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Monitoring dynamic changes in tumor immune markers are essential for predicting the therapeutic responses of tumors to
immunotherapy, as well as other traditional therapies, such as chemotherapy and radiotherapy. Here, we designed a lipid-aptamer
conjugate by employing a C18 chain to modify an aptamer targeting programmed cell death-ligand 1 (C18-apPDL1). The
obtained C18-apPDL1 could bind with serum albumin postintravenous injection to achieve prolonged blood circulation and
enhanced in vivo stability without weakening its binding affinity toward PDL1. C18-apPDL1 labeling with radionuclides, such
as *"Tc, could yield a nuclear imaging agent exhibiting much higher tumor-homing ability than bare aptamer. Notably, such
radiolabeled C18-apPDL1 could be utilized to visually monitor the dynamic changes in PDL1 expression postchemotherapy or
radiotherapy within a few hours. Additionally, this C18-apPDL1 could offer improved antitumor immune therapeutic responses,
which are comparable with those of commercial anti-PDL1 antibodies at the same weight dosage. Thus, this article presented

promising lipid-modified aptamers for cancer immunoimaging and immunotherapy.
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1 Introduction

Immunotherapy, which activates the immune system of a
host toward destroying cancer cells, is a promising strategy
for treating cancers [1,2]. Although various im-
munotherapies have achieved great success in the last dec-
ades, their therapeutic response rates against solid tumors are
yet to be improved [3-5]. As demonstrated, immunotherapy
based on the immune checkpoint blockade (ICB) of pro-
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grammed cell death-1 (PD1) and programmed cell death-
ligand 1 (PDL1) depends on the expressions of immune
markers, such as PDL1 and CD8" lymphocyte, in tumors
[6,7]. Presently, ICB immunotherapy is generally combined
with chemotherapy or radiotherapy in the clinic to achieve
optimum responses [8—13]. Histological examinations of
different immune markers (PDL1 expressions in the tumor)
have become a routine clinical procedure for predicting the
therapeutic responses of immunotherapy or its combination
therapy [14—17]. However, monitoring of dynamic changes
in immune markers via noninvasive in vivo imaging methods
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is necessary because the immune markers in the tumor might
change during the therapeutic process [18-21]. Nuclear
imaging, a noninvasive imaging method, has been studied as
a potential substitute for traditional immunohistochemistry
in cancer immunoimaging in clinical and preclinical reports
[22-24]. However, radiolabeled ICB antibodies with long
blood half-lives generally require several days to achieve the
highest tumor imaging contrast, and such time scales do not
favor fast diagnosis and prognosis. Moreover, they are in-
compatible with the short half-lives of most imaging radio-
nuclides [25-28].

Aptamers are single-stranded deoxyribonucleic acid
(DNA)/ribonucleic acid (RNA) oligonucleotides that are
selected via the systematic evolution of ligands by ex-
ponential enrichment (SELEX) technology [29-32]. Apta-
mers, as ‘“chemical antