatible poly-
mer, acts as the shell-forming, hydrophilic block
in polymeric micelles. Due to its hydrophilicity,
electrical neutrality, chain flexibility, absence of
functional groups and immunogenicity, PEG is
widely used in designing amphiphilic block
copolymers [15]. In the current study, we devel-
oped a novel stimuli-sensitive cationic nanomi-
celles based on the block copolymer of poly
(ethylene glycol)-poly (L-aspartate-Aminoethyl-
disulphide-g-Heptafluorobutyric) (NPEG-P (Asp-
AED-g-HFB), denoted as PAEF, to delivery effi-
ciently and release DNA to the expected sites.
The synthesized polymeric carriers were char-
acterized in terms of particle size, zeta poten-
tial, plasmid condensation ability, and protec-
tion against nuclease degradation as well as
cytotoxicity. We also investigated the ability of
nanomicelles to transfer transposon plasmid
encoding CAR gene in T cells, laying the ground-
work for the development of a low-cost and
safe transfection method for CAR-T therapy.

Materials and methods
Nanomicelle and plasmid

The block copolymer, mPEG-P (Asp-AED-g-HFB)
(PAEF), was synthesized via serial reactions
(Figure S1). The morphology of the blank
micelles was examined using an Atomic Force
Microscope (AFM). The granule diameter of the
micelles was determined at 25°C using a Nano-
ZSE equipment (Malvern). FDA labeled blank
nanomicelle was co-cultured with jurkat cells
and recorded under fluorescence microscope.
The piggyBac transposon and transposase
plasmids (PB513A-1, PB210PA-1) were pur-
chased from System Biosciences and purified
by standard techniques using EndoFree kits
(Invitrogen). EGFRvIll CAR was cloned into
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transposon vector via EcoRI/Xbal restriction
endonuclerase sites as previously described
[16]. The sequence of EGFRvIII CAR was con-
firmed using DNA sequencing analysis.

Preparation of DNA-nanomicelle polyplex

The plasmid DNA (pDNA) and nanomicelle solu-
tion were mixed at different N/P ratios (the
ratio between cationic polymers and DNA,
w/w), and then the mixture was kept at room
temperature for 30 min prior to use. The plas-
mid DNA was loaded into nanomicelles through
electrostatic interactions.

Agarose gel electrophoresis

The DNA binding ability of nanomicelle was
evaluated by agarose gel retardation assay.
The complexes were prepared at various N/P
ratios ranged from 2.5 to 20. In order to detect
the encapsulation efficiency of the nanomi-
celle, the complexes were prepared at 10, 15,
20 N/P ratios and digested by EcoRIl/Xbal
restriction endonuclerase. The in vitro pDNA
release ability of complex was also analyzed.
Reducing regent DTT was utilized and incubat-
ed with complex for 1.5 h at room temperature.
These samples were loaded into individual
wells of 1% agarose gel and separated at 120V
for 40 min. And resulting plasmid migration
pattern was revealed by ultraviolet imaging sys-
tem (Bio Rad).

Measurements of polyplex size and zeta po-
tential

The nanomicelle/pDNA complexes were pre-
pared at various N/P ratios that ranged from 5
to 100. The amount of pDNA for each sample
was 0.5 pg. The micelle size and zeta potential
of each sample were conducted in triplicate at
room temperature.

T cells in vitro transfection

Peripheral blood mononuclear cells (PBMCs)
from healthy donors were isolated by Ficoll-
Hypaque gradient centrifugation (Solarbio) and
monocytes were removed by adherent plastics.
T cells were collected and activated utilizing
anti-human CD3/CD28 beads at the 1:1 beads
to cell ratio for 48 h. The beads were then
removed. About 5 x 10° activated cells were
counted and cultured in 250 pL transfection
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medium in 24-well plate until transfection. The
plasmid DNA (1.5 pg CAR-transposon and 0.5
g transposase) was first diluted in ddH,0, and
then the cationic polymers were added at an
optimal N/P ratio to a final volume of 50 uL.
This mixture was vortexed for 12 s and incu-
bated at room temperature for 30 min. Then,
the complex solution was added to cells. Four
hours later, half of the transfection medium
was removed and additional 750 uL pre-
warmed fresh medium containing 300 IU IL-2
(Peprotech) was supplemented. After electro-
porations, the transfection efficiency was eval-
uated by a flow cytometer (FACS canto Il) at
48 h after transfection. Non-transfected cells
were used for setting the auto-fluorescence
baseline.

