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ABSTRACT: Screening T-cell activity and selecting active ones

from large ex vivo-expanded populations before reinfusion is *

important for the success of T-cell therapy. Cytokine secretion is e ‘ -\ ' 'S
the evaluation criterion of cell immune activity. Cell membrane- g ' '
anchored probes and microchamber-based techniques have been
used to screen cytokine secretion at the single-cell level. However,
they are either easily affected by nearby cells’ secretion or lack of
single-cell encapsulation efficiency. Here, we design a photo-
detachable DNA-copolymer nanocage on the cell membrane for
screening the activities of ex vivo-expanded T cells by in-situ
monitoring cytokine interferon-gamma (IFN-y) secretion. The
ones with good immune activity are selected for therapeutic
application. DNA-copolymer nanocage is self-assembled on a cell membrane to encapsulate a single T cell. A self-quenched IFN-y
recognition aptamer is contained in the DNA-copolymer nanocage, which recovers fluorescence in response to IFN-y secretion to
indicate individual T-cell activity. The active T cells are collected after fluorescence-activated cell sorting, irradiated with S min UV
light to detach nanocage from the cell membrane, and continuously cocultured with downstream cells. The selected Jurkat cells and
CD19 CAR-T cells showed improved capabilities for downstream cell activation and cancer cell killing. The cell membrane-
detachable DNA-copolymer nanocage-based T-cell activity screening and selection would have promising applications in T-cell
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therapy.

doptive cell therapy (ACT) has emerged as a promising

therapy for cancer treatment.”” It requires ex vivo
expansion of immune cells with subsequent reinfusion to the
host.”* A large number of T cells with highly heterogeneous
composition are generated during ex vivo expansion. Some are
active and specific to cancer cells, while others are inactive and
incapable of recognizing and killing cancer cells.” Therefore,
real-time screening of their activity with a selection of the
active ones for host reinfusion is of great importance to
improve T-cell performance in vivo.’

Cytokines, the cell-secreted proteins, play critical roles in
activating immune cells and regulating cell functions.”™ To
perform quality control (QC) testing of in vitro-expanded
lymphocytes, the activity of the as-obtained cells is determined
by detecting cytokine secretion.'”'" Many analytical methods,
such as the enzyme-linked immunosorbent assay (ELISA),"
protein electrophoresis,"> and mass spectrometry'* have been
developed to measure cytokine secretion levels from cell
culture media for in vitro-expanded cell populations. However,
the population-averaged measurement in bulk analysis masks
the vast heterogeneity in single-cell secretion capability.'®
Therefore, approaches to monitor cytokine secretion with the
single-cell resolution are in urgent need for cell activity
screening and selection.
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Microchamber formats have been successfully applied for
single-cell isolation and corresponding cytokine secretion
1718 However, the single-cell encapsulation per-
centage and screening efficiency are low due to Poisson
distribution."® As the natural boundary to isolate cells from the
outside environment,'”*® the cell membrane has been
covalently functionalized with capture antibodies and com-
bined with an immunoassay to distinguish cytokine-secreting
cells via fluorescence-activated cell sorting (FACS).”"**
However, the “open” detection environment of the cell
membrane allows the outward diffusion of secreted cytokine,
and the interference from nearby cells’ secretions also impairs
single-cell distinguishing efficiency. The end-point detection
manner further covers cytokine secretion dynamics informa-
tion.”**

Using DNA strands as building blocks, nanostructures have
been constructed on the cell membrane to control cell—cell

detections.
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Scheme 1. Schematic Illustration of DNA-Copolymer Nanocage-Encapsulated T Cells for Activity Sorting; (A) Construction
of Detachable DNA-Copolymer Nanocage on the Cell Membrane; (B) Its Application in Single-Cell IFN-y Secretion Detection
for T-Cell Activity Screening and Selection with Subsequent Detachment from the Cell Membrane for Therapeutic Usage (C)
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interaction.”> However, due to the lack of cell membrane
wrapping density and the incapability of reversible modifica-
tion, they have not been used for single-cell activity screening
and selection up to now. Here, we develop a detachable DNA-
copolymer nanocage on the cell membrane of ex vivo-expanded
T cells to screen cell activity, and the selected active T cells
demonstrate improved performance in therapeutic application.
Anchor DNA is functionalized with cholesteryl and photo-
cleavable linker (PC-linker) containing an o-nitrobenzyl
functional group that can be activated upon UV irradiation
and cleaves anchor DNA. Anchor DNA was inserted into the
T-cell membrane via hydrophobic—hydrophobic interaction
and detached from the cell membrane with UV exposure. The
detection DNA-copolymer (D-DNA-copolymer) and sealing
DNA-copolymer (S-DNA-copolymer) are synthesized via
copolymerization of acrylamide and acrydite-modified DNA
strands. The D-DNA-copolymer contains DNAI that hybrid-
izes with anchor DNA, an aptamer for cytokine interferon-y
[aptamer (IFN-y)] that specifically recognizes IFN-y, and
DNA2. S-DNA-copolymer contains DNA3 that hybridizes
with DNA2. The anchor DNA-functionalized cell is
successively hybridized with the D-DNA-copolymer and S-
DNA-copolymer to construct the detachable DNA-copolymer
nanocage on the cell membrane (Scheme 1A). IFN-y, a
proinflammatory cytokine, which is typically used in the
cytokine release assay for cell immune activity characterization,
is chosen as the model detection target. Aptamer (IFN-y) has a
self-quenched hairpin structure with fluorescein (FAM) and a
corresponding quencher black hole quencher labeled at
adjacent positions. The hairpin structure unfolds upon IFN-y
recognition and results in FAM fluorescence recovery on the

DNA-copolymer nanocage to indicate activated T cells. The
cell activity is screened via FACS, and the selected active T
cells are subsequently exposed to UV light to cleave the PC-
linker and detach the DNA-copolymer nanocage from the cell
membrane (Scheme 1B). The detachable DNA-copolymer
nanocage shows a successful selection of active T cells from ex
vivo-expanded populations. The selected active T cells
demonstrate enhanced immune functions in downstream cell
activation and cancer cell killing (Scheme 1C). The as-
presented T-cell immune activity sorting strategy based on the
cell membrane-detachable DNA-copolymer nanocage would
have a promising contribution to ACT.

B EXPERIMENTAL SECTION

Synthesis of DNA-Copolymers. Acrylamide/acrydite-
DNA-copolymers were synthesized by copolymerizing acryl-
amide and acrydite-functionalized DNA strands. To prepare
the detection DNA-copolymer (D-DNA-copolymer), 150 uL
of a solution containing DNAI1 (10 uM), DNA2 (30 M), and
aptamer (IFN-y) (10 yM) were mixed with 30 uL of 2%
acrylamide, 10 uL of initiator 10% APS, and 10 uL of the
accelerator tetramethylethylenediamine (TEMED) in Tris
buffer (10 mM Tris, SO mM NaCl, 10 mM MgCl,, pH 8.0).
The mixture solution was polymerized by incubating at room
temperature for 5 min and subsequently at 4 °C for 24 h. The
resulting D-DNA-copolymer was purified from unreacted
monomer units, salts, and initiators with a Microcon
(Millipore) spin filter unit (MWCO 30 kD). The sealing
DNA-copolymer (S-DNA-copolymer) was synthesized by
mixing 150 uL of DNA3 (30 puM) with 30 uL of 2%
acrylamide, 10 uL of initiator 10% APS, and 10 uL of the
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accelerator TEMED in Tris buffer (10 mM Tris, 50 mM NaCl,
10 mM MgCl, pH 8.0), polymerized, and purified according
to the similar procedure as the D-DNA-copolymer. The as-
obtained DNA-copolymers were dissolved in 200 uL of water
for future use.

Cell Culture. U937 cells (Keygen Biotech, China) and
Jurkat cells (CoBioRes Biosciences, China) were cultured in
RPMI-1640 medium containing 10% FBS, penicillin (100 U/
mL), and streptomycin (100 pg/mL). RAW264.7 cells
(Keygen Biotech, China) and 4T1 cells (Keygen Biotech,
China) were cultured in Dulbecco’s modified Eagle’s medium
containing 10% FBS, penicillin (100 U/mL), and streptomycin
(100 pg/mL). Raji cells were kindly provided by Nanjing
Biotech and Pharmaceutical Valley (China), and CD19 CAR-T
cells were kindly provided by Nanjing Drum Tower Hospital.
The usage of CAR-T cells was approved by the Ethics
Committee of Nanjing Drum Tower Hospital with the study
number 2018-144-02. All cell lines were maintained at 37 °C
under a humidified 5% CO, atmosphere. The cell numbers
were counted using a Countess II automated cell counter
(Invitrogen, USA).

Construction of the DNA-Copolymer Nanocage on
Cell Membranes. The D-DNA-copolymer and S-DNA-
copolymer were successively hybridized to the U937 cell to
verify the construction of the DNA-copolymer nanocage on
the cell membrane. U937 cells were incubated with different
concentrations of anchor DNA (200, 500, 1000, and 2000 nM)
at 37 °C to optimize the construction efficiency of the DNA-
copolymer nanocage. After washing them with 1XPBS three
times, the cells were imaged by confocal laser scanning
microscopy (CLSM), and the fluorescence intensity was
collected from 560 to 600 nm under a 543 nm excitation.
1000 nM anchor DNA was chosen as the optimal anchoring
condition.

To assemble the DNA-copolymer nanocage on the cell
membrane, anchor DNA-immobilized U937 cells were
sequentially incubated with the D-DNA-copolymer (1 pM)
and tetramethylrhodamine (TAMRA)-labeled S-DNA-copoly-
mer (1 uM) at 37 °C for S min, respectively. After being
washed with 1XPBS three times, the cells were imaged by
CLSM. For the colocalization experiment, the cells were
stained with DiO (S uM) for S min before imaging. The DiO
fluorescence was collected from 500 to 540 nm under a 488
nm excitation. The TAMRA fluorescence of the as-obtained
DNA-copolymer was collected from 560 to 600 nm under 543
nm excitation. Z-stacked images were collected to demonstrate
the integral wrapping of the DNA-copolymer nanocage on the
cell membrane. Control experiments were performed using the
D-DNA-copolymer with mismatched DNA1, D-DNA-copoly-
mer in the absence of DNA2, and S-DNA-copolymer with
mismatched DNA3.

