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It is well established that natural killer (NK) cells can be used as
an alternative candidate of T cells for adoptive cell therapy
(ACT) due to its high killing capacity, off-the-shelf utility, and
low toxicity. ThoughNKcells provide rapid andpotent immune
effects, they still suffer from insufficient infiltration and tumor
immunosuppression environment, which result in unsatisfac-
tory therapeutic efficiency. Herein, a highly stable CD16/PD-
L1 bi-specific aptamer (defined as CP-bi-apt) with high affinity
and selectivity was introduced to overcome these obstacles. This
CP-bi-apt can mediate a significant antitumor immunity by re-
cruiting CD16-positive NK cells to directly contact with PD-L1
high-expressed tumor cells. In addition, the induced up-regula-
tion of PD-L1 on tumor cells can inevitably occur as an adaptive
response tomost of the immunotherapeutic strategies. The pre-
pared CP-bi-apt can be further used as an immune checkpoint
inhibitor to specifically bind to PD-L1, thus reducing the nega-
tive impact of PD-L1 over-expression on the therapeutic effi-
cacy. Furthermore, this CP-bi-apt-based immunotherapy is
simple, highly efficient, and has low side effects, showing a
promising potential for clinical translation.
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INTRODUCTION
Adoptive cell therapy (ACT) has become one of the most flexible and
potent cancer treatments that can elicit partial and even complete
regression of various malignancies.1 Despite the robust antitumor
capability of T-cell-based ACT, it still encounters several limitations,
such as the requirement of strict autologous histocompatibility leuko-
cyte antigen (HLA) matching as well as the risk of neurologic toxicity,
cytokine storm syndrome, and graft-versus-host disease (GVHD).2–5

In contrast to T cells, natural killer (NK) cells do not depend on anti-
gen-specific receptors or somatic rearrangement but recognize target
cells through germ-line encoded receptors.6,7 This inherent property
of NK cells enables them to rapidly respond to specific signals without
prior sensitization or clonal expansion, thus playing an important role
in innate and adaptive immunity.8,9 Owing to the advantages of high
killing capacity, low cost, off-the-shelf utility, and safety to the body,
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NK cells are used as an attractive candidate for T cells in ACT.10,11

However, the insufficient infiltration and the low abundance of NK
cells in solid tumors can only lead to limited therapeutic success.12,13

To address this problem, great efforts have been implemented to
endow NK cells with the functions of tumor homing and infiltration.
To this aim, NK cells are usually modified by genetic engineering or
chemical methods, which are relatively tedious and hard to reproduce
and may also cause new safety concerns.

Aptamers are unnatural single-stranded oligonucleotides that can
specifically bind to their targets, including small molecules, proteins,
viruses, and even cells by self-folding into special three-dimensional
structures.14,15 Explicitly, aptamers and aptamer-based nanoparticles
have attracted wide attention in immunotherapies due to their low
immunogenicity, flexible modification, and low toxicity.16–23 Bi-spe-
cific aptamer (bi-apt) is formed by two monomeric aptamers, which
can specifically bind to two kinds of targets with high affinity.24,25

Recently, a variety of bi-apts have been constructed for antitumor im-
munotherapies.26–28 They can be used to recruit T cells, NK cells, or
other immune cells, thereby enhancing the antitumor immune re-
sponses.29–31 However, the stability of bi-apts in vivo is still a
worrying problem, which may limit their further clinical applications.

It is well known that immune checkpoints play an important role in
the maintenance of immune homeostasis under normal physiological
conditions. However, immune checkpoints also show their negative
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Figure 1. Schematic illustration of CP-bi-apt for enhancing antitumor

immunotherapy

Adoptive NK cells can induce robust immune response with the engagement of CP-

bi-apt. Moreover, CP-bi-apt also can enhance the antitumor effect through PD-L1

immune checkpoint blockade.
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tradeoffs, which can be adopted by tumor cells to escape the clearance
by immune cells. Similar to T cells, NK cells also express immune
checkpoints, including PD-1, which can decrease the antitumor effect
of NK cells when combined with their corresponding ligands.32

Fortunately, the blockade of immune checkpoint can restore the func-
tion of immune cells and thus provoke robust antitumor immune
response.33,34 It has been reported that CD16 is over-expressed on
NK cells,35 while PD-L1 is generally expressed on tumors.36 Thus, uti-
lizing PD-L1 immune checkpoint as the binding site to recruit NK
cells to tumors may provide a great opportunity to address the afore-
mentioned problems of NK-cell-based immunotherapies and thus
significantly improve the antitumor effect.

Herein, a novel CD16/PD-L1 dual-targeting aptamer (CP-bi-apt) was
established for mediating NK-cell-based antitumor immunity. This
aptamer can be used for the recruitment of NK cells to directly contact
with PD-L1 high-expressed tumor cells, thus enhancing the antitumor
immune response (Figure 1). To palliate the degradation especially
in vivo, CP-bi-apt was endowed with a highly stable and completely
closed structure with the help of T4 DNA ligase.30,37 During the treat-
ment, NK cells will secrete cytokines that directly induce cancer cell
death or promote antitumor immunity. It is worth mentioning that
interferon (IFN)-g is essential for antitumor immunity, which has
been reported to induce the up-regulation of PD-L1 on tumor
cells.38,39 Fortunately, the injected CP-bi-apt also can be used as an im-
mune checkpoint inhibitor to block PD-L1 and thus reduce the influ-
ence of PD-L1 over-expression on the therapeutic efficacy. It is hoped
that theCP-bi-apt-based immunotherapywill pave theway for further
clinical translation due to its remarkable antitumor effect.
RESULTS
Preparation and characterization of CP-bi-apt