Cytotoxicity assay

T cells were prepared and treated the same as
transfection assay. Forty-eight hour after gene
transfection, T cells were counted and trans-
ferred to 96-well plates with 1 x 10* cells/well.
CCK-8 solution (10 uL, Beyotime) was added to
each well and incubated at 37°C in 5% CO,, for
4 h. The absorbance at 450 nm were obtained
by Synergy H1 Hybrid Reader (BioTek, Germany)
after 4 h incubation. All experiments were con-
ducted in triplicate.

Optimization of transfection conditions

To determine the optimal cell status for trans-
fection, non-activated or activated cells were
transfected for 24 h or 48 h in different medi-
um. The effects of cell number and plasmid
dosage on transfection efficiency were also
evaluated. Complex used in all experiments
was prepared at the N/P ratio of 40. Percentage
of positively transfected cells was detected by
flow cytometry and fluorescence microscope.
Cell mortality was calculated by Cellometer
Auto2000 (Nexcelom Biosciences).

CAR-T cells expansion, subset and function
analysis

After transfection, T cells were transferred to
human recombinant EGFRVIIl antigen/anti-
CD28 antibody (EGFRvVIII/CD28, 5 ug/mL) coat-
ed 24-well plates. Percentage of positively
transfected cells was examined by flow cytom-
etry on day O, day 2 and day 12. To detect phe-
notype and subset, CAR-T cells were stained
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with mouse anti-human CD4 Percp, CD8 PE,
CD62L PE, CCR7 Percp, CD45R0O PE/Cy7 and
CD45RA APC/Cy7 on day 12 (Biolegend). All
samples were analyzed with canto Il (BD
Biosciences), and data were processed by
FlowJo software. Furthermore, cytotoxicity
measurements were performed using LDH-
Cytox™ Assay Kit (Biolegend).

Statistical analysis

All statistical analyses in this study were per-
formed with SPSS software (version 21.0).
Transfection efficiency, key factors affecting
transfection efficiency and cell phenotype were
assessed from data collected from three inde-
pendent experiments. Data were analyzed by
Student’s t-test when comparing two sets of
data. P-values less than 0.05 were considered
statistically significant. Data was presented as
mean + standard deviation.

Results
Characterization of nanomicelles

Several factors affect the physical and chemi-
cal properties of nanomicelles, and these fac-
tors subsequently impact their stability, loading
ability of DNA and the transfection efficiency. In
the AFM photograph (Figure 1A), a spherical
and polydisperse nature of the representative
nanomicelle was obvious, which might facilitate
their cell uptake. The size of these nanoparti-
cles were also measured (Figure 1B). Result
indicated that the blank polymers exhibited an
averaged size of 62.7 nm. Due to their unique
structure, polymeric micelles can penetrate
plasma membrane using endocytosis. As
shown in Figure 1C, FDA labeled blank nanomi-
celle could be successfully uptaken by jurkat
cell lines.

The mechanism of plasmid DNA delivery to T
cells by nanocarriers

Endocytosis and escape from endocytic vesi-
cles are two important steps for gene delivery
by nanomicelles. When nanomicelles are close
to a cell, the interactions between the micelles
and the cell membrane generate forces from
different origins. This causes the membrane
wrapping of the nanoparticles followed by cel-
lular uptake. These interactions depend on the
shape and size of nanoparticles, the biome-
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Figure 1. The nanomicelle can be successfully taken up into cells by endocytosis. A. Nanomicelles exhibited spherical and polydisperse nature and recorded by AFM.
B. The size distribution of the blank micelles was examined by granularity analyzer, and the average size was 62.7 nm. C. Jurkat cell lines were co-incubated with
FDA labeled blank nanomicelles for 48 h. The endocytosis efficiency was detected by fluorescent microscope. a. White light. b. Fluorescence. D. Schematic outline