To verify the detachment of the DNA-copolymer nanocage
from the U937 cell membrane, TAMRA was used to label the
DNA-copolymer. The U937 cell was assembled with the
TAMRA-labeled DNA-copolymer, exposed to 5 min UV
irradiation, and imaged using CLSM after rinsing with PBS.

The internalization of the DNA-copolymer was verified by
incubating U937 cells (encapsulated with TAMRA-labeled
DNA-copolymer) in 1XPBS at 37 °C for 15 min and imaged
with CLSM. The cholesteryl-functionalized aptamer (IFN-y)
(TAMRA-labeled) was treated under the same reaction
condition and imaged by CLSM.

Real-Time Detection of IFN-y Secretion via the Cell
Membrane-Constructed DNA-Copolymer Nanocage.
The feasibility of the cell membrane-constructed DNA-
copolymer nanocage for IFN-y detection was verified by
incubating the DNA-copolymer nanocage-encapsulated U937
cells in fresh RPMI-1640 media containing recombinant IFN-y
(40, 200, and 400 nM) for 30 min at 37 °C. FAM fluorescence
recovery from the DNA-copolymer nanocage was collected. To
detect cellular secretion of IFN-y in real time, DNA-copolymer
nanocage-encapsulated Jurkat cells were cultured in fresh
RPMI-1640 media containing phorbol 12-myristate-13-acetate
(PMA) (50 ng/mL) and ionomycin (1 yg/mL), and the FAM
fluorescence recovery from the DNA-copolymer nanocage was
measured according to time. The TAMRA-labeled DNA-
copolymer nanocage was used for the colocalization experi-
ment. FAM fluorescence was collected from 500 to 540 nm
under 488 nm excitation, and TAMRA fluorescence was
collected from 560 to 600 nm under 543 nm excitation.

T-Cell-Macrophage Cell Communication and Verifi-
cation of Downstream Cell Activation. The DNA-
copolymer nanocage-encapsulated Jurkat cells were cultured
in fresh RPMI-1640 medium containing PMA (S0 ng/mL)
and ionomycin (1 pg/mL) to stimulate IFN-y secretion. The
cells were sorted via FACS according to FAM fluorescence
recovery at 10 min after stimulation. The cells with higher
FAM fluorescence recovery were selected and exposed to UV
irradiation for 5 min to detach the DNA-copolymer nanocage
from the cell membrane. The selected Jurkat cells were
cocultured with macrophage RAW264.7 cells in a Transwell
chamber for 24 h. To evaluate the activation of downstream
RAW264.7 cells, their capability of cytokine TNF-a secretion
was measured from the supernatant of the coculture medium.
In addition, the cell killing capability of RAW264.7 cells was
evaluated by coculturing them with 4T1 cells at a ratio of 2:1
for 24 h, and the viability of 4T1 cells was measured
subsequently. Control experiments were performed by
coculturing RAW264.7 cells with unselected Jurkat cells, and
TNEF-a secretion capability and 4T1 cell killing capability were
evaluated according to the same procedures above.

CD19 CAR-T Cell Activation, Selection, and Killing
Effect Evaluation. CD19 CAR-T cells were coincubated with
eFluor 670-stained Raji cells at a ratio of 2:1 for 2 h. The cell
mixture was assembled with the DNA-copolymer nanocage on
the cell membrane, and CD19 CAR-T-cell activation was
evaluated via IFN-y secretion by measuring FAM fluorescence
recovery from 500 to 540 nm under 488 nm excitation.
TAMRA was also labeled on the DNA-copolymer nanocage to
indicate its location on the cell membrane, and TAMRA
fluorescence was recorded from 560 to 600 nm under 543 nm
excitation. CD19 CAR-T cells coculturing with Jurkat cells
were set as a negative control to verify the activation of CD19
CAR-T cells.

CD19 CAR-T cells that demonstrated good IFN-y secretion
capability were sorted by FACS, and the selected cells were
exposed to UV light for S min to detach the DNA-copolymer
nanocage from the cell membrane. Subsequently, these
selected CD19 CAR-T cells were cocultured with Raji cells
for 8 h, and their killing capability was evaluated by measuring
Raji cell viability using a CCK-8 kit. To perform a control
experiment to demonstrate the contribution of CD19 CAR-T-
cell screening to its killing effect, eFluor 670-stained Raji cells
were sorted via FACS and discarded from the CD19 CAR-T
cells and Raji cell coculture. All the CD19 CAR-T cells were
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kept and cocultured with Raji cells with subsequent Raji cell
viability measurement.