In order to obtain a better therapeutic effect, a novel bi-apt (CP-bi-
apt) was designed and then synthesized by Shanghai Sangon Biotech-
nology (Shanghai, China), which is mainly composed of CD16 ap-
tamer24 (aptCD16) and PD-L1 aptamer40 (aptPD-L1). To address
the steric hindrance between them, oligonucleotides with 10 bp
were used as a linker to connect these two monomeric aptamers
into a semi-closed dumbbell structure. To improve the stability of
CP-bi-apt, its 5’ end and 3’ end were modified with phosphate and hy-
droxyl, respectively. It can form a highly stable and completely closed
structure with the help of T4 DNA ligase. The nucleic acids only con-
taining aptCD16 or aptPD-L1 (CD16-apt and PD-L1-apt) were used
as control. In order to form highly stable and completely closed struc-
tures similar to CP-bi-apt, thereby reducing the influence of nucleic
acid structure themselves, CD16-apt and PD-L1-apt were constructed
only by replacing the bases of counter-aptamer in the loop of CP-bi-
apt with T bases. Meanwhile, the aptamers with some mutations
(CmutP-bi-apt and CPmut-bi-apt) have also been used as control to
support the specific binding of CP-bi-apt to CD16 or PD-L1. All
the sequences of the aptamers used in this study were shown in Table
S1. Meanwhile, the predicted structures of them were shown in Fig-
ure S1. Due to the relatively small size of this aptamer, dynamic light
scattering (DLS) was used for characterization. It can be found that
the hydrated size of CP-bi-apt was about 13.5 nm (Figure S2), which
matched well with the predicted structure of CP-bi-apt.
The completely closed structure of the aptamer was characterized by
electrophoresis analysis. As shown in Figure 2A, the bands of the ap-
tamer treated or untreated with T4 DNA ligase were almost the same
in 2% agarose gel, indicating that the sequence of nucleic acid has not
changed, while the bands of them were obviously different in dena-
turing polyacrylamide gel, indicating the change of the nucleic acid
structure after treating with T4 DNA ligase (Figure 2B). As shown
in Figure 2C, the untreated aptamer was completely degraded after re-
acting with nuclease I/III for 6 h, while the aptamer treated with T4
DNA ligase can be stable for at least 24 h. These results indicated
that the prepared CP-bi-apt has formed a completely closed structure,
which is more resistant to nuclease degradation. Moreover, when dis-
solved in 50% fetal bovine serum (FBS), the band of the untreated ap-
tamer was almost invisible after 24 h, while the aptamer treated with
T4 DNA ligase still showed strong signal (Figure 2D). All these results
demonstrated that CP-bi-apt has been successfully prepared, the sta-
bility of which was obviously improved.

The expression of CD16 in NK cells and PD-L1 in cancer cells

The CP-bi-apt was constructed based on the specific targeting of CD-
16 and PD-L1. To ensure that the designed CP-bi-apt can play the de-
signed role in antitumor immunity, the expression of PD-L1 in hu-
man cancer cells and CD16 in human NK cells was analyzed, respec-
tively. As shown in Figure 2E, PD-L1 was highly expressed in cancer
cell lines (HeLa and SMMC-7721), while it was lowly expressed in
normal cells (QSG-7701 cells). Besides, the proportion of CD16-pos-
itive NK cells in the maturated NK cells was more than 86% (Fig-
ure S3), which was analyzed by flow cytometry.

The specificity of CP-bi-apt and the ability to recruit NK cells

We then evaluated whether CP-bi-apt could specifically recognize its
corresponding target cells. To this end, HeLa, SMMC-7721,
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Figure 2. Characterization and stability analysis of

CP-bi-apt

(A and B) The analysis of CP-bi-apt with/without the

treatment of T4 DNA ligase under (A) 2% agarose gel

electrophoresis and (B) 7 M-urea-containing poly-

acrylamide gel electrophoresis. (C and D) The stability of

CP-bi-apt with or without the treatment of T4 DNA ligase

after incubation in (C) nuclease I/III or (D) 50% FBS at

different time points (0 h, 6 h, 12 h, and 24 h) is shown. (E)

The expression of PD-L1 in HeLa, SMMC-7721, and

QSG-7701 cells.
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QSG-7701, and NK cells were incubated with Evagreen-labeled
different aptamers (CD16-apt, PD-L1-apt, CmutP-bi-apt, CPmut-bi-
apt, or CP-bi-apt), respectively. Then, the fluorescence images were
observed with confocal microscope. After the incubation of CP-bi-
apt, CmutP-bi-apt, or PD-L1-apt, noticeable fluorescence signals
were observed in PD-L1 high-expressed SMMC-7721 cells (Fig-
ure 3A) and HeLa cells (Figure 3B), while the fluorescent signal was
much weaker in PD-L1 low-expressed QSG-7701 cells (Figure S4).
In addition to these, obvious fluorescence signals were obtained in
NK cells with the treatment of CP-bi-apt, CPmut-bi-apt, or CD16-
apt (Figure 3C), which all contain CD-16 aptamer. These results
confirmed that the prepared CP-bi-apt could specifically bind to can-
cer cells and NK cells through aptPD-L1 and aptCD16, respectively.
Of interest is that the fluorescence signals of tumor cells and NK cells
were significantly reduced when they were pre-treated with anti-PD-
L1 or anti-CD16 antibodies. All these results can prove that CP-bi-apt
has the ability to specifically bind to PD-L1 expressed on tumor cells
and CD16 expressed on NK cells. We further assessed whether the
CP-bi-apt could bind to murine NK cells, which were selected from
the spleens of nude mice by using a Mouse NK Cell Isolation Kit.
The isolated murine NK cells were incubated with 200 nM Eva-
green-labeled CP-bi-apt and then resuspended in PBS for confocal
fluorescence imaging. As shown in Figure S5, CP-bi-apt could not
bind well to murine NK cells according to the weak fluorescence
signal, indicating the specificity of CP-bi-apt to human NK cells.

The high affinity of CP-bi-apt toward NK cells and PD-L1 high-ex-
pressed tumor cells has been demonstrated. However, its ability to
tether the two types of cells together remains unknown. For
tracking purposes, tumor cells were labeled with carboxyfluores-
cein succinimidyl ester (CFSE) (green) and NK cells were labeled
1000 Molecular Therapy: Nucleic Acids Vol. 27 March 2022
with Cell-Tracker Deep Red (red) and then
they were co-incubated in the presence of
different aptamers (PD-L1-apt, CD16-apt,
CmutP-bi-apt, CPmut-bi-apt, or CP-bi-apt). Af-
ter co-incubation, flow cytometry analysis was
then used to determine the engagement be-
tween NK cells and tumor cells. As shown in
Figure 3D, the percentage of double-positive
cell populations in CP-bi-apt-treated SMMC-
7721 cell and NK cell mixtures was 21.1%,
which was significantly higher than that in other aptamers-treated
cell mixtures. It can be found that the double-positive cells showed
one or more populations in different groups. This may be because
cancer cells can be connected with different numbers of NK cells,
resulting in different cell populations. When SMMC-7721 cells
were pre-treated with anti-PD-L1 antibody and then incubated
with NK cells and CP-bi-apt, the percentage of double-positive
cell populations decreased to 6.36%. Similar results also can be ob-
tained in HeLa cell and NK cell mixtures (Figure 3E). These results
indicated that CP-bi-apt can specifically bind to PD-L1 highly ex-
pressed tumor cells and CD16-positive NK cells and then tether
them together. We then investigated whether the pre-binding of
CP-bi-apt to CD16-positive NK cells would mask the effect of
PD-L1 aptamer targeting. Briefly, Cell-Tracker-Deep-Red-labeled
NK cells were pre-treated with different aptamers (PD-L1-apt,
CD16-apt, CmutP-bi-apt, CPmut-bi-apt, or CP-bi-apt) for
30 min and then co-incubated with CFSE-labeled cancer cells. Af-
ter co-incubation, the cell mixture was subjected to flow cytometric
analysis. We can find that the percentage of double-positive cell
populations in cancer cell and CP-bi-apt pre-treated NK cell
mixture was still significantly higher than that in other aptamers-
treated cell mixtures (Figure S6). These data suggested that CP-
bi-apt can assist to direct NK cells to tumor cells, even if CP-bi-
apt was pre-bound with NK cells.

CP-bi-apt enhances the killing effect of NK cells

No toxicity or low toxicity is the premise of biomedical applications.
Therefore, the cytotoxicity of CP-bi-apt in different cells was firstly
evaluated by Cell Counting Kit 8 (CCK8) assay. As shown in Fig-
ure S7, with the increase of CP-bi-apt concentration, there were no
significant differences in cell viabilities among QSG-7701, HeLa,



Figure 3. Specific recognition of tumor cells and NK cells by CP-bi-apt

(A–C) Confocal fluorescence images of (A) SMMC-7721, (B) HeLa, and (C) NK cells incubatedwith Evagreen-labeled aptamers as indicated (200 nM). In block group, the cells

were pre-treated with anti-PD-L1 antibody or anti-CD16 antibody and then incubated with CP-bi-apt. Data are presented as mean ± SEM (error bar); ****p<0.0001. (D and E)

Flow cytometric analysis of CFSE-labeled (D) SMMC-7721 cells or (E) HeLa cells after co-incubating with Cell-Tracker-Deep-Red-labeled NK cells (E:T = 1:1) and different

aptamers (PD-L1-apt, CD16-apt, CmutP-bi-apt, CPmut-bi-apt, or CP-bi-apt) is shown.
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SMMC-7721, and NK cells, respectively. Even if the concentration of
CP-bi-apt reached 500 nM, the survival rates of these cells were still
more than 90%, showing that CP-bi-apt itself has low toxicity and
does not cause obvious damage to various cells.

We further evaluated whether CP-bi-apt could enhance the killing ef-
fect of NK cells on cancer cells. For this purpose, the normal and tu-
mor cells were co-incubated with the corresponding aptamers and
NK cells (effector/target [E/T] = 1:1) for 3 h. After that, the suspen-
sion cells and adherent cells in the medium were collected and then
stained with anti-CD16-APC and fluorescein isothiocyanate
(FITC)-annexin V/propidium iodide (PI) for flow cytometry analysis.
The gating strategy for this experiment was posted in Figure S8. As
illustrated in Figure 4A, QSG-7701 cells showed 23.1% of apoptosis
or necrosis after the treatment with NK cells. Since QSG-7701 cells
also express a small amount of PD-L1, the percentage of apoptotic
and necrotic cells increased slightly further after extra addition of
CP-bi-apt, while, for HeLa cells, the population of apoptotic and
necrotic cells was as high as 46.8% after the incubation of NK cells,
and it further increased to 50.9% and 70.0% after extra addition of
PD-L1-apt and CP-bi-apt, respectively (Figure 4B). The SMMC-
7721 cells experienced a similar trend that the population of apoptotic
and necrotic cells increased from 36.4% (in NK cells group) to 49.4%
and 53.0% with the assistance of PD-L1-apt and CP-bi-apt, respec-
tively (Figure 4C). The statistics data with three repeat experiments
have also been provided in Figure S9, in which the killing effect of
NK cells on tumor cells assisted by CP-bi-apt was statistically signif-
icant. These results confirmed that the killing ability of NK cells on
tumor cells could be enhanced by blocking the PD-L1 immune check-
point. Meanwhile, CP-bi-apt could further enhance the killing effect
of NK cells on tumor cells by recruiting NK cells to directly contact
with tumor cells. The luciferase-based lysis assay was further used
Molecular Therapy: Nucleic Acids Vol. 27 March 2022 1001
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Figure 4. CP-bi-apt enhances the killing effect of NK cells

(A–C) Flow cytometry analysis of the cell activity of (A) QSG-7701, (B) HeLa, and (C) SMMC-7721 in the presence of NK cells and different aptamers. The above experiments

were all gated on CD16 (�) cells by using antigen-presenting cell (APC)-conjugated anti-CD16 antibody. (D and E) The analysis of IFN-g, TNF-a, granzyme B, and perforin in

supernatants of (D) HeLa cells and (E) SMMC-7721 cells after indicated treatment is shown; n = 3.
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to evaluate the killing effect of NK cells with the help of different ap-
tamers. As shown in Figure S10, the viability of HeLa cells decreased
to 53.7% after the incubation with NK cells, and it could further
decrease to 11.6% after extra addition of CP-bi-apt. Similar results
also can be obtained in SMMC-7721 cells, in which the cell viability
further decreased from 34.6% to 16.5% after extra addition of CP-
bi-apt. These results further proved that CP-bi-apt can enhance the
killing effect of NK cells.

