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KEY WORDS Abstract  Adoptive cell therapy (ACT) is an emerging powerful cancer immunotherapy, which includes
a complex process of genetic modification, stimulation and expansion. During these in vitro or ex vivo
manipulation, sensitive cells are inescapability subjected to harmful external stimuli. Although a variety
of cytoprotection strategies have been developed, their application on ACT remains challenging. Herein, a
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Tetrahedral DNA DNA network is constructed on cell surface by rolling circle amplification (RCA), and T cell-targeted

nanostructure; trivalent tetrahedral DNA nanostructure is used as a rigid scaffold to achieve high-efficient and selective
Rolling circle amplification; coating for T cells. The cytoprotective DNA network on T-cell surface makes them aggregate over time to
Adoptive cell therapy; form cell clusters, which exhibit more resistance to external stimuli and enhanced activities in human pe-
T cell; ripheral blood mononuclear cells and liver cancer organoid killing model. Overall, this work provides a
Tumor-killing novel strategy for in vitro T cell-selective protection, which has a great potential for application in ACT.
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1. Introduction

In past decades, adoptive T cell therapy (ACT), which is also
called T-cell transfer therapy, has shown significant progress in
cancer immunotherapy'. Several types of transferred T cells
have been applied in preclinical or clinical trials of ACT,
including tumor-infiltrating lymphocytes (TIL), genetically
modified T cells like chimeric antigen receptor (CAR)-T or T cell
receptor (TCR)-T cells’. In these ACT, T cells are collected from
patients or healthy donors, followed with in vitro expansion and/
or genetic modification, and then infused back to the patient™”.
Unlike immortalized cell line, primary T lymphocytes are very
sensitive to unfavorable external stimuli. However, the manu-
facture process of generating T cells in vitro often takes 2—8
weeks in the lab. Multiple steps such as pipetting, washing,
centrifugation, as well as unfavorable culture conditions like
nonoptimal pH, osmotic pressure or media’ °, may lead to cell
damage or even death'*'".

Although researchers have been trying hard to promote cell
resistance to unfavorable culture conditions or harmful external
stimuli (e.g., physical forces, UV exposure, toxic com-
pounds)” *'*"'* during manufacture process'>'®, the effect is
still not good. Several cell surface engineering strategies for cell
protection have been developed''"'”, including electrostatic
deposition of polyelectrolytes™'> '*!%19 " biomineralization™®,
as well as metal ion complexation’**". However, challenges still
remain, largely limiting their biomedical application. For
example, the deposited monomers or degraded polymers or
metal ion complexation have varying degrees of toxicity”' >,
thus may decrease cell viability and proliferation. Biominerali-
zation often forms a tight and hard shell’, which may compro-
mise the interaction of cell surface receptors and their
ligands'> 82924720 " thereby suppressing T cell activation and
killing efficiency.

Recently, naturally synthesized biopolymers like DNA have
attracted increasing attentions in biomedical engineering fields,
due to their good biocompatibility and tunable properties. DNA-
based materials display many advantages in living cell encapsu-
lation”?’, for their excellent performance on biosafety, stability,
accessibility, as well as precise programmability and functionali-
zation”®°. Rolling circle amplification (RCA) is a commonly
used isothermal enzymatic amplification method that can easily
produce bulk DNA materials®”'. The RCA products are also a
kind of high-molecular-weight polymer which can naturally
intertwine with each other, forming a DNA porous network”>>.
Tetrahedral DNA nanostructure (TDN) can be prepared simply by
self-assembling oligonucleotides, with a defined valence, rigid and
stable structure™ *°. After functionalization with cholesterol or
nucleic acid aptamer, TDN can firmly anchor on the cell mem-
brane for further applications®’ *'.

To be noted, so far, T-cell isolation is still the prerequisite
step for current T-cell protection strategy, due to lack of se-
lective coating, and therefore some sensitive and fragile cells
may be damaged during the process of T-cell separation. In this
regard, to enhance the T-cell viability and activity in ACT, an
efficient T cell-specific cytoprotective method is highly
required, which can selectively protect T cells from unfavor-
able stimuli before, rather than after, the step of T-cell
separation.

In the present study, we developed a high-efficient and one-
step selective cytoprotection strategy for T cells. Using T cell-
targeted trivalent TDNs as scaffolds, we successfully performed

the RCA reaction on the T-cell membrane with a high selectivity,
by which T cells can be coated with a flexible DNA network
before isolation. The cytoprotective DNA network made T cells
aggregate over time to form cell clusters, which displayed more
resistance to external stimuli. Moreover, this selective protection
strategy also enhanced T-cell activity and tumor-killing efficiency
in human peripheral blood mononuclear cells (PBMCs) and pri-
mary liver cancer organoid killing model. Overall, the present
study provides a powerful method to protect T cell in vitro, and
therefore shows a great potential in biomedical application of
adoptive T-cell therapy.

2. Materials and methods

2.1.  Ethics statement

This study and all experiment protocols were approved by the
Clinical Research and Experimental Animal Ethics Committee of
the First Affiliated Hospital of Sun Yat-Sen University (2018
[43]). For experiments with human samples, informed consent was
obtained from all participants.

2.2.  Materials and reagents

All DNA oligonucleotides used in this work were synthesized by
Sangon Biotech Co., Ltd. (Shanghai, China). Their sequences
are listed in Supporting Information Table S1. 1 x TE Buffer,
10 x T™M Buffer, 10 x TBE Premixed Powder and DNA Marker
were purchased from Sangon Biotech Co., Ltd. (Shanghai,
China). T4 DNA Ligase, phi29 DNA Polymerase and Deoxy-
nucleotide (ANTP) Solution Mix were purchased from New
England Biolabs Inc. (Ipswich, MA, USA) YeaRed Nucleic Acid
Gel Stain, 6 x Loading Buffer, cell membrane dye DiO,
Calcein-AM and Cell Counting Kit-8 (CCK-8) were purchased
from Yeasen Biotech Co., Ltd. (Shanghai, China). 7-Amino-4-
chloromethylcoumarin (CMAC) was purchased from KeyGEN
BioTECH Co., Ltd. (Nanjing, China). Phosphate-Buffered Saline
(PBS, Gibco), Roswell Park Memorial Institute (RPMI)
1640 cell culture medium (Gibco), Dulbecco’s modified Eagle’s
medium (DMEM) cell culture medium (Gibco), fetal bovine
serum (FBS, Gibco), penicillin—streptomycin (Gibco), CellTrace
Far Red (Invitrogen) and caspase 3/7 fluorescent apoptosis probe
(Invitrogen) were purchased from Thermo Fisher Scientific Inc.
(Waltham, MA, USA). Hexamethyldisilazane (HMDS), colla-
genase IV, DNase and Y-27632 were purchased from Sigma-
—Aldrich. Hydrogen peroxide solution 30% (w/w) were
purchased from Aladin. Reduced growth factor BME2 was
purchased from R&D Systems Inc. (Minneapolis, MN, USA).
MycoAlert Mycoplasma Detection Kit and X-Vivo 15
Lymphocyte Medium were purchased from Lonza (Basel,
Switzerland). IL-2 is purchased from PerproTech (Cranbury, NJ,
USA). TrypLE Express is purchased from STEMCELL Tech-
nologies Inc. (Vancouver, Canada).

2.3.  Cell culture

Jurkat cells were cultured in RPMI 1640 medium supplemented
with 10% FBS and 1% penicillin—streptomycin. MCF-7 cells
were cultured in DMEM medium supplemented with 10% FBS
and 1% penicillin—streptomycin. All cells were cultured at 37 °C
with 5% CO, in a cell incubator.
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2.4. Self-assembly of TDN and RCA reaction performed in
buffer

All DNA oligonucleotides were dissolved and were diluted to
100 umol/L in 1 x TE Buffer (10 mmol/L Tris-HCI, 1 mmol/L
EDTA, pH 8.0), obtaining stock solution. To synthesize the
tetrahedral DNA nanostructure (TDN), DNA oligonucleotides
were mixed together equimolarly firstly and diluted to desired
concentration (according to experimental designs) with 10 x TM
buffer (the final components were 50 mmol/L Tris-HCI, 8 mmol/L
MgSO,4, pH 7.5). Next, the mixture was heated at 95 °C for
10 min, then quickly cooled to 4 °C and maintained at 4 °C for at
least 10 min in a Thermal Cycler (Bio-rad T100, Hercules, CA,
USA). Finally, the synthesized TDNs solution was stored at 4 °C
before use. To perform the rolling circle amplification (RCA)
reaction in buffer, the TDNc-RCA-primer (5 pL, 10 pmol/L) and
RCA template (5 pL, 10 pmol/L) were mixed together and
incubated at 37 °C for 30 min. Then, 10 x T4 DNA Ligase Re-
action buffer (1.5 pL), T4 DNA Ligase (0.5 pL, 400 cohesive end
units/pl) and Milli-Q water (3 pL) were added and incubated at
room temperature for 2 h to form circular RCA template. Finally,
10 x phi29 DNA Polymerase Reaction Buffer (2 pL), phi29 DNA
Polymerase (1 puL, 10 U/uL) and dNTP Solution Mix (2 pL,
10 mmol/L each) were added, followed by a 1-h reaction at 37 °C,
forming a gel-like product.

2.5. Constructing flexible DNA network-coated cell (DNC-Cell)
or DNC-Cell cluster by cell surface engineering

Firstly, TDNa-Linker, TDNb-Linker, TDNc-RCA-primer, TDNd-
Linker (1 pL, 100 pmol/L each) and LD201tl-Linker (3 pL,
100 pmol/L) were mixed together, followed by diluted with
10 x TM buffer (1 pL). The final concentration was 12.5 pmol/L.
Then, the mixture was heated at 95 °C for 10 min, then quickly
cooled to 4 °C and maintained at 4 °C for at least 10 min, to form
the T cell-targeted trivalent TDNs. Next, RCA template (5 pL,
12.5 pmol/L) hybridizing with TDNc-RCA-primer were added to
the prepared T cell-targeted trivalent TDNs (5 pL, 12.5 pmol/L),
followed by a 30-min incubation at 37 °C. Then, 10 x T4 DNA
Ligase Reaction Buffer (1.5 pL), T4 DNA Ligase (1 pL, 400
cohesive end units/plL) and 10 x TM buffer (2.5 plL) were added
and then incubated at room temperature for 2 h to form circular
TDN-RCA-templates. Subsequently, 5 x 10° cells were washed
with PBS, then suspended in an RCA reaction buffer (200 pL):
Tris-HCl (50 mmol/L), MgCl, (10 mmol/L), (NH4),SO4
(10 mmol/L), DTT (4 mmol/L), the prepared TDN-RCA-
templates, and dNTPs (0.2 mmol/L) in 1 x serum-free RPMI
1640 medium. After pulsing a phi29 DNA Polymerase (2 pL,
10 U/pL), the RCA reaction was performed at 37 °C for different
time according to experimental designs.

2.6.  Verifying the formation process of the TDN and the RCA
reaction via agarose gel electrophoresis

3% Agarose gel was prepared in 1 x TBE buffer (89 mmol/L Tris-
boric, 2 mmol/LL EDTA, pH 8.0) and then stained with YeaRed
Nucleic Acid Gel Stain. Each DNA sample (8.5 pL, 2.5 pmol/L)
was mixed with a 6 x loading buffer (1.5 pL), and ran at 100 V for
60 min in 1 x TBE with an ice-water bath. A 25—500 bp DNA
marker was used as a reference molecular weight standard. For
verifying the RCA reaction, 4% agarose gel was used.

2.7.  Confocal laser scanning microscopy (CLSM) imaging

Cy3-labeled short oligonucleotides (Cy3-C-strand) complemen-
tary to partial DNA network was used as a fluorescent indicator of
the RCA production (the DNA network) on the cell membrane.
They were added to the cell suspension 10 min after the reaction
began at a final concentration of 1 pmol/L. When the reaction
ended, cells were washed with PBS twice and then stained with
cell membrane dye DiO at room temperature for 15 min. After
washed with PBS twice, cells were resuspended in PBS and
imaged by CLSM (Olympus, FV3000, Tokyo, Japan).

2.8.  Scanning electron microscopy (SEM) imaging

Cells were washed with PBS twice then fixed by glutaraldehyde
(500 pL, 2.5%) overnight at 4 °C. Fixed cells were washed with
PBS twice, and gradient dehydrated with a series of ethanol so-
lutions (30%, 50%, 70%, 90%, 95%, and 100%) for 15 min each
step. Subsequently, cells were resuspended in 100% hexame-
thyldisilazane (HMDS), following by dropping onto clean silicon
wafers and dried by air in a fume cupboard overnight. After
spraying with gold, cell samples were imaged by Field Emission
SEM (Quanta 250 FEG, FEI, Hillsboro, OR, USA) at an accel-
erating voltage of 20 kV.

2.9.  Transmission electron microscopy (TEM) imaging

Cells were fixed with glutaraldehyde and OsO4, and then gradient
dehydrated with ethanol and acetone. The fixed samples were
embedded in resin and cut by using an ultramicrotome to abstain
thin sections. The thin sections were stained with uranyl acetate
and lead citrate, followed by imaged via TEM (FEI, Tecnai G2
Spirit Twin, Hillsboro, OR, USA).

2.10.  Comparison among TDN anchored on cells, Apt-RCA and
TDN-RCA occurred on cells via CLSM imaging and flow cytometry

The equimolar TDNc-C-strand, LD201t1-RCA-primer and TDNc-
RCA-primer were used in this experiment. The TDNc-C-strand’
was incubated with cells at 37 °C for 30 min. The RCA reaction
using single strand LD201tl aptamer (Apt-RCA) or that using
trivalent TDN scaffold (TDN-RCA) was performed at 37 °C for
30 min Cy3-C-strands were added to the cell suspension 10 min
after the reaction began, at a final concentration of 1 pmol/L. After
washed with PBS twice, cells were resuspended in PBS for
following assays. In flow cytometer (Beckman Coulter, Inc.,
CytoFLEX S, Brea, CA, USA) assay, 1 x 10* events were recorded
for each sample.

2.11.  Fluorescent inverted microscopy

The RCA reactions proceeded for 0.5, 1, 1.5, 2 or 2.5 h, respec-
tively, forming DNC—Cell clusters in different sizes. The fluo-
rescent indicator Cy3-C-strands were also used to show the DNA
network between cells. Cells were washed with PBS twice
immediately, followed by resuspending in PBS. Cells were seeded
on a 12-well plate then imaged by Fluorescent Inverted Micro-
scope (IX83, Olympus, Tokyo, Japan). The DNC—Cell clusters
were measured and counted by cellSens software version 1.16,
(Olympus, Tokyo, Japan), using a measurement function. The size
means the average diameter of the clusters and was fitted by
Gaussian fitting using GraphPad Prism 7, software (San Diego,
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CA, USA). The percentage of DNC—Cell clusters is calculated by
the number of cells that formed clusters dividing the number of
total cells.

2.12.  Cell proliferation assay

5 x 10* cells/mL cells were seeded on a 35 mm culture dish. The
cells were cultured in RPMI 1640 medium supplemented with
10% FBS and 1% penicillin—streptomycin at 37 °C with 5% CO,
in a cell incubator. After culture for 24, 48 or 72 h, the cells were
harvested and tested via CCK-8. The optical density (OD) at
450 nm was measured using a microplate reader (BMG LAB-
TECH, FLUOstar Omega-ACU, Ortenberg, Germany).

2.13.  Verifying the selective coating of T cell

Jurkat cells were pre-stained with Calcein-AM at 37 °C for
15 min. MCF-7 cells were pre-stained with CMAC at 37 °C for
25 min. The prestained Jurkat cells and MCF-7 cells were mixed
together in a ratio of 1:3. Then, the RCA reaction was performed
in the mixed cell suspension for 30 min. After washed with PBS
twice, cells were resuspended in PBS and imaged by fluorescent
inverted microscope (Olympus). For testing the selective coating
of T cells in human PBMCs, human PBMCs isolated from healthy
donors were firstly treated with RCA reaction for 30 min and then
stained with FITC-anti human CD3 antibody (Biolegend
#3173006), followed by CLSM imaging or flow cytometry analysis,
respectively.