B RESULTS AND DISCUSSION

Preparation of the Detachable DNA-Copolymer
Nanocage. The D-DNA-copolymer was synthesized with
acrylamide, acrydite-functionalized DNA strands, DNAI,
aptamer (IFN-y), and DNA2. The S-DNA-copolymer was
synthesized with acrylamide and acrydite-functionalized
DNA3. The successful copolymerizations were confirmed by
PAGE analysis. DNAI, DNA2, and DNA3 showed a clear
single band with high mobility, respectively, while the bands
for the D-DNA-copolymer and S-DNA-copolymer demon-
strated much lower mobilities (Figure S1). To further verify
the synthesis of the DNA-copolymer, the dye FAM was
modified on DNA1 (DNA1-FAM) to trace its location during
the copolymerization process. After the copolymerization
reaction of acrylamide and DNAI1-FAM, the reaction mixture
was purified by the spin filter, which retained the DNA-
copolymer in concentrate and removed unreacted DNA1-FAM
in the filter. There was obvious FAM fluorescence displayed in
the concentrate with little fluorescence in the filtrate (Figure
S2A), indicating that DNA1-FAM was retained in the as-
obtained DNA-copolymer. On the contrary, naDNAI-FAM in
the absence of the acrydite functional group only showed FAM
fluorescence in the filtrate (Figure S2B).

The hybridization specificities of anchor DNA with DNA1
and DNA2 with DNA3 were verified via PAGE analysis, which
showed a new single band with lower mobility both for the
mixture of anchor DNA and DNAI, and the mixture of DNA2
and DNA3 (Figure S3, lane $,6). On the contrary, the mixture
of anchor DNA and DNA2 and the mixture of DNA1 and
DNA3 showed separate bands (Figure S3, lane 7,8). The
specific hybridization of DNA strands guaranteed the
successful construction of the DNA-copolymer nanocage.
The in vitro hybridizations of anchor DNA with the D-DNA-
copolymer and D-DNA-copolymer with the S-DNA-copoly-
mer were further verified via specific fluorescence quenching.
DNAI1-FAM and Cy3-labeled DNA2 (DNA2-Cy3) were used
separately to synthesize two kinds of fluorescent D-DNA-
copolymers: D-DNA-copolymer-FAMpy,; and D-DNA-co-
polymer-Cy3pya,- BHQI was labeled on anchor DNA (anchor
DNA-BHQ1), which substantially decreased FAM fluores-
cence when the formed anchor DNA-DNAI duplex with
BHQI and FAM were located at proximate positions in the
duplex (Figure 1A,B). S-DNA-copolymer-BHQ2pya3 was
synthesized with DNA3-BHQ2, and the hybridization of S-
DNA-copolymer-BHQ2 53 with D-DNA-copolymer-Cy3pna,
strongly decreased Cy3 fluorescence due to the proximate
locations of Cy3 and BHQ2 in the DNA2—DNA3 duplex
(Figure 1A,C). These results indicated conjugation with the
polymer did not affect the hybridization efficiencies of DNA
strands. On the contrary, incubating D-DNA-copolymer-
FAMpy,; with mismatched anchor DNA-BHQI1 (m-anchor
DNA-BHQI) or incubating D-DNA-copolymer-Cy3py,, with
ns-S-DNA-copolymer-BHQ2 43 (DNA3’ has mismatched
sequence with DNA2) barely decreased FAM or Cy3
fluorescence, excluding the possibility of fluorescence decrease
due to polymer twining (Figure 1B,C). DAPI, a dye inserted
into the base pair of DNA duplex, was incubated with the
mixture of D-DNA-copolymer and S-DNA-copolymer and
displayed obvious fluorescence. Only incubating DAPI with
the D-DNA-copolymer, S-DNA-copolymer, or the mixture of
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Figure 1. Characterizations of the DNA-copolymer nanocage. (A)
Schematic illustrations and fluorescence spectra of (B) D-DNA-
copolymer-FAMpy,, hybridizing with anchor DNA-BHQI and (C)
D-DNA-copolymer-Cy3py,s, hybridizing with S-DNA-copolymer-
BHQZ2pxas

D-DNA-copolymer and ns-S-DNA-copolymerpy,y showed
very limited fluorescence (Figure S4). These results confirmed
the formation of DNA-copolymer nanocages in vitro.
Construction of Detachable DNA-Copolymer Nanoc-
ages on the Cell Membrane. Cholesteryl-functionalized
anchor DNA was inserted into the cell membrane via
hydrophobic—hydrophobic interaction to enable the subse-
quent assembly of the D-DNA-copolymer and S-DNA-
copolymer. The efficient immobilization of anchor DNA on
the cell membrane was verified by incubating the model cell
U937 with FAM-labeled anchor DNA (anchor DNA—FAM).
It demonstrated clear FAM fluorescence around the cell
membrane, which overlapped well with that of membrane dye
DiD (Figure 2A). The effective insertion of anchor DNA in the
cell membrane was also confirmed by flow cytometry, which
showed obvious FAM fluorescence for anchor DNA—FAM-
incubated U937 cells, while negligible fluorescence was
observed from cholesteryl-free anchor DNA—FAM (cf-anchor
DNA—FAM)-incubated U937 cells (Figure SS), excluding the
possibility of anchor DNA nonspecific adsorption on the cell
membrane. The sequential assembly of the D-DNA-copolymer
and S-DNA-copolymer on the cell membrane was verified by
CLSM. D-DNA-copolymer-FAMpy,; showed clear FAM
fluorescence at the anchor DNA-functionalized U937 cell
membrane (Figure S6A). Little FAM fluorescence was
observed when incubating D-DNA-copolymer-FAMpy,; with
bare U937 cells in the absence of anchor DNA functionaliza-
tion (Figure S6B) or incubating anchor DNA-functionalized
U937 cells with ns-D-DNA-copolymer-FAMpy, - (DNA1’ has
mismatched sequence with anchor DNA) (Figure S6C). D-
DNA-copolymer-FAMpy,; and S-DNA-copolymer-TAM-
RApna; coencapsulated U937 cells demonstrated a good
overlap of TAMRA fluorescence with FAM fluorescence
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Figure 2. Construction of the detachable DNA-copolymer nanocage
on the cell membrane. (A) Confocal fluorescence microscopic images
of U937 cells treated with anchor DNA—FAM and DiD. The scale bar
is 10 ym. (B) CLSM images of anchor DNA-modified U937 cells
incubated with D-DNA-copolymer-FAMpy,, + S-DNA-copolymer-
TAMRAp\a; (top line), D-DNA-copolymer-FAMpy,; and ns-S-
DNA-copolymer-TAMRApy sy (middle line), and only S-DNA-
copolymer-TAMRAp\,; (bottom line). The scale bar is 10 ym. (C)
3D-stack image of the DNA-copolymer-encapsulated cell. The scale
bar is S ym. (D) CLSM images of the TAMRA-labeled DNA-
copolymer nanocage-encapsulated U937 cells before [UV(—)] and
after S min of UV irradiation [UV(+)] with (E) corresponding cell
viability results. Control indicates untreated U937 cells. The scale bar
in (D) is 10 um. The error bars in (E) indicate means + S.D. (n = 3).