of transferring plasmid DNA to T cells by nanocarriers. The polyplexes loaded with plasmid DNA were uptaken into cells by endocytosis. DNA was released from the
polyplex under reductive environment and diffused into the nucleus.
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Figure 2. The nanomicelle can condense and site-specific release of DNA. A. The agarose gel electrophoretic was
utilized to detect retardation, encapsulation of pDNA after complexing with nanopolymer at various N/P ratios. B.
The plasmid was released from the polyplex after 10 mM DTT was added in lane 3 (N/P = 20). C. The zeta poten-
tial and particle size of polyplex formed at different N/P ratios was measured by granularity analyzer (n = 3). D. In
vitro transfection efficiency was detected by flow cytometry at various N/P ratios (n = 3). E. Cell viability of T cells
co-incubated with various complexes was detected by CCK-8 kit (n = 3). Events number was set to 10,000 in flow

cytometry of the picture.

chanical properties of the cell membrane, and
the local environment of the cells. To improve
DNA-release properties, a reduction-sensitive
polymeric micelles by introducing disulfide
bond linkages was designed. Generally, cellular
redox status is regulated by reductive glutathi-
one (GSH), which is produced intracellularly
and maintained at mM concentrations in the
cytosol and subcellular compartments. In
extracellular matrix, however, rapid enzymatic
degradation limits GSH concentrations to mM
levels. Owing to the significant difference (100-
fold to 1000-fold), disulfide linker can be quick-
ly cleaved inside cells (enriched GSH), and DNA
released from disassembled nanomicelles
[47]. In this work, the reduction-sensitive nano-
micelle was developed to achieve DNA site-spe-
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cific release. DNA molecules were complexed in
the interlayer of micelle by means of electro-
static interaction with amino groups which were
linked to the midblock by a reducible disulfide
bond. Polyplexes were formulated with an
excess positive charge to promote electrostatic
binding to the negative cell membrane. Highly
cationic polyplexes were taken up into cells by
interaction with surface proteoglycans, fol-
lowed by internalization via endocytosis. The
genetic material was released from polyplexes
into the cytoplasm, and diffused to the nucleus
for gene expression of interest (Figure 1D).
Here, both piggyBac transposon and super pig-
gyBac transposase were condensed into nano-
micelle. The transposase may bind to two
inverted terminal repeats (ITRs) of the transpo-
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son, and precisely cut the transgene out of the
plasmid, inserting the transgene into genome
of T cells.

The ability of nanomicelle to load and release
DNA in vitro

The complex formation of nanomicelle with
DNA was evaluated by gel retardation and
encapsulation assay at various N/P ratio
(Figure 2A). Condensed and encapsulated DNA
by micelles remained at the top of the agarose
gel at N/P ratio of 20, suggesting DNA was suc-
cessfully entrapped into micelles. In contrast,
unconjugated or digested DNA run into the gel
as well as those with low N/P ratios due to their
unstable states migrate to the positive pole. In
addition, in vitro pDNA release study was also
conducted in lysosome-mimicking environment
with high concentration DTT at N/P = 20 (Figure
2B). Results indicated that under 10 mM DTT,
pDNA was successfully released from nanop-
olymer as shown in lane 3.

The N/P ratio may play an important role in
affecting nanopolymer diameter, thus further
influencing the transfection efficiency and cyto-
toxicity of carriers. As shown in Figure 2C, as
the N/P ratios increased from 20 to 100, the
zeta potential increased to +26.8 from +19.6
mV, whereas the complex size decreased to
109.6 from 154.5 nm. At the N/P ratio of 40,
the polyplex showed a relatively high zeta
potential (+20.9 mV) and small diameter (134.5
nm), which were considered appropriate for fur-
ther biological studies.

Evaluation of transgene expression and cell
viability

The transfection efficiencies varied at different
N/P ratios were evaluated by flow cytometry
(Figure 2D). A low N/P ratio would yield physi-
cally unstable micelle/DNA complexes which
result, resulting in poor transfection efficiency
due to low amounts of DNA delivery, while those
too stable complexes also led to the same
problem if N/P ratio was too high because DNA
cannot be released. Results indicated that the
micelle/pDNA complexes formed at the N/P
ratio of 40 attained the highest values (24.5%
+ 3.3%). To evaluate the influence of complex
on cell viabilityy, CCK-8 assay was utilized
(Figure 2E). Results showed that the cytotoxic-
ity of the complexes gradually increased with
increasing N/P ratios. At the N/P ratio of 40,

7131

the viability of cells incubated with the micelle/
DNA complexes was 82.3% + 2.5%. The viabili-
ty of control cells cultured without transfection
was 97.5% + 2.2%.