2.14.  Examining cells tolerating external stimuli via cell
viability assays

Cells were pretreated with or without RCA reaction, rinsed and
suspended in PBS, and then tested for tolerance to following
external stimuli. The DNC—Cell groups were treated with RCA
reaction for 30 min. The DNC—Cell clusters groups were treated
with RCA reaction for 1 h, (1) UVexposure: cells (5 x 10° cells/mL)
were seeded on a UV transparent 96-well plate and were placed in a
darkroom equipped with a UV-C Lamp (PHILIPS, TUV8W GS8TS5,
Holland). The distance between the plate and the lamp was 5 cm.
After exposure to UV for 0, 15, 30, 60, 90 or 120 min in room
temperature, respectively, the cell viability was tested via CCK-8.
(2) Relative centrifugal force: 200 pL cells (1 x 10° cells) were
added to a 1.5 mL centrifuge tube and were centrifuged for 30 min,
at the relative centrifugal force of 0, 1 x 10°, 5 x 10, 10 x 10°,
15 x 10 or 20 x 10° x g, respectively. After that, the cell viability
was tested via CCK-8. (3) pH: cells (1 x 10° cells) were rinsed with
NaCl (153.8 mmol/L) and suspended in NaCl (10 pL,
153.8 mmol/L). 10 pL cell suspension was added to 190 pL solution
with the same ion strength and the final pH was 5, 6, 7.4, 8 or 9
respectively. After incubation for 2 h in room temperature, the cell
viability was tested via CCK-8. (4) Osmotic pressure: 10 pL cell
suspension (1 x 10% cells) was added to 190 pL 0.1 x PBS,
0.25 x PBS, 0.5 x PBS, 0.75 x PBS, 1 x PBS, 2 x PBS, 3 x PBS,
4 x PBS or 5 x PBS respectively. After incubation for 2 h in room
temperature, the cell viability was tested via CCK-8. (5) Reactive
oxygen species (ROS): 10 pL cell suspension (1 x 10° cells) was
added to 190 pL. H,O, solution. The H,O, concentration was 0, 0.5,
1,2,4, 6 or 8§ mmol/L in PBS respectively. After incubation for 1 hin
room temperature, the cell viability was tested via CCK-8.

2.15.  Isolation of PBMCs and flow cytometry analysis

PBMCs were isolated from fresh blood of healthy donors by
Ficoll-Hypaque centrifugation. Then, PBMCs were resuspended
with RCA reaction buffer for indicated time points (0.5, 1 or 2 h),
while control group were treated with RCA buffer without phi29
DNA Polymerase for 2 h. After RCA reaction, PBMCs were
washed with PBS twice and then collected immediately as inac-
tivated PBMCs. For activation group, PBMCs were pretreated
with agonistic anti-CD3/CD28 Abs (1 pg/mL) for 24 h before
collection. Then inactivated or activated PBMCs were stained in
PBS with the following Abs, including Zombie NIR™ Fixable
Viability Kit (Biolegend #423105), PerCP/Cyanine5.5 anti-human
CD3 (Biolegend #317336), PE anti-human CD69 (Biolegend
#310906), APC anti-human IL-2 (Biolegend #500310), PE/Cy7
anti-human IFN-v (Biolegend #502528), and then detected on a
flow cytometer (BD Biosciences, BD FACSVerse, San Jose, CA,
USA) and analysed with FlowJo software (Becton, Dickinson and
Company, Ashland, OR, USA).

2.16.  Ex vivo culture and expansion of tumor organoids and
autologous tumor infiltrating lymphocytes (TILs)

Human primary liver cancer-derived organoid culture and autol-
ogous TIL ex vivo expansion was performed as previously
described by our group and others****, Human tissue and speci-
mens were obtained by surgical resection from patients of primary
liver cancer and segregated into average two parts. One part was
used for organoid culture, and another was used for TIL expan-
sion. For organoid culture, tumor surgical resections were me-
chanically disintegrated into small pieces (0.5—1 mm®) and
incubated with the digestion solution, which contained 2.0 mg/mL
collagenase IV, 0.1 mg/mL DNase and 10 mmol/L Y-27632 for
30 min. Then the digested cell suspension was filtered through
100 mm nylon net, centrifuged, and seeded in the reduced growth
factor BME2 (basement membrane extract, Type 2) with the cell
density at 5000—10,000/100 pL per well in a 24-well plate.
Incubate the plate at 37 °C for 20 min until the BME2 was so-
lidified. Added 100 pL per well organoid expansion medium as
described before. Organoids were passaged approximately every
week and harvested before using (within 5 passages). All orga-
noids were regularly checked for mycoplasma contamination
using the MycoAlert Mycoplasma Detection Kit.

For autologous TIL ex vivo expansion, tumor samples were cut
into small pieces in X-Vivo 15 Lymphocyte Medium. IL-2 at
6000 IU/mL was used for expansion. All cells were cultured at
37 °C with 5% CO, for 2 weeks. After expansion, TILs were
collected and pretreated with RCA reaction buffer with or without
phi29 DNA Polymerase for 1 h, and then used in the following
experiments.

2.17.  Organoids killing assay

After cell counting, organoids were resuspended in IL-2 free human
HCC organoids medium and seeded in flat-bottom plate with RCA
or control vehicle-pretreated autologous TILs at a 10:1 effector:
target (E:T ) ratio. Tumor organoids were resuspended in X-Vivol5
medium and seeded in triplicate of flat-bottom plate with 1 x 10°
autologous TILs pretreated with RCA reaction buffer with or
without phi29 DNA Polymerase for 1 h. To facilitate visualization,
T cells were previously stained with 1 mmol/L of CellTrace Far
Red. A fluorescent apoptosis probe which can detected activated
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T cell-selective coating and protection strategy with a flexible DNA network promotes T-cell aggregation and activation for anti-tumor

therapy. (A) T cell selective protection strategy by constructing a flexible DNA network on T cell surface using in situ RCA reaction and a T cell-
targeted trivalent TDN scaffold. (B) Schematic diagram of T cell-selective coating in heterogeneous cell populations. (C) The efficiency and
specificity of our selective T-cell coating strategy was confirmed in human PBMCs by immunofluorescent confocal microscopy. Green: T cells
stained with FITC-anti human CD3 antibody. Red: DNA network hybridized to short oligonucleotides labeled with Cy3. Scale bar: 20 pum.

caspase 3/7 (1:2000 dilution) was added at the beginning of co-
culture to visualize cell apoptosis. After 24 h of co-culture,
immunofluorescence microphotography images were taken using
a Lionheart™ FX Automated Live Cell Imager (BioTek, Winooski,
VT, USA) at indicated time points of killing (0, 8, 16, and 24 h).