(Figure 2B, top line), as well as TAMRA fluorescence with the
cell membrane dye DiO (Figure S7), indicating the successful
construction of the DNA-copolymer nanocage on the U937
cell membrane. On the contrary, little TAMRA fluorescence
was observed when incubating ns-S-DNA-copolymer-TAM-
RApnas (mismatched DNA3 sequence) with D-DNA-
copolymer-FAMpy,; preassembled U937 cells (Figure 2B,
middle line) or incubating anchor DNA-immobilized U937
cells with S-DNA-copolymer-TAMRApy,; in the absence of
D-DNA-copolymer-FAMpy,; (Figure 2B, bottom line). The
successful construction of the DNA-copolymer nanocage on
the cell membrane was further confirmed by flow cytometry.
D-DNA-copolymer-FAMpy,, only showed FAM fluorescence
on anchor DNA-immobilized U937 cells (Figure S8A). In
addition, S-DNA-copolymer-FAMpy,; only showed FAM
fluorescence on the U937 cell membrane that was
preassembled with the D-DNA-copolymer (Figure S8B). The
concentration of anchor DNA was optimized for the

construction of the DNA-copolymer nanocage and achieved
saturated TAMRA fluorescence from S-DNA-copolymer-
TAMRApya; on the cell membrane at 1 uM, indicating the
sufficient encapsulation of the DNA-copolymer nanocage on
U937 cells (Figure S9). Integrating image slices into 3D
reconstruction showed the entire coating of the DNA-
copolymer nanocage on the cell membrane (Figures 2C and
$10). Scanning electron microscopy images also demonstrated
a smoother surface morphology for DNA-copolymer-nano-
cage-encapsulated U937 cells (Figure S11). Anchor DNA was
modified with a PC-linker for controllable detachment of the
DNA-copolymer nanocage (Figure S12A). UV light irradi-
ation-cleaved anchor DNA and showed the appearance of a
shorter DNA strand with higher mobility on polyacrylamide
gel electrophoresis (PAGE) (Figure S12B). TAMRA-labeled
DNA-copolymer nanocage-encapsulated U937 cells were
further used to demonstrate the controllable detachment of
the nanocage, which barely showed TAMRA fluorescence from
the cell membrane upon S min of UV exposure (Figure 2D).
This result indicated the smooth and complete removal of the
DNA-copolymer nanocage from the cell membrane. The
construction and detachment of the DNA-copolymer nanocage
from the cell membrane showed little effect on cell viability
measured by the CCK-8 kit (Figure 2E).

Detection of IFN-y Secretion from the Single T Cell.
IEN-y is a proinflammatory cytokine produced by immune
cells upon antigen stimulation. Measuring IFN-y secretion is a
standard approach to evaluate immune cell activity.””*” The
aptamer (IFN-y), a self-quenching duplex DNA strand, was
designed to monitor IFN-y secretion in real time. The aptamer
(IFN-y) was composed of a FAM-labeled hairpin-structured
aptamer that specifically recognized IFN-y and a comple-
mentary BHQI-labeled DNA quenching strand. BHQ1 was
located in proximity to FAM to quench its fluorescence in its
original state. IFN-y binding changed the structure of the
hairpin aptamer and pulled FAM away from BHQ]I, instantly
resulting in fluorescence recovery (Figure 3A).

The direct fluorescence recovery upon target recognition
endowed the DNA-copolymer nanocage with the capability of
IEN-y secretion monitoring. To verify the sensing capability of
aptamer (IFN-y), it was challenged with different concen-
trations of recombinant IFN-y and demonstrated gradual
fluorescence increase (Figure 3B). FAM fluorescence recovery
was barely observed when challenging the aptamer (IFN-y)
with PBS and BSA, or challenging a nonspecific aptamer (IFN-
7) [ns-aptamer (IFN-y)] with IFN-y (Figure S13A). TAMRA
was labeled on the aptamer (IFN-y) to indicate its location,
which showed clear and even TAMRA fluorescence on the
entire cell membrane of U937 cells (Figure 3C). This indicated
the sufficient and uniform distribution of the aptamer (IFN-y)
in the DNA-copolymer nanocage, which contributed to the fast
and accurate response of IFN-y secretion. To verify the IFN-y
sensing capability of the DNA-copolymer nanocage, U937
cells, which are incapable of IFN-y secretion, were assembled
with the DNA-copolymer nanocage and challenged with
different concentrations of recombinant IFN-y. It demon-
strated gradually increased intensity of FAM fluorescence
recovery upon IFN-y concentration (Figure 3D,E). A sensing
specificity experiment was also conducted on DNA-copolymer
nanocage-encapsulated U937 cells, which only showed FAM
fluorescence recovery in response to IFN-y (Figure S13B).
Copolymerization with acrylamide contributed to the stability
of the aptamer (IFN-y)-TAMRA on the cell membrane, which
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Figure 3. Monitoring cytokine IFN-y secretion at the single-cell level. (A) Schematic diagram of the aptamer (IFN-y) recognizing IFN-y. (B)
Fluorescence spectra of aptamer (IFN-y) in response to various concentrations of IFN-y from 0 to 400 nM. FAM indicates aptamer (IFN-y)-FAM
without BHQ1 modification. (C) Confocal microscopic images of DNA-copolymer nanocage-encapsulated U937 cells. Aptamer (IFN-y)-TAMRA
was used in the DNA-copolymer nanocage. (D) Confocal microscopic images and (E) corresponding FAM fluorescence recovery intensity of
DNA-copolymer nanocage-encapsulated U937 cells in response to various concentrations of spiked IFN-y. The error bars in (E) indicate means +
S.D. (n = 3). (F) Confocal microscopic images of DNA-copolymer-nanocage-encapsulated Jurkat cells with and without PMA and ionomycin

stimulation. The scale bars in (C,D,F) are all 10 pm.

barely showed intracellular TAMRA fluorescence during the
incubation period (Figure S14A), indicating little probe
internalization. In contrast, cholesteryl-aptamer (IFN-y)-
TAMRA, which was functionalized with cholesteryl instead
of acrydite, demonstrated a large degree of probe internal-
ization during the incubation period with a high level of
intracellular TAMRA fluorescence (Figure S14B). The solid
assembly of the aptamer (IFN-y) in the DNA-copolymer
nanocage provided a stable sensing platform on the cell
membrane, which confined the secreted cytokine locally
around the secreting cell. The avoidance of sensing probe
internalization also affected cell functions and physiological
processes less. These would facilitate subsequent real-time
cytokine secretion monitoring.

To monitor IFN-y secretion in real time, the Jurkat cell was
chosen as the model cell and assembled with the DNA-
copolymer nanocage. S-DNA-copolymer-TAMRApy,; was
used in the DNA-copolymer nanocage to indicate its location.
Jurkat cells were stimulated with PMA and ionomycin for
cytokine IFN-y secretion. All the cells demonstrated evenly
distributed TAMRA fluorescence on the cell membrane

13210

(Figure 3F), indicating the successful construction of the
DNA-copolymer nanocage. After 20 min stimulation, some
cells demonstrated FAM fluorescence recovery (Figure 3F,
stimulated), indicating the capability of the DNA-copolymer
nanocage in IFN-y secretion monitoring. FAM fluorescence
was not observed from unstimulated cells (Figure 3F,
unstimulated). Different from the situation for externally
added recombinant IFN-y, which showed similar FAM
fluorescence intensity from different U937 cells in response
to the same concentration of recombinant IFN-y (Figure 3D),
the cell-secreted IFN-y resulted in different levels of FAM
fluorescence recoveries on the cell membrane for different
Jurkat cells. Some cells showed a large degree of FAM
fluorescence recovery, while some cells barely showed FAM
fluorescence recovery (Figure 3F, stimulated). The cell
behavior heterogeneity in IFN-y secretion upon stimulation
was also confirmed by the flow cytometry assay, which showed
only 14.9% of cells secreting IFN-y (Figure S15). These results
confirmed the capability of DNA-copolymer nanocages for
monitoring cytokine secretion at the single-cell level, which
confirmed the feasibility of screening cells according to their
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Figure 4. Jurkat cell activity selection and improved downstream cell activation. (A) Schematic illustration and confocal microscopic images and
(B) flow cytometry assay of cocultured DNA-copolymer-encapsulated U937 cells (eFluor 670 pretreated) and DNA-copolymer-encapsulated
Jurkat cells at different times after PMA and ionomycin stimulation. The scale bar in (A) is 10 ym. (C) Verification of RAW264.7 cell activation via
TNF-a secretion (top, TNF-a) and phagocytosis of 4T1 cells (bottom, 4T1). RAW264.7 cells were cocultured with IFN-y* Jurkat cells (IFN-y*),
IFN-y~ Jurkat cells (IFN-y~), stimulated but unselected Jurkat cells (PMA+), and unstimulated Jurkat cells (PMA—). Control indicates RAW264.7
cells that were not cocultured with Jurkat cells. The error bars indicate means + S.D. (n = 3).