Optimization of key parameters for T cell trans-
fection

Unlike viruses, nanopolymers do not have an
active mechanism for conveying DNA into the
nucleus. The transfection efficiency is depen-
dent on the cell cycle. Therefore, we first exam-
ined whether T cell activation affects transfec-
tion efficiency. Freshly isolated T cells were
stimulated with anti-human CD3/CD28 beads
for different time (24 h or 48 h). Unstimulated
or stimulated cells (5 x 10°) were transfected
using total 2 pg plasmids. Results showed that
transfection efficiency and viability increased
along with extended activation time. PBLs stim-
ulated for 48 h showed the highest efficiency
and cell viability (Figure 3A).

In addition, initial cell number and plasmid con-
centration are important factors affecting
transfection efficiency. Therefore, we investi-
gated the effects of cell and plasmid input dur-
ing transfection. T cells stimulated for 48 h
were divided into groups with different cell con-
centrations (3 x 10°%, 5 x 10° and 8 x 10° cells/
well) and transfected using 2 pg of pDNA.
Results indicated that higher cell densities (8 x
10%) did not increase transfection efficiency
and cell viability, but a little improvement was
observed compared to the 3 x 10° group
(Figure 3B). Activated T cells were then divided
into three groups with each containing 5 x 10°
cells and transfected with 1 pg, 2 pg, or 3 ug
plasmids. Results showed that higher dose (3
ug) showed lower transfection efficiencies and
cell viability (Figure 3C). Furthermore, serum-
free medium X-VIVO was a better transfection
medium, most likely due to the lower nanopoly-
mer concentration (N/P ratio) required for poly-
plex delivery, thus contributed to post-transfec-
tion survival of cells (Figure 3D). Representative
transfection results detected by fluorescence
microscopy were shown in Figure 3E.

Evaluation of CAR-T cells transduction efficien-
¢y, phenotype and function after expansion

Since effective expression of CAR gene is pre-
requisite for adoptive cell treatment, the RFP
positive cells were enriched after transfection.
The CAR-transposon plasmid with or without
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Figure 3. Activation time, cell number, plasmid input and medium are key factors affecting transfection efficiency and cytotoxicity of the polyplexes. A-D. Effects of
different T cell activation time, initial cell number, plasmid input and medium on transfection and cell viability was detected by flow cytometry and cell analyzer, re-
spectively (N/P =40, n = 3). E. About 5 x 10° cells per well in a 24-well plate were transfected with total dose of 2 ug of DNA in X-VIVO medium 48 h after activation.
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was set to 10,000 in flow cytometry of the picture. ns = not significant.
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transposase were delivered into T lymphocytes
by polymer. Then, T cells were transferred to
EGFRvIII/CD28 coated 24-well plates (Figure
4A and 4B). Results indicated that the expres-
sion of report gene in co-transfect group exhib-
ited the average transfection efficiency of
30.2% on day 2, similar to T cells transfected
only with transposons (28.1%). However, co-
transduced lymphocytes was gradually incre-
ased and showed the maximum RFP expres-
sion (55.2%) at the end of the culture, while the
expression in T cells transfected only with
transposons rapidly reduced to 2.7%. These
results showed that foreign gene can be suc-
cessfully transfected into T lymphocytes in the
absence of transposase, but not integrated in
T cell genome. Transposable elements played
an important role in PB transposition. Furth-
ermore, co-transfected T cells can be enriched
by human EGFRvIII antigen.

On day 12, immune phenotype of CAR-T cells
was detected by flow cytometry (Figure 4C and
4D). Results indicated that T cells maintained
memory phenotype after expansion. Less-
differentiated cells consisted of T, T, and T,
accounted for (56.2 + 2.3)% of T cells. This cell
population was critical for in vivo expansion,
survival, and long-term persistence [18].
Besides, a large maijority of the cultured cells
were CD3*CD8* T cell subset (66.4 + 7.1)%,
which was highly related to the cytotoxicity of T
cells. To determine whether the EGFRvIII CAR-T
cells can recognize EGFRVIII-positive U87 cells,
a cytotoxicity detection assay based on LDH
release was performed (Figure 4E). After 4 h
co-culture with target cells, an enhancement in
the cytotoxicity was detected as an increase in
E:T ratio. The killing ability was average 17% at
20:1 ratio. No evident killing activity was found
between T cells in different groups toward
EGFRvllI-negative U87 cells.

Discussion

Adoptive cell therapy using chimeric antigen
receptor (CAR)-engineered T cells has emerged
as a very promising approach to combating
cancer. T cells modified with CARs ex vivo pro-
vide both targeting specificity and T cell activa-
tion upon cancer cell recognition. To date,
CAR-T therapy has generated extraordinarily
clinical responses against some hematological
tumors [19, 20]. Most clinical trials utilize viral
vectors such as retroviruses, lentiviruses and
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adeno-associated viruses (AAVs) to deliver CAR
genes. These viruses are highly efficient and
able to integrate into the host genome, result-
ing in permanent CAR expression. However,
viral vectors have some limitations, including
limited DNA carrying capacity, difficult to pre-
pare in large scale, and high cost. Non-viral vec-
tors have the potential to address some of
these limitations.

Many studies have suggested that the piggy-
Bac transposon system is a straightforward
and safe tool for genetic modification of T cells
[24, 22]. PiggyBac is a highly active transposon
derived from the cabbage looper moth. It medi-
ates gene transfer through a “cut and paste”
mechanism whereby the transposase inte-
grates the transposon segment into the
genome of the target cell(s) of interest [23].
Until now, piggyBac has been used to modify
human T cells with a variety of purposes [24]. In
this study, CAR gene expression cassette was
inserted between PB transposon inverted ter-
minal repeats. Then, transposon and hyperac-
tive transposase were co-transfected to T cells
for stable expression of transgene. In addition,
implementation of gene transposition also
depends on effective transfection method.
Lonza Nucleofector Il electroporation system
was broadly used for T cell modification.
However, the high cost of Lonza proprietary
electroporation kits and the reliance on manu-
facturer reagents and devices may limit the
application of this technology for large-scale
experiments.

Recently, nanomaterials have been widely used
as gene and drug delivery vehicles in cancer
therapy [25, 26]. Various nanocarriers includ-
ing nanoparticles, liposomes, micelles, and
dendrimers have opened up new possibilities
for the genetic modification of mammalian
cells. Here, a novel stimuli-sensitive cationic
nanomicelle was produced, which consisted of
a PEG corona to stabilize the nanoparticles,
reduction-sensitive interlayer to complex DNA,
and a reduction-sensitive fluorocarbon core to
increase the nanomicelle’s stability to traverse
the lipid bilayers of cells, and to facilitate DNA’s
endosomal escape [27]. The unique structural
design was expected to endow the micelle with
DNA-release behavior in response to the in vivo
microenvironment. In other words, the micelle
should be stable in an environment with low
GSH concentration (e.g. bloodstream) but dis-

Am J Transl Res 2019;11(11):7126-7136



-PB
Transposase

+PB
Transposase

0SS

Efficiency (%)

Gene delivery with nanomicelles into T cells

Day 0 Day 2 Day 12 C
® 095 *7 270 3 3.74 < 40.051 0.051 40.020 0.098 »131.8 64.9
@l &1 o] o 3 %" o i o q !
; ., . {996 0.31 ,i99.6 0.29 ,jo.95 2.28
03 [ 03 10 |0s 03 o 03 0 Ws 03 o m; 0 0s o cD62L |uq mﬁ o CcD62L In4 135 mCDB 10 1n5 103 ° mCDB 10 me
0.69 32 55.2 *40.062 0 o]
10° 104 10* 0t ] 007
g E T
? ? if ; i 3 8 0.19 8 53.4
w a 1 U 0 i 8w %} N R o] K
o o o o d L s 1004
N B ,je0.4 0.49
cb62L cDé62L CCR7 CCR7
RFP
100 100
0 -PB D O TnescmD Terr E EGFRvIII* US7TMG UETHG
O +PB CTem  [Jcps‘*cos* 30
80 8071 1 1em 30 -~ Mock
° ~*- Mock g 5 - EGFRVIIl CAR-T
60 2 60 < 2 - EGFRVIIl CAR-T = .
= 2 3
40 S 40 3 3 10
2 ‘g 10 §
- >
20 20 <] %)
f 5o °
X 9
01000 == 00 ol&
Day0 Day2 Day12 400 201 104 54 2.5:11.25:106:1 0.3:1 20:1 101 51 25111251061 03:1

Time after transfection

E:T ratio

E:T ratio

Figure 4. T cells can be stably modified through nanocarrier with piggyBac transposon. A. Representative results of RFP-expression detection by flow cytometry. T
cells only transfected with transposon were used as control (-transposase). B. Co-transfection of plasmids promoted persistent transgene expression (n = 3). C. Rep-
resentative results of cell phenotype analysis by flow cytometry. D. CAR-T cells mainly exhibited memory phenotype and consisted of CD3*CD8* T cells at the end of

culture (n=3)

T .

" N+SCM*®

CD45RA*CD45ROCD62°CCR7*, T,,: CDASRACD45R0*CD62*CCR7", T, : CDA5RACD45RO*CD62 CCRT, T.: CD45RA*CD45ROCD62'CCRT".

E. Functional CAR-T cells were produced, and cytotoxicity was measured based on LDH release. Non-transfected T cells, EGFRvIll-negative U87 cells was used as
effector or target cell control, respectively. Events number was set to 10,000 in flow cytometry of the picture.

7134

Am J Transl Res 2019;11(11):7126-7136



Gene delivery with nanomicelles into T cells

assemble to rapidly release DNA inside cell
with enriched GSH (Figure 1D). Results demon-
strated these blank nanomicelles showed val-
ues of positive zeta potential, suggesting that
they tend to repel each other and not come
together and thus representing a nice long-
term stability under tested conditions. The aga-
rose gel assay showed that the positively
charged nanomicelle could thoroughly neutral-
ize the negative charge of pDNA, which made it
possible to deliver the pDNA into cells and pro-
tect plasmid DNA from enzymatic degradation.
In the reductant-enriched environment (10 mM
DTT), disulfide linkage in the polymer structure
was broken, leading to the quick release of
pDNA from the copolymer.

Cell uptake and endocytosis are key factors for
the nanocarrier transfection. Usually, submi-
cron size particles (100 nm~1.0 ym) are effi-
ciently taken up by the cells. In addition, nano-
micelles with high zeta potential attach are
easier to negatively charge cell membranes but
also lead to high cytotoxicity. In this study, the
polyplex formed at N/P 40 possessed a rela-
tively small size (about 134 nm) and a moder-
ate positive charge (about +20.9 mV), which
was verified to reach highest transfection effi-
ciency of T cells with more than 80% cell viabil-
ity. Therefore, polyplex formed at N/P = 40 was
used in further experiment. Next, we investi-
gated other common factors that could possi-
bly affect T cell transfection efficiencies, includ-
ing, (a) different cell physical profile and activa-
tion status, (b) the input cell number, (c) the
initial amount of DNA. Under our experimental
conditions, transfected 5 x 10° T cells in X-vivo
medium with a total dose of 2 ug pDNA at 48 h
post-activation achieved the optimal RFP
expression (~33%). Although modest transfec-
tion efficiency, nanopolymer could be a useful
tool for the screening experiments in the devel-
opment of new chimeric antigen receptors.
Having a straightforward and efficient method
to test different CAR constructs instead of cre-
ating a new viral vector for each one, could sig-
nificantly reduce the time. Importantly, no dif-
ference was observed in transfection efficiency
on day 2 when nanomicelles were loaded with
one or two plasmids, which was consistent with
previous study [28]. And the flexible cargo load-
ing of those nanomicelles makes it attractive
for ex vivo gene delivery applications.

Then, purified EGFRvIII antigen was selected
with the aim to specifically activate EGFRvlII

7135

CAR expressing T cells. As such, the positive
ratio of foreign gene in co-transfected T cells
increased to 55% at the end of culture. In addi-
tion, CAR-T cells mainly exhibited memory phe-
notype and consisted of cytotoxic CD8* T cells
after expansion. Thus, CAR-T cells displayed
increasing cytotoxicity against EGFRvIII-positive
U87 cells as E:T ratio increased.
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Figure S1. Synthetic route of the copolymer mPEG-P (Asp-AED-g-HFB) for polyplex preparation.