For the quantification of the results, these images were further
analyzed with Imaris software version 7.4 (Bitplane AG, Zurich,
Switzerland), using the Spot function to locate and enumerate
TILs and apoptotic cells inside the organoids, based on size and
intensity threshold. The initial infiltration of T cells inside the
organoids was considered as zero.

For flow cytometry, tumor organoids were cocultured with
autologous TILs at a 10:1 E:T ratio for 6 h, and then dissociated
into single cell with TrypLE Express. Cells were stained with
Zombie NIR™ Fixable Viability Kit, PerCP/Cyanine5.5 anti-
human CD3, PE anti-human CD69, APC anti-human IL-2, PE/
Cy7 anti-human IFN-v, and then detected on a flow cytometer
(BD Biosciences) and analysed with FlowJo software (Becton,
Dickinson and Compan).

2.18.  Statistical analysis

The differences between two groups were analyzed using an un-
paired two-tailed Student’s #-test, while differences between >3
groups were compared by one-way analysis of variance
(ANOVA), followed by Bonferroni post test. Data are considered
statistically significant at P < 0.05.

3. Results and discussion

3.1.  Graphical abstract: T cell-selective coating and protection
strategy with a flexible DNA network promotes T-cell aggregation
and activation for anti-tumor therapy

We constructed a flexible DNA network on T-cell surface by in
situ RCA reaction and used trivalent TDN as a scaffold by virtue
of its firm membrane adhesion ability. The trivalent TDN has an
RCA primer at one vertex and three T cell-specific aptamer
(LD201t1)*** at the others. As shown in Fig. 1, five DNA
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oligonucleotides self-assemble to form T cell-targeted TDN
scaffolds. Next, the RCA templates bind to RCA primers and form
circular RCA templates by T4 DNA ligase. TDN scaffolds spe-
cifically anchor onto the cell membrane. Then, RCA reaction
occurs in situ on the cell membrane with the help of phi29 DNA
polymerase. Many long single strand DNAs (ssDNAs) containing
lots of repeating units complementary to the RCA template will
form on the cell membrane. Finally, these long ssDNAs intertwine
with each other and form a flexible DNA network on the cell
membrane.

3.2, Successful construction of the T cell-targeted trivalent TDN
scaffold

The TDN was made up of four oligonucleotides (TDNa, TDNbD,
TDNCc and TDNd), each side of which has 17 base pairs (bp). To
form the trivalent TDN scaffold, we designed a 20 nucleotides (nt)
linker and added it to the 3" end of TDNa, TDNb, and TDNd
(denote as TDNa-Linker, TDNb-Linker, and TDNd-Linker),

A [ membrane

‘Goeeoseesesetesee

Apt-RCA

Figure 2

DNA Network

Goeoeeeseesesee

forming a free oligonucleotide linker at three vertexes of TDN
respectively. Thus, three aptamers can precisely bind to three
vertexes of TDN via hybridization.

First, we used 3% agarose gel electrophoresis to verify the step-
by-step formation of T cell-targeted trivalent TDN scaffolds. As
shown in Supporting Information Fig. S1A, from left to right, when
sequentially adding relevant oligonucleotides, the main band
increasingly moves slowly than the previous one due to a formed
larger DNA nanostructure. These results confirmed the successful
self-assembly of the T cell-targeted trivalent TDN scaffolds. Flow
cytometry data showed that the T cell-targeted trivalent TDN scaf-
fold can bind to Jurkat cell, an acute T cell leukemia cell line, while
the TDN without aptamer cannot (Supporting Information Fig. S1B).

3.3.  Selective coating with DNA network by in situ RCA
reaction on T cell surface

To perform RCA reaction, we designed a TDNc-RCA-primer,
which has an RCA primer at its 3’ end. It is partly complementary

Merge” ) O
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Control  TDN  Apt-RCA TDN-RCA

Characterization of the DNC-Cell. (A) Confocal laser scanning microscope images of the flexible DNA network formed on Jurkat cell

membrane. Green: cell membrane stained with DiO. Red: DNA network hybridized to short oligonucleotides labeled with Cy3. Scale bar: 20 um.
(B) Scanning electron microscope images of native Jurkat cell, Jurkat cell coated with DNA network (DNC-Cell). Scale bar: 2 pm. (C) The mean
fluorescence intensity of Cy3-labeled TDN or DNA network on cell surface was detected by flow cytometry. Data are shown as mean + SD
(n = 3); #***P < (0.0001. (D) Schematic diagrams and representative confocal laser scanning microscope images of the TDN, Apt-RCA, TDN-
RCA treated cells. The red fluorescence indicates the TDN or DNA network on cell membrane. Scale bar: 20 um.
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to the RCA template. Supporting Information Fig. S2 shows the
4% agarose gel electrophoresis image of each step in the RCA
reaction. When T4 DNA ligase was added, a strong band with a
size between 50 and 75 bp was detected, indicating the formation
of circular RCA templates. When phi29 DNA polymerase was
added, the band stayed at the inlet (lane 6), while only the circular
RCA template’s band was found without the addition of poly-
merase (lane 5), indicating the formation of high-molecular-
weight RCA products.

We next performed the in situ RCA reaction on the cell sur-
face. When the TDNc-RCA-primer self-assembled with other four
oligonucleotides (TDNa-Linker, TDNb-Linker, TDNd-Linker and
LD201t1-Linker), these RCA primers can firmly anchor to the cell
membrane via trivalent TDN scaffolds.

We also designed a Cy3-labeled short oligonucleotide (Cy3-C-
strand) as a fluorescent indicator, which is complementary to
partial RCA products. If the RCA reaction occurred, products

A

C Reaction time

containing continually replicated sequences will form. The Cy3-
C-strand binds to the products and then a strong red fluorescence
can be observed. The CLSM images (Fig. 2A) of the Jurkat cells
after RCA reaction show colocalization of the cell membrane
(green) and the DNA network (red), which indicates that the
in situ RCA reaction successfully occurred on cell membrane,
forming the DNA network-coated cells (DNC—Cells). The strong
and dense red fluorescence of the DNA network indicates that the
RCA products twining around each other on the cell membrane.
The SEM images (Fig. 2B) show a shell-like morphology in the
surface of the DNC—Cell compared with the native cell. The TEM
images (Supporting Information Fig. S3) show a lot of dense fil-
aments coating on the cell membrane of DNA—Cell, which are the
long ssDNAs produced by RCA reaction, while the cell membrane
without RCA treatment is very smooth. These results further
confirmed a successful coating with the RCA products on the cell.
The DNA network had little effect on cell activity, with a cell

- D 50
= = 0.5h
40 —1h
€30 = 15h
3 2h
©20 = 25h
10
0.
0 50 100 150 200
Size of DNC-Cell clusters (um)
100
80
60

Percentage of
DNC-Cell clusters (%)
-y
(=]

N
=

05 1 15 2 25
Reaction time (h)

1.5h 2h 2.5h

0. ) 0; 0 0
0 50 100 150 200 O 50 100 150 200 O 50 100 150 200 O 50 100 150 200 O 50 100 150 200

Size of DNC-Cell clusters (um)

Figure 3

Characterization of the DNC—Cell clusters formed by the DNA network intertwining with each other on the cell membrane. The

DNC—Cell cluster was defined as three or more than three cells aggregated together. Scanning electron microscope images of (A) DNC—Cell
cluster and (B) native cell cluster. Scale bar of the left is 5 um and the right is 1 um. The white arrows indicate the flexible DNA network
gathering the DNC—Cells together. (C—E) Jurkat cells were treated with RCA reaction for indicated time points, and the formation of DNC—Cell
clusters was examined by microscopy. (C) Above: representative images at indicated reaction time points. Red: the DNA network gathering cells
together. Scale bar: 100 pm. Below: size statistical data at each time point. The size (D) and percentage (E) of DNC—Cell clusters were analyzed
at indicated time points and statistical data are representative of three independent experiments. The curves show the Gaussian fitting of cor-
responding data. Each graph shows the random measurements of 100 clusters.
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viability of 97.8 = 1.1% as tested by Cell Counting Kit-8 (CCK-8)
(Supporting Information Fig. S4).

As the major cell type in current ACT, T cells are sensitive to
external stimuli, however, to date, selective protection strategy for T
cells remains lacking. To achieve T cell specific protection without
pre-isolation, we used a T cell-targeted trivalent TDN scaffold
which contains a T cell-specific aptamer, therefore ensure the se-
lective coating with DNA network on T cell surface in one step. As
shown in Supporting Information Fig. S5, MCF-7 cells (human
breast cancer cell line) and Jurkat cells (human T cell line) were
mixed together and then tested for the selectivity and efficiency of
RCA reaction. After treatment, the red fluorescence of DNA
network was observed around Jurkat, rather than MCF-7 cells,
confirming the high selectivity of T cell coating in our strategy.
Moreover, we further examined the effect of this T cell protection
strategy in human PBMCs, which includes a variety of immune
cells like T cells, B cells, nature killing cells, monocytes and etc.
After treating with RCA reaction, PBMCs were stained with anti-
CD3-FITC antibody, and then detected by immunofluorescent
confocal microscopy and flow cytometry, respectively. As shown in
a representative confocal image (Fig. 1C), in PBMCs, all the DNA
network (Cy3 positive, red fluorescence) formed by RCA reaction
was localized on T cell surface (CD3 positive, green fluorescence),
whereas other cells in PBMCs were not coated. We further
confirmed the selective coating efficiency in PBMCs isolated from
three healthy donors using flow cytometry. As shown in Supporting
Information Fig. S6, in all the three healthy donors, more than 98%
of PBMCs were either Cy3 and CD3 double positive (T cells, coated
with DNA-network) or negative (other cells, not coated with DNA
network), indicating that our selective coating strategy for T cells
was highly specific and efficient.

3.4.  Trivalent TDN scaffold improved the efficiency of in situ
RCA reaction

To further explore the role of the trivalent TDN scaffold on in situ
RCA reaction, flow cytometry and CLSM were applied to
compare the efficiency of RCA reaction on cell membrane be-
tween single strand LD201t1 aptamer (Apt-RCA) and trivalent
TDN scaffold (TDN-RCA) group, using the fluorescent indicator
(Cy3-C-strand) (Fig. 2C and D and Supporting Information
Fig. S7). TDN group without RCA reaction only showed some
weak spots around the cell. The TDN-RCA group showed strong
and clear red fluorescence circle around the cells, while the Apt-
RCA group shows some incomplete circles around the cells.
The relative fluorescence intensity of the TDN-RCA was about
7.87-fold stronger than that of the Apt-RCA. These results indi-
cated that RCA reaction can be much more efficient when using
trivalent TDN as a primer scaffold. We attribute this to the firm
membrane anchoring ability of trivalent TDN scaffold. It can
anchor on the cell membrane with high binding affinity and
maintain upright in the vertical direction, making it easy for the
DNA polymerase to bind to the primer. While the single strand
aptamer on cell membrane tend to sway and topple on the cell
membrane, which reduces the chance for DNA polymerase to bind
to the primer and slow down the RCA reaction.

3.5.  DNA network-coated cells (DNC-Cells) aggregated over
time to form cell clusters with different sizes

We found that the DNC—Cells aggregated over time and formed
cell clusters. The representative SEM images show some con-
necting filaments (as indicated by white arrows in Fig. 3A)
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Figure 4

DNC-Cells and DNC—Cell clusters displayed higher resistance to external stimuli than naive cell. (A) Cell proliferation (indicated by

the optical density value at 450 nm) was comparable among native cells, DNC—Cells and DNC—Cell clusters within 72 h after reaction, as
detected by CCK-8 assay. (B—F) Cell viability assay was performed in each group in response to different external stimuli: (B) UV exposure time,
(C) relative centrifugal force, (D) PBS concentration, (E) pH and (F) H,O, concentration. The cell viability of DNC—Cells and DNC—Cell
clusters was much higher than that in native cells, upon external stimulations.
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between adjacent DNC—Cells, rather than native cells (Fig. 3B),
suggesting that the DNA network formed by RCA reaction pro-
motes DNC—Cell aggregation. The representative images
(Fig. 3C, above) and the size statistical data (Fig. 3C, below) of
DNC-Cell clusters at indicated time points are shown. Each graph
shows the random measurement of 100 clusters. The red fluores-
cence between the cells in the clusters indicates the formed DNA
network, which further demonstrates that it was the DNA network
that gathered the cells together. The size of DNC—Cell clusters
increased from about 30 to 100 pm within 2.5 h after the RCA
reaction started (Fig. 3D). Meanwhile, the percentage of
DNC—Cell clusters also increased over reaction time, from about
13.1% to 86.2% (Fig. 3E).

Next, CCK-8 assay was applied to evaluate the effect of DNA
network on cell proliferation. After incubation for 24, 48 or 72 h
in a cell incubator, both DNC—Cells and DNC—Cell clusters
showed comparable optical density (OD) at 450 nm, similar to that
in native cells (Fig. 4A), indicating that the DNA network did not
affect cell proliferation.

3.6. DNC—Cell clusters displayed higher resistance to external
stimuli than DNC—_Cells

Next, the cell viability of DNC—Cell clusters, DNC-Cells or
native cells were detected in response to distinct stimuli, including
UV exposure, relative centrifugal force, osmotic pressure, pH and
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Figure 5

Coating with DNA network promoted T-cell activation in human PBMCs without affecting the cell viability. Human PBMCs isolated

from healthy donors (n = 6) were treated with RCA reactions at indicated time points, and then detected for cell viability and T-cell activation by
flow cytometry with or without anti-CD3/CD28 Ab activation. (A) Percentage of live PMBCs (Zombie negative) and activated CD3" T cells
(CD69 positive) were detected in RCA-treated or control group without anti-CD3/CD28 Ab treatment. (B) Upon activation by anti-CD3/CD28
Ab, percentage of live PBMCs (Zombie negative) and CD69, IL-2, IFN-vy positive CD3" T cells were detected in RCA-treated or control group.
Data were shown as mean + SEM; *P < 0.05, **P < 0.01, ***P < 0.001.
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Coating with DNA network promoted activation and tumor killing activities of TILs in ex-vivo human liver cancer organoid killing

model. After ex vivo expansion, human TILs isolated from primary liver cancer patients were pretreated with RCA reactions for 1 h, to form DNA
network-coated TILs (DNC-TILs), and then co-cultured with autologous tumor organoids at an E:T ratio of 10:1 for organoid killing assay at
indicated time points. (A—D) After 6 h co-culture, (A) CD69 expression as well as (B) IL-2 and (C) IFN-v production in TILs for RCA or control-
treated group were analyzed by flow cytometry. (D) The percentage of CD69, IL-2, IFN-v positive TILs were calculated and data were shown as
mean £ SEM; n = 9; *P < 0.05, **P < 0.01, ***P < 0.001. (E—F) TILs prestained with CellTrace Far Red (red) were co-cultured with
autologous tumor organoids, in the presence of cell apoptosis probe, cell apoptosis (green) was visualized at indicated time points of killing (0, 8,
16, and 24 h). (E) Representative immunofluorescence microphotography images were shown and (F) the number of infiltrating T cells as well as
apoptotic tumor cells in the organoids were quantified using Imaris software. Scale bar: 200 pm.

reactive oxygen species (ROS). As shown in Fig. 4B—F, the cell
viability of DNC—Cells and DNC—Cell clusters was much higher
than that in native cells, in response to harmful stimuli like UV
exposure, high speed centrifugation, as well as unfavorable culture
conditions, demonstrating the protective role of DNA network
coating on the cell surface. Moreover, cell viability was signifi-
cantly enhanced in DNC—Cell cluster vs. DNC—Cell group,
suggesting that upon DNA network coating, cell clusters were
more resistant to external stimuli than dispersing cells.

3.7.  Selective coating with DNA network promoted T cell
activation in human PBMCs without affecting cell viability

To further access the effect of DNA network on primary lym-
phocytes, human PBMCs were pretreated with RCA reactions or

control vehicles at indicated time points, followed with or without
agonistic anti-CD3/CD28 Ab treatment, and then detected for cell
viability and T cell activation by flow cytometry. Data show that
the cell viability were comparable in control and RCA-treated
PBMC within 2 h treatment, while expression of CD69, the acti-
vation marker of T cells, were dramatically enhanced in RCA-
treated vs. control group, with or without anti-CD3/CD28 Ab
activation (Fig. 5A and B). Moreover, upon activation by anti-CD3/
CD28 Ab, production of IL-2 and IFN-y in T cells were also
enhanced in RCA-treated vs. control group (Fig. 5B). These data
together indicated that coating with DNA network promoted T cell
activation in human PBMCs without affecting cell viability. When
compared T cell viability and activity at indicated time points for
RCA reaction, the optimal reaction time was 1 h, and therefore this
reaction time was applied in the following experiments.
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3.8.  Coating with DNA network promoted activation and tumor
killing activities of TILs in an ex vivo human liver cancer organoid
killing model

Since T cell activation is the prerequisite of efficient tumor killing,
next, we used an ex vivo tumor organoid killing model to evaluate
the effect of DNA network on TIL. After ex vivo expansion,
human TILs isolated from primary liver cancer patients were
pretreated with RCA reactions for 1h, to form DNA network-
coated TILs (DNC-TILs), and then co-cultured with their autol-
ogous tumor organoids at an E:7 ratio of 10:1 for organoid killing
assay at indicated time points. Then, the activity and killing ef-
ficiency of TILs were analyzed by flow cytometry or immuno-
fluorescent staining, respectively. Flow cytometry data show that
after 6 h co-culture with organoids, DNC-TILs displayed more
CD69 expression as well as IL-2 and IFN-vy production, when
compared with that in control-treated group (Fig. 6A—D). More-
over, immunofluorescence microphotography data showed that at
indicated time points of killing (0, 8, 16, and 24 h), more DNC-
TILs (red) infiltrated into tumor organoids, and more apoptotic
tumor cells (green) were detected within organoids (Fig. 6E and
F). These data indicate that coating with DNA network promoted
activation and tumor killing activities of TILs.

4. Conclusion

T cells are the most widely used lymphocytes in ACT. However,
primary T cells isolated from human body must undergo activa-
tion and expansion before usage, while the in vitro process of
lymphocyte preservation during transfer, manipulation and storage
may compromise the cell viability and biological activities.
Therefore, a high-efficient cell protection strategy is necessary to
enhance therapeutic efficacy of ACT.

In the present study, we developed a novel T cell-protective
strategy by constructing a flexible DNA network on T-cell surface.
Although several cell protection strategies have been reported
previously, their application in ACT are still limited. To date, the
most common cell-coating strategy was based on the deposition of
polyelectrolytes or minerals or metal ion complexation on cell
membrane''. However, these materials with strong stiffness and
poor deformability often form a tight and hard shell on cell sur-
face, which may compromise the binding of T-cell surface re-
ceptors to their ligands expressed on other cells (like antigen-
presenting cells or tumor cells)'*'®2*?*72% and therefore sup-
pressing T-cell activation and killing efficiency. Moreover, if not
treated with proper concentration or time, the deposited monomers
or degraded polymers’' >’ or metal ion complexation display
varying degrees of toxicity, losing their cytoprotective property. In
contrast, DNA materials, especially DNA network, display great
advantages as an ideal cell coating material, for their excellent
performance on biocompatibility, stability, accessibility, as well as
precise programmability and functionalization”’ >%*% These
advantages make the DNA materials fit to living cell encapsula-
tion and the following in vivo applications.

Previous DNA-based strategies usually need a complex multi-
step cross-linking progress®’. While in the present study, we
established a novel DNA coating strategy based on in situ RCA
reaction. Using a trivalent tetrahedral DNA nanostructure as a
rigid scaffold, this RCA reaction can occur on cell membrane and
produce many flexible long single strand DNAs, and thereby form
a flexible DNA network as a protective surface shell. This in situ

RCA reaction only takes one-step reaction, and thus is much
simpler and time-saving than other cytoprotective methods.

Furthermore, since T cells are the most important effector cells in
ACT, we added a T-cell specific aptamer in the T cell-targeted
trivalent tetrahedral DNA nanostructure, to make sure the in situ
RCA reaction was performed specifically on T-cell surface. The
efficiency and specificity of this DNA-based selective coating for
T cells was confirmed in mixed cells containing both T cells (Jurkat)
and tumor cells (MCF-7) as well as in human PBMCs. So far, se-
lective coating is lacking in most of the current cell-protection
strategies using polyelectrolytes'’, minerals®, nanoparticles’ and
phospholipid modified DNA oligonucleotides””’. Hence, the pre-
requisite step before living cell encapsulation is the isolation of
target cells. During this process, some sensitive and fragile cells may
be harmed by unfavorable stimuli, and thereby reducing the
acquisition efficiency and viability of target cells. Our study
demonstrated that Jurkat cells coated with the flexible DNA network
were highly resistant to external stimuli like UV exposure, relative
centrifugal force, pH, osmotic pressure and ROS, indicating that this
high-efficient and selective cytoprotective method is very suitable to
be applied in ACT. To be noted, along with the RCA reaction time,
the DNA network on T-cell surface may entangled with each other,
leading to T cell aggregation and formation of T-cell cluster with
different sizes. Based on the literature, clustered cells displayed
more anti-apoptosis ability as well as highly mobility than single
cell suspension*®*”. In the organoid killing model, TILs also formed
small clusters to attack autologous tumor organoids. Using primary
PBMCs or human liver cancer organoid killing model, we demon-
strated that DNC-clusters were more efficient than DNC-cells in
activation and tumor killing, and the optimal reaction time of RCA
was around 1 h, indicating that the size of T cell clusters may be
important for biomedical application in ACT.

Overall, we successfully established a novel DNA-based se-
lective coating method for T cells, which can enhance their resis-
tance to external stimuli and promote T cell activation as well as
tumor killing efficiency. This selective coating strategy may also be
applied to other cell types, by changing the cell-specific aptamer in
the DNA nanostructure, and may expected to protect T cell in vivo
too, for example, cell membrane damage caused by physical
stresses generated from cell injection and intravascular circula-
tion*®, immunosuppression due to acidic tumor microenviron-
ment*’, therefore displays a great potential for application in ACT.
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