immune response heterogeneity. To verify the contribution of
the DNA-copolymer nanocage on preventing cytokine
diftusion between different cells, both IFN-y secreting Jurkat
cells and IFN-y not secreting U937 cells were encapsulated
with the DNA-copolymer nanocage or only D-DNA-
copolymer, respectively. FAM fluorescence recovery on U937
cells indicated diffusion of IFN-y among different cells. There
was only 1.3% FAM fluorescence recovery from U937 cells
equipped with the DNA-copolymer nanocage and 24.1% from
U937 cells equipped with the D-DNA-copolymer (Figure
S16), which would benefit IFN-y* cell sorting. The as-
constructed DNA-copolymer nanocage demonstrated good
biocompatibility and showed little effect on cell viability
measured by the live/dead dual staining kit and CCK-8 kit

13211

(Figure S17A,B) and cytokine secretion capability (Figure
S17C) compared with unengineered Jurkat cells.

Cell Activity Selection with Enhanced Performance in
Cell—Cell Interaction. Preventing the intercellular diffusion
of secreted cytokine during the detection period is important
to distinguish cell immune response heterogeneity. The DNA-
copolymer nanocage constructed on the cell membrane could
confine IFN-y locally around the secreting cell during the
detection period. To verify the confinement effect of the DNA-
copolymer nanocage, U937 cells, which do not secret IFN-y,
were pretreated with cytoplasm dye eFluor 670 (red) as the
indicator and constructed with the DNA-copolymer nanocage.
The as-prepared U937 cells were cocultured with the DNA-
copolymer nanocage functionalized Jurkat cells and stimulated
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with PMA and ionomycin for Jurkat cells to secrete IFN-y. At
20 min after stimulation, FAM fluorescence was only observed
on Jurkat cells, indicating the satisfactory prevention of
intercellular IFN-y diffusion. FAM fluorescence recovery
started to show up on some U937 cells located close to Jurkat
cells at 40 min, indicating the diffusion of secreted IFN-y to
nearby cells. At 60 min after stimulation, the secreted IFN-y
spread to more U937 cells (Figure 4A). Compared with the
dense DNA constructions on the cell membrane,®® the
assembly of DNA-copolymer nanocage not only isolated
individual cells but also provided space for the easy migration
of secreted IFN-y locally around the secreting cell, which
guaranteed efficient sensing of the single-cell immune
response. Encapsulation with the DNA-copolymer nanocage
generated about 20 min as the detection window after cell
stimulation, which allowed sufficient recovery of FAM
fluorescence from secreting cells and eliminated the generation
of a “false-positive” signal at adjacent cells. The flow cytometry
assay results further confirmed 20 min as the detection window
for IFN-y secretion on DNA-copolymer nanocage-encapsu-
lated cells. There was only 1.3% of cocultured U937 cells that
demonstrated “false-positive” FAM fluorescence recovery at 20
min due to IFN-y diffusion from adjacent cells. The percentage
of “false-positive” U937 cells gradually increased with time and
reached 26.5% at 60 min (Figure 4B). Selecting active T cells
with higher IFN-y secretion capability and removing inactive
ones could improve cell therapeutic effects. Jurkat cells were
selected via FACS based on FAM fluorescence recovery that
indicated IFN-y secretion capability. Active Jurkat cells were
characterized as IFN-y secretion above 100 pg/mL;'’ thus,
Jurkat cells showed that the corresponding FAM fluorescence
recovery was defined as IFN-y* Jurkat cells here and were
retained after FACS. Jurkat cells with lower FAM fluorescence
recovery were defined as IFN-y~ Jurkat cells and were
discarded after FACS. Macrophage RAW264.7 was chosen to
establish a cell-cell communication model to verify the
contribution of cell selection to Jurkat cell immune response.
The sorted Jurkat cells were irradiated with UV light to detach
the DNA-copolymer nanocage and cocultured with RAW264.7
cells. Cytokine tumor necrosis factor-a (TNF-a) secretion
from RAW264.7 cells was measured by ELISA after 24 h.
RAW264.7 cells cocultured with IFN-y" Jurkat cells showed
the highest secretion level of TNF-a (Figure 4C, TNF-a, IFN-
7"), 5.8-fold compared with those incubated with IFN-y~
Jurkat cells (Figure 4C, TNF-a, IFN-y~) and 1.9-fold
compared with those incubated with stimulated but unselected
Jurkat cells (Figure 4C, TNF-q, PMA+). RAW264.7 cells
cocultured with IFN-y~ Jurkat cells showed similar secretion
levels of TNF-a compared with those incubated with
unstimulated Jurkat cells (Figure 4C, TNF-a, PMA-) and
those without coculturing (Figure 4C, TNF-q, control). This
result indicated that IFN-y~ Jurkat cells barely contributed to
RAW264.7 cell activation. In addition, the above treated
RAW264.7 cells were collected, respectively, and cocultured
with 4T1 cells, and the phagocytosis capability of RAW264.7
cells was evaluated by measuring the viability of 4T1 cells.
RAW264.7 cells that were cocultured with IFN-y* Jurkat cells
showed that 6.7-fold 4T1 cells digest (Figure 4C, 4T1, IFN-y*)
compared with those cocultured with IFN-y~ Jurkat cells
(Figure 4C, 4T1, IFN-y~) and 2.3-fold compared with those
cocultured with unselected Jurkat cells (Figure 4C, 4T1, PMA
+). RAW264.7 cells cocultured with IFN-y~ Jurkat cells
showed a similar 4T1 digest capability compared with those

cocultured with unstimulated Jurkat cells (Figure 4C, 4T1,
PMA-) and those not cocultured with Jurkat cells (Figure 4C,
4T1, control). These results demonstrated that IFN-y
secretion-based cell screening and selection could improve
Jurkat cell immune response and promote downstream cell
activation in immunotherapy.