To further evaluate the killing effect of NK cells assisted by CP-bi-apt,
cytokine secretion of IFN-g, tumor necrosis factor alpha (TNF-a),
1002 Molecular Therapy: Nucleic Acids Vol. 27 March 2022
granzyme B, and perforin was determined by ELISA assay. No matter
whether HeLa cells or SMMC-7721 cells, when they were co-incu-
bated with NK cells or different aptamers were added at the same
time, the concentrations of the four cytokines in the medium
increased significantly, especially in the presence of CP-bi-apt (Fig-
ures 4D and 4E). Meanwhile, intracellular cytokines (granzyme B
and perforin) of NK cells were also analyzed by flow cytometry. As
shown in Figure S11, the granzyme-B- and perforin-positive NK cells
only slightly increased when co-incubated with QSG-7701 cells and
CP-bi-apt, while, when co-incubated with HeLa cells and CP-bi-
apt, the granzyme-B- and perforin-positive NK cells increased more



Figure 5. In vivobiodistribution of different aptamers

and adoptive NK cells

(A) The fluorescence images of major organs and tumors

isolated from tumor-bearing nude mice at 24 h after

intravenous injection of PBS or Evagreen-labeled different

aptamers (CD16-apt, PD-L1-apt, and CP-bi-apt; Ex:

488 nm); (B) in vivo biodistribution of ICG-NK cells after

indicated treatments (Ex: 808 nm). The mean fluores-

cence intensity (Mean F I) was measured by

Image(J). Data are presented as mean ± SEM; *p<0.05,

***p<0.001.
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significantly, reaching 68.2% and 58.4%, respectively. Similarly, the
granzyme-B- and perforin-positive NK cells could increase to
72.5% and 45.2%, respectively, after co-incubation with SMMC-
7721 cells and CP-bi-apt. These results were consistent with the
killing effect analyzed by flow cytometry, further suggesting that
CP-bi-apt can enhance the antitumor ability of NK cells.

In vivo biodistribution of CP-bi-apt and adoptive NK cells

We further investigated the in vivo biodistribution of CP-bi-apt in tu-
mor-bearing nude mice. PBS, CD16-apt, and PD-L1-apt were used as
control. For tracking purposes, all aptamers were labeled with Eva-
green before injection. Then, they were injected intravenously into
SMMC-7721 tumor-bearing mice until the tumor volume reached
to a certain size. After 24 h, the major organs (heart, liver, spleen,
lung, and kidney) as well as tumors were dissected to monitor the dis-
tribution of aptamers, which were imaged by Gel Doc XR imaging
system. The fluorescence intensity of each tissue was quantified by
ImageJ. As shown in Figure 5A, the fluorescence intensities of tumor
tissues in CP-bi-apt- and PD-L1-apt-treated groups were significantly
higher than that in CD16-apt- and PBS-treated groups. This phenom-
enon is due to the ability of both PD-L1-apt and CP-bi-apt to specif-
ically bind to PD-L1, which is highly expressed on tumor cells.

We have demonstrated that CP-bi-apt could mediate the binding of
NK cells to tumor cells at the cellular level. Afterward, we further
investigated whether CP-bi-apt could promote the accumulation
of NK cells in tumor sites. To confirm this, indocyanine green
(ICG)-labeled NK cells and different aptamers were simultaneously
injected into SMMC-7721 tumor-bearing mice. At 24 h post-injec-
tion, the tumor and major organs were excised for fluorescence imag-
Molecular The
ing (Figure 5B). We can find that the fluores-
cence in tumor sites was very weak when only
ICG-labeled NK cells were injected as well as
when only CD16-apt or PD-L1-apt were in-
jected at the same time. However, when ICG-
labeled NK cells and CP-bi-apt were simulta-
neously injected, the fluorescence at the tumor
site significantly increased, implying that more
NK cells were recruited into the tumor tissue.
This may be because CP-bi-apt can specifically
bind to PD-L1 highly expressed tumor cells
and CD16-positive NK cells, which may further
assist to direct NK cells into the tumor site.
Therefore, CP-bi-apt is expected to promote the accumulation and
contacting of adoptive NK cells to tumors and thus enhance the anti-
tumor effect.

In vivo antitumor effect of CP-bi-apt and adoptive NK cells

We then further evaluated whether the prepared CP-bi-apt could pro-
mote in vivo antitumor effect by the recruitment of NK cells to tumor
site and then blocking PD-1/PD-L1 axis. Here, SMMC-7721 tumor-
bearing nude mice were used, which were randomly divided into six
groups for various treatments when the tumor volume reached
100 mm3. As expected, the mice in treated groups showed a delayed
tumor growth compared with PBS group (Figures 6A and S12).
Furthermore, the group simultaneously treated with CP-bi-apt and
NK cells showed the most dramatic tumor growth inhibition, while
there was no significant difference in body weight change between
the treated groups and the control group (Figure S13). To verify the
significant therapeutic effect resulted from the activation of antitumor
immunity, the pro-inflammatory cytokines of the treated mice were
analyzed by ELISA. As shown in Figures 6B–6E, after the treatment
with CP-bi-apt and NK cells simultaneously, the highest levels of
TNF-a, IFN-g, granzyme B, and perforin were observed. In addition,
the tumor infiltration of NK cells is necessary for adaptive antitumor
immunity. As shown in Figures 6F and S14A, the infiltration of NK
cells (red) in tumor tissue was significantly enhanced with the help
of CP-bi-apt, thus playing stronger antitumor response. The intracel-
lular cytokine staining of NK cells has also been performed with CD56
as the marker for staining, which has also been reported to highly ex-
press on NK cells. As shown in Figures 6G, 6H, S14B, and S14C, the
group simultaneously treated with CP-bi-apt and NK cells could pro-
duce more granzyme B and perforin, and only part of them could
rapy: Nucleic Acids Vol. 27 March 2022 1003
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Figure 6. In vivo antitumor effect of different aptamers and adoptive NK cells