The cell membrane-assembled DNA-copolymer nanocage
was further applied to CAR-T cell activity evaluation and cell
screening. CD19 CAR-T cells were activated by preincubating
with Raji cells (CD19*) and assembled with the DNA-
copolymer on the cell membrane. Raji cells were pretreated
with the cytoplasm dye eFluor 670 (red) as the indicator for
distinguishing them (Figure SA, DNA-copolymer construc-
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Figure 5. CD 19 CAR-T cell activity selection and enhanced tumor
cell killing. (A) Schematic illustration of CAR-T cell activity screening
via the membrane-detachable DNA-copolymer and verification of
tumor cell killing capability of selected CAR-T cells. Confocal
microscopic images of (B) CD19 CAR-T cells treated with Raji cells
(Raji), Jurkat cells (Jurkat), and CD19 CAR-T cells not cocultured
with any other cell line (untreated), and (C) CD19 CAR-T cells and
Raji cells with different coculturing times from 0.5 to 2 h before the
construction of the DNA-copolymer nanocage. The scale bar is 10
um. (D) Specific lysis of Raji cells after coculturing with selected
CD19 CAR-T cells (selected) and ex vivo-expanded CD19 CAR-T
cell population (unselected). The error bars indicate means + S.D. (n
=3).

tion). The DNA-copolymer nanocage was labeled with
TAMRA to indicate its location, which demonstrated obvious
and evenly distributed TAMRA fluorescence on both the
CAR-T cell membrane and Raji cell membrane, indicating the
successful construction of the DNA-copolymer nanocage on
the cell membrane (Figure S18).

After continuously incubating for 10 min, clear FAM
fluorescence recovery was observed on some CAR-T cells,
indicating good IFN-y secretion capability (Figure SB, Raji).
On the contrary, FAM fluorescence recovery was barely
observed on CAR-T cells that were incubated with Jurkat cells
(CD197) (Figure SB, Jurkat) or CAR-T cells that were not
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cocultured with other cell lines (Figure SB, untreated). “False-
positive” FAM fluorescence recovery was barely observed from
the cocultured Raji cell membrane (Figure SB, Raji), indicating
the satisfactory local confinement of IFN-y around secreting
cells and the successful avoidance of nearby cell interference
during the detection period. To further demonstrate the
feasibility of selecting active CAR-T cells via the cell
membrane-assembled DNA-copolymer nanocage, CDI9
CAR-T cells were cocultured with Raji cells at different
times to generate different activation levels. Those CAR-T cells
with longer coculturing time demonstrated a higher level of
activation with a larger number of FAM fluorescent cells
(Figure SC). IFN-y secretion was also quantified using an
ELISA kit from the supernatant of CD19 CAR-T cells and Raji
cell cocultures, which demonstrated a similar tendency of
increased IFN-y secretion with prolonged coculture time
(Figure S19).

The active CAR-T cells with FAM fluorescence recovery
were selected via FACS and exposed to 5 min UV light to
detach the DNA-copolymer nanocage (Figure SA, CAR-T cell
selection). To evaluate the immune response of the selected
CAR-T cells, they were subsequently cocultured with Raji cells.
The tumor cell killing capability of CAR-T cells was
determined by measuring the viability of Raji cells using a
CCK-8 kit (Figure SA, Tumor cell killing). By coculturing with
sorted CAR-T cells, Raji cells showed a 2.0-fold lysis
percentage compared with those incubated with unsorted
CAR-T cells (Figure SD). These results suggested that IFN-y
secretion-based cell sorting could boost its immune response
and improve T-cell killing capability, which may have
promising applications in adoptive cell immunotherapy.

B CONCLUSIONS

A detachable DNA-copolymer nanocage was constructed on
the T-cell membrane in this work to screen cytokine IFN-y
secretion from a single cell in real time. It confined the secreted
IFN-y locally around secreting cells and eliminated interference
from nearby cell secretion during the detection period.
Therefore, single T-cell activity heterogeneity was discrimi-
nated by measuring FAM fluorescence recovery from the
DNA-copolymer nanocage in response to IFN-y secretion. The
active T cells were correspondingly selected via FACS and
exposed for 5 min to UV light to detach the DNA-copolymer
nanocage, which demonstrated enhanced capabilities for
downstream cell activation and tumor cell killing. The
detachable DNA-copolymer nanocage on the cell membrane
achieved successful application in cell activity screening and
selection for Jurkat cells and CD19 CAR-T cells, indicating
potential application in adaptive cell immunotherapy.y.
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