(A) The average growth curves of the tumors after various treatments (PBS, free NK cells, CD16-apt + NK cells, PD-L1-apt + NK cells, CD16-apt + PD-L1-apt + NK cells, and

CP-bi-apt + NK cells; n = 5). (B–E) The ELISA analysis of (B) IFN-g, (C) TNF-a, (D) granzyme B, and (E) perforin in tumors isolated from mice at day 3 after the last injection

(n = 3). Data are presented as mean ± SEM; **p<0.01, ***p<0.001, ****p<0.0001. (F) The representative CD16 immunofluorescence staining of the infiltrated NK cells (red) in

tumor . (G and H) Perforin (G) and granzyme B (H) immunofluorescence staining of the NK cells in tumors, and CD56 was used as the marker. Scale bars: 100 mm. The insets

are the corresponding enlarged image in each condition.
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co-localize with NK cells. It is because granzyme B and perforin are
secreted proteins, which would be secreted from NK cells. These re-
sults further indicated that CP-bi-apt could mediate significantly
enhanced antitumor immunity of NK cells.

After treatment, the staining of H&E, Ki67, and terminal deoxynu-
cleotidyl transferase 2’-deoxyuridine 5’-triphosphate nick end label-
ing (TUNEL) in tumor tissues was performed to further investigate
the antitumor effect. As for H&E staining, much larger areas of necro-
sis and apoptosis were observed after treating with CP-bi-apt and NK
cells, while the tumor cells retained the normal morphology in control
group (Figure 7A). Meanwhile, the results of Ki67 staining showed
that tumor cells in the control group had obvious proliferation phe-
nomenon, indicated by the brown granules in the cell nucleus (Fig-
ures 7B and S15A). However, after the treatment of CP-bi-apt and
NK cells simultaneously, the positive rate of Ki67 was much lower.
In addition, the most apoptotic cells with green fluorescence were
observed in this group (Figures 7C and S15B). These results further
proved that CP-bi-apt could enhance the killing effect of adoptive
NK cells on tumor cells in vivo.
1004 Molecular Therapy: Nucleic Acids Vol. 27 March 2022
Previous studies reported that the over-expression of PD-L1 on most
tumor cells can be induced by IFN-g signaling as an adaptive
response to antitumor immunity, which in turn will affect the efficacy
of immunotherapies.38,41 We then further investigated the PD-L1
over-expression in tumors after different treatments by immunohis-
tochemistry. Compared with other groups, more significant up-regu-
lation of PD-L1 expression was observed after the treatment of CP-bi-
apt and NK cells simultaneously (Figures 7D and S15C). These data
are consistent with more secretion of IFN-g in the indicated treat-
ment. Since we have demonstrated that CP-bi-apt could specifically
bind to PD-L1 that expressed on cancer cells to act as an immune
checkpoint inhibitor, multiple injections of CP-bi-apt may not only
promote the accumulation of NK cells in tumor sites but also could
reduce the influence of PD-L1 up-regulation, thus improving the anti-
tumor effect.

Biosafety of CP-bi-apt-based treatment in vivo

The mice were sacrificed at 3 days after last injection, and the major
organs (heart, liver, spleen, lung, and kidney) were stained with H&E
to evaluate the biosafety of CP-bi-apt-based treatment in vivo. After



Figure 7. Histological analyses of antitumor efficacy

(A–C) Optical microscopic images of tumor slices stained by (A) H&E and (B) Ki67 and (C) confocal images of tumor slices after the immunofluorescence staining of TUNEL

(green; Ex: 488 nm). (D) The PD-L1 staining of tumor slices at 3 days after last injection is shown. Scale bars: 50 mm.
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different treatments, there were no significant morphological changes
of themajor organs compared with the PBS-treatedmice (Figure S16).
To further assess the biosafety, serum from the mice in each group
was obtained for the analysis of serum biochemical indicators, con-
taining alkaline phosphatase (ALP), alanine aminotransferase
(ALT), aspartate aminotransferase (AST), blood urea nitrogen
(BUN), creatinine (CREA), and gamma-glutamyltransferase (GGT).
As shown in Figure S17, all these indicators of liver and kidney func-
tions were within the normal range. All these results revealed the
outstanding biocompatibility and biosafety of CP-bi-apt in vivo.

DISCUSSION
In summary, a novel CD16/PD-L1 bi-specific aptamer named CP-bi-
apt was developed for cancer immunotherapy that integrates the
functions of immune checkpoint blockade and the recruitment of
NK cells to tumor site without any additional procedures. The pre-
pared CP-bi-apt can form a completely closed structure with the
help of T4 DNA ligase, which can significantly enhance its stability.
This aptamer can mediate a significant antitumor immunity by re-
cruiting CD16-positive NK cells to directly contact with PD-L1
high-expressed tumor cells. It is worth mentioning that the expres-
sion of PD-L1 on tumor cells can be induced as an adaptive response
to antitumor immunity, but the injected CP-bi-apt also can be used as
an immune checkpoint inhibitor to block up-regulated PD-L1, and
thus, the function of NK cells can be restored, which promotes robust
antitumor immune response. It can be found that the tumor growth
of tumor-bearing mice was significantly inhibited, and no obvious
toxicity and side effects were observed after the injection of NK cells
and CP-bi-apt simultaneously. However, the therapeutic effect of this
approach is significantly related to the expression of PD-L1 on tumor
cells. For some tumor cells, the expression of PD-L1 may be not so
obviously different from that on normal cells and then will have
limited therapeutic efficacy. But for most tumors with high PD-L1
expression, the therapeutic effect would be significantly enhanced
by this approach. It has been reported that PD-L1 can be also ex-
pressed on NK cells. Meanwhile, anti-PD-L1 antibody can enhance
the function of PD-L1-positive NK cells against PD-L1-negative tu-
mors in both mouse and human systems. In this way, CP-bi-apt
may also bind to PD-L1 expressed on NK cells and thus enhance
the therapeutic effect on PD-L1-negative tumors.42,43 Thus, this
work is expected to provide a simple and highly efficient bi-apt for
immunotherapy, showing a promising prospect in clinical
applications.

MATERIALS AND METHODS
Preparation of CP-bi-apt

CP-bi-apt was composed of aptCD16 and aptPD-L1, and the oligonu-
cleotides with 10 bp were used as a linker to connect them. To
improve the stability of CP-bi-apt, its 5’ end and 3’ end were modified
with phosphate and hydroxyl, respectively. It can form a highly stable
and completely closed structure with the help of T4 DNA ligase. The
nucleic acids only containing aptCD16 or aptPD-L1 (CD16-apt and
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PD-L1-apt) were used as control. All of them were synthesized by
Shanghai Sangon Biotechnology (Shanghai, China). The predicted
structures were shown in Figure S1. Moreover, the semi-closed ap-
tamers (10 mM) were added to the solution containing T4 DNA ligase
(Thermo Fisher Scientific, USA) and reacted overnight at 16�C to
form a completely closed structure. Then, the products were stored
at �20�C for subsequent experiments.
Gel electrophoresis

The structures of the aptamers with or without the treatment of T4
DNA ligase were evaluated by 2% agarose gel electrophoresis and
denaturing 10% polyacrylamide gel electrophoresis (containing 7 M
urea), respectively. Briefly, the agarose gel was run in 1� Tris-ace-
tate-EDTA (TAE) buffer at 120 V for 30 min. Then, the image was
visualized by using Gel Doc XR imaging system (Bio-Rad, Hercules,
CA). Polyacrylamide gel was run in 1� TAE buffer at 100 V for
45 min. Then, the image was visualized by using Gel Doc XR imaging
system after staining with SYBR GOLD (Thermo Fisher Scientific).
As for stability assay, 8 mL of 50% FBS (Thermo Fisher Scientific)
and 2 mL of CP-bi-apt (10 mM) were incubated at 37�C for different
times (0 h, 6 h, 12 h, and 24 h), and then the integrity of aptamers was
analyzed with 2% agarose gel electrophoresis. Besides, to verify that
CP-bi-apt can avert the degradation by nucleases, nuclease I and III
mixtures (Thermo Fisher Scientific) were added to CP-bi-apt (2 mL,
10 mM), and the subsequent process was consistent as above.
Cell culture

The human hepatocellular carcinoma cell line (SMMC-7721), human
cervical cancer cell line (HeLa), and human normal hepatic cell line
(QSG-7701) were maintained as a monolayer culture in DMEM me-
dium (Thermo Fisher Scientific) supplemented with 10% FBS (PAN
Biotech, Germany) and 1% streptomycin/penicillin (Thermo Fisher
Scientific) that were incubated at 37�C in a humidified atmosphere
(5% CO2). In addition, human NK cells were selected from human
peripheral blood mononuclear cells (PBMCs) by a density-gradient
technique (GE Healthcare Bio-Sciences ABSE, Uppsala, Sweden)
and were matured in serum-free KBM 581 medium (Thermo Fisher
Scientific) containing interleukin-2 (IL-2) (Kingsley Pharmaceutical,
China) and K562 feeder cells. Moreover, the ethical approval for the
usage of human samples was granted by the Ethics Committee of
Mengchao Hepatobiliary Hospital of Fujian Medical University.
Western blot

Proteins were extracted from different kinds of cells by using radio-
immunoprecipitation assay (RIPA) buffer (Beyotime Biotechnology,
China) supplemented with 1� halt protease inhibitor cocktail (Med-
ChemExpress, USA). After centrifuging for 10 min at 4�C (12,000 �
g), the supernatant was collected and quantified by a bicinchoninic
acid (BCA) (TransGen Biotech, China) assay. The primary antibody
against human protein PD-L1 (Abcam, Cambridge, UK) was used at a
1:1,000 dilution, and the secondary antibody was used at a 1:5,000
dilution (Abcam, Cambridge, UK). After a series of basic western
blot procedures, the signal of PD-L1 expression was captured by
1006 Molecular Therapy: Nucleic Acids Vol. 27 March 2022
exposing to Gel Doc XR imaging system. Finally, signal intensity
was measured with ImageJ.

The specificity of CP-bi-apt

Commensurable QSG-7701, SMMC-7721, and HeLa cells (2 � 105)
were seeded in confocal dishes for 12 h and then incubated with
equimolar (200 nM) Evagreen-labeled (Biotium, China) aptamer
(CD16-apt, PD-L1-apt, CPmut-bi-apt, CmutP-bi-apt, or CP-bi-apt)
at 37�C for 30 min. The cells without adding aptamer were used
as control. Subsequently, confocal microscope (Zeiss LSM780,
USA) was used to examine the binding ability after removing the
unbound aptamer by washing with PBS (GE Life Sciences, China).
Moreover, NK cells (1 � 106) were incubated with equimolar
(200 nM) Evagreen-labeled aptamer (CD16-apt, PD-L1-apt,
CPmut-bi-apt, CmutP-bi-apt, or CP-bi-apt) at 37�C for 30 min.
Then, cell mixture was centrifuged at 800 � g to remove the un-
bound aptamer. After washing with PBS, the NK cells were resus-
pended in 500 mL PBS and then placed on confocal dishes for fluo-
rescence imaging. Finally, signal intensity was obtained by using the
supporting imaging processing software.

We then further investigated the specificity of CP-bi-apt toward
CD16 and PD-L1. Here, SMMC-7721/HeLa cells (2 � 105) were
pre-treated with 1 mg/mL anti-PD-L1 antibody (Thermo Fisher Sci-
entific) and NK cells (1 � 106) were pre-treated with 1 mg/mL anti-
CD16 antibody (Thermo Fisher Scientific) at 37�C for 1 h, respec-
tively. After co-incubation with 200 nM Evagreen-labeled CP-bi-apt
for an additional 30 min (at 37�C), the cells were washed with PBS
to remove the unbound aptamer and then recorded by confocal mi-
croscope. Finally, the fluorescence intensity was obtained by using
the supporting imaging processing software.

Recruitment of NK cells

We further analyzed the recruitment of NK cells by flow cytometry.23

Briefly, CFSE-labeled tumor cells (SMMC-7721 and HeLa cells; 2 �
105) were incubated with Cell-Tracker Deep Red (Thermo Fisher Sci-
entific)-labeled NK cells at the ratio of 1:1 in the presence of equi-
molar (200 nM) different aptamers (CD16-apt, PD-L1-apt, CPmut-
bi-apt, CmutP-bi-apt, or CP-bi-apt) at 37�C for 1 h. After that, the per-
centage of double-positive cell populations in tumor cell and NK cell
mixtures were quantified by flow cytometry. To verify the specificity
of CP-bi-apt to PD-L1, CFSE-labeled tumor cells were first blocked
with anti-PD-L1 antibody and then incubated with CP-bi-apt and
Cell-Tracker-Deep-Red-labeled NK cells. After that, the cell mixture
was subjected to flow cytometric analysis.

We then investigated whether the pre-binding of CP-bi-apt to CD16-
positive NK cells would mask the effect of PD-L1 aptamer targeting.
Briefly, 2 � 105 Cell-Tracker-Deep-Red-labeled NK cells were pre-
treated with different aptamers (PD-L1-apt, CD16apt, CmutP-bi-
apt, CPmut-bi-apt, or CP-bi-apt) at 37�C for 30 min. Then, the ap-
tamer pre-treated NK cells were further co-incubated with 2 � 105

CFSE-labeled cancer cells at 37�C for 1 h. To verify the specificity
of CP-bi-apt to PD-L1, CFSE-labeled tumor cells were firstly blocked
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with anti-PD-L1 antibody and then co-incubated with CP-bi-apt
pre-treated NK cells. After co-incubation, the cell mixtures were sub-
jected to flow cytometric analysis.

CCK8 assay

NK cells, SMMC-7721, HeLa, and QSG-7701 cells (1 � 104) were
seeded in 96-well plates, respectively. Twelve hours later, the cells
were exposed to different doses of CP-bi-apt (0, 50, 100, 200, and
500 nM) at 37�C under a humidified atmosphere containing 5%
CO2. Twenty-four hours later, 10 mL CCK8 solution (Dojindo Labo-
ratories, Kumamoto, Japan) and 90 mL DMEM medium were added
to each well for another 2 h after discarding the original medium. The
viability of cells was determined by the absorbance of formazan crys-
tals through a plate reader (Spectra Max M5) at 450 nm. Cell viability
was calculated using the following formula:

Cell viability ð%Þ = ðODA � ODblankÞ=ðODB � ODblankÞ � 100%

Here, the ODA andODBwere the absorbance values of the treated and
untreated cells, respectively. Moreover, ODblank was the absorbance of
CCK8 reagent itself. All experiments were performed in sextuplicate.
Luciferase-based lysis assay

To generate luciferase-expressing cell lines, HeLa cells and SMMC-
7721 cells were infected with lentivirus encoding luciferase and
were selected with puromycin. Then, HeLa-Luc and QSG-7701-
luc cells (1 � 105) were seeded in 12-well plates, respectively.
Twelve hours later, the cells were treated with NK cells (1 �
105) plus different aptamers (CD16-apt, PD-L1-apt, or CP-bi-apt;
200 nM) at 37�C for 3 h. Then, the original medium was discarded
and washed with PBS. After that, 100 mL luciferase substrate was
added after transferring the adherent cells into black 96-well plates.
The bioluminescence of the above mixture was detected through a
plate reader (Spectra Max M5) for evaluating the viability of tumor
cells.

The apoptosis and cell death analysis

NK cells and target cells (tumor cells or non-cancerous cells) were
mixed at the ratio of 1:1 and then incubated with 200 nM aptamer
(CD16-apt, PD-L1-apt, or CP-bi-apt) at 37�C for 3 h. Then, the cul-
ture mediums were collected for determining granzyme B, perforin,
TNF-a, and IFN-g by using corresponding ELISA Kits (Boster Bio-
logical Technology, USA). Meanwhile, the cells were harvested and
blocked off with 5% bovine serum albumin (BSA) (Sigma-Adrich,
Germany) solution for 10 min and then stained with anti-CD16-
APC antibody (eBioscience, USA) for an additional 30 min to
distinguish NK cells. After washing with PBS, the cell mixture
was collected and labeled with FITC-annexin V/ PI solution (Do-
jindo Laboratories) for 15 min. Finally, the proportion of apoptotic
and necrotic cells to the total target cells was detected by flow cy-
tometry. To better evaluate the function of CP-bi-apt, target cells
without any treatment were regarded as the natural apoptosis group
(control group).
Intracellular cytokine analysis by flow cytometry

To further evaluate the antitumor ability of NK cells assisted by CP-
bi-apt, intracellular cytokines (granzyme B and perforin) of NK cells
after different treatments were analyzed by flow cytometry. Briefly,
1� 105 tumor cells were adhered in 12-well plates and then incubated
with 1 � 105 NK cells and 200 nM of different aptamers (CD16-apt,
PD-L1-apt, CPmut-bi-apt, CmutP-bi-apt, or CP-bi-apt; 200 nM) for 3
h. In this process, 1 mL/mL Golgi Stop TM Protein Transport Inhib-
itor (BD Pharmingen, USA) was added to block the intracellular
transport processes. Subsequently, the cells were collected and washed
with PBS and then fixed and permeabilized using the Cytofix/Cyto-
perm plus Fixation/Permeabilization kit (BD Pharmingen, USA).
Then, the cells were harvested and blocked with 5% BSA solution
for 10 min and stained with anti-CD56-FITC antibody (eBioscience,
USA) for an additional 30 min to distinguish NK cells. After washing
with PBS, the cell mixture was collected and labeled with anti-Per-
forin-APC (Cell Signaling Technology, USA) or anti-Granzyme B-
PE (Cell Signaling Technology, USA), respectively. Finally, the
stained cells were collected for further analysis by flow cytometry after
washing with PBS.

In vivo biodistribution of CP-bi-apt and adoptive NK cells

Male BALB/c-nude mice were purchased from China Wushi
(Shanghai, China). Ethical approval for animal studies was granted
by Animal Ethics Committee of Mengchao Hepatobiliary Hospital
of Fujian Medical University. Tumor-bearing mice were prepared
by subcutaneously implanting SMMC-7721 tumor mass (the
SMMC-7721 tumor model was prepared by subcutaneous injection
with 1 � 107 SMMC-7721 cells) with the size about 1 mm3. Until
the tumor reached about 100 mm3, the mice were randomly divided
into four groups: PBS; CD16-apt; PD-L1-apt; and CP-bi-apt. These
tumor-bearing mice were intravenously injected with PBS or equiva-
lent Evagreen-labeled aptamers (0.7 nmol). At 24 h post-injection, the
tumors and major organs were excised for fluorescence analysis by
Gel Doc XR imaging system (Ex: 488 nm, 1 s).

Promoting the infiltration of NK cells into tumor tissues is essential
for adoptive cell immunotherapy. Thus, SMMC-7721 tumor-
bearing mice were also used to determine whether more NK cells
were accumulated in tumor site with the assistance of CP-bi-apt.
Briefly, this experiment divided into four groups, including PBS,
NK cells, CD16-apt plus NK cells, PD-L1-apt plus NK cells, and
CP-bi-apt plus NK cells. For visual tracking, the human NK cells
were labeled with ICG-NHS before injection into mice. At 24 h
post-injection, tumor and major organs (heart, liver, spleen, lung,
and kidney) were excised for the analysis of ICG-labeled NK cells.
All the fluorescence images were acquired under excitation at
808 nm with exposure of 300 ms. The fluorescence intensity was
quantified by ImageJ.

In vivo antitumor efficacy of CP-bi-apt-based treatment

We further investigated the antitumor effect of CP-bi-apt and NK
cells in vivo accordingly. Briefly, SMMC-7721 tumor-bearing mice
were grouped (n = 5) and injected through tail vein every 2 days
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with PBS, NK cells, CD16-apt plus NK cells, PD-L1-apt plus NK
cells, CD16-apt plus PD-L1-apt plus NK cells, and CP-bi-apt
plus NK cells, respectively. Each mouse received 5 � 106 NK cells,
1,000 units IL-2, and 0.7 nmol aptamers each time for a total of
three injections. Tumor volumes were measured by digital caliper
every second day and then calculated based on the following for-
mula: tumor volume = (tumor length) � (tumor width)2/2. More-
over, the mice were euthanized when the tumor reached a volume
larger than 1,200 mm3.

To further confirm the antitumor efficiency, the tumor-bearing mice
(n = 3) underwent the aforementioned treatments. Three days after
last injection, the tumors were surgically collected, fixed in 4%
formalin solution, and embedded in paraffin for CD16, H&E, Ki67,
PD-L1, and TUNEL (R&D Systems, USA) staining. For the assay of
cytokines (granzyme B, perforin, IFN-g, and TNF-a), part of the tu-
mors in each group were weighed and homogenized with 1 mL PBS
by automatic sample rapid grinding machine (Tissuelyser-24, Jing-
Xin, Shanghai). Subsequently, the supernatant was collected by
centrifugation at 12,000 rpm for 10 min at 4�C and then evaluated
by ELISA Kits (Boster Biological Technology, USA). All groups
were experimented in triplicate.

Immunofluorescence and immunohistochemical staining

To visually show the intra-tumoral infiltration of NK cells, the
paraffin sections of tumors in each group were dewaxed and hydrated.
Antigen retrieval was performed using 10 mM sodium citrate buffer
(pH = 9) at 95�C for 25 min in a Pascal pressure chamber (WanBao-
Pai, China). Then, the sections of tumors were performed by CD16
immunofluorescence staining (R&D Systems) and observed with
confocal microscope. The fluorescence of DAPI was blue, while the
fluorescence signal of CD16 was red. The intracellular cytokine (per-
forin and granzyme B) staining of NK cells has also been performed,
and CD56 was used as the marker of NK cells for staining. For TU-
NEL assay, the corresponding tumor sections were incubated with
TUNEL detecting buffer in dark for 2 h. The fluorescent images
were recorded by confocal microscope. After antigen retrieval, the tu-
mor sections were also stained with H&E, Ki67 antibody, or PD-L1
antibody for immunohistochemical analysis. The images were ac-
quired with an optical microscope (Zeiss, Axiocam ERC5s) with a
bright-field imaging system.

Biosafety analysis

To examine the biosafety of the aptamers in vivo, body weight of each
mouse was recorded every second day after first treatment. Moreover,
the fresh blood specimens of three mice in each group were collected
and centrifuged to obtain serum for biochemical examination at
3 days post-treatment. The blood biochemical markers were analyzed
with a biochemical autoanalyzer (CX5, Beckman Coulter Genomics,
USA). The levels of ALP, ALT, AST, BUN, CREA, and GGT were
examined to reflect the liver and kidney functions. Moreover, the
possible toxicity was also evaluated by determining themorphological
changes of the major organs (heart, liver, spleen, lung, and kidneys) in
each group through H&E staining.
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Statistical analysis

All results were presented as the mean ± SD. All statistical analyses
were carried out using the Graphpad Prism 7.04 and performed using
one-way ANOVA. Results with *p < 0.05, **p < 0.01, ***p < 0.001, and
****p < 0.001 were considered as statistically significant.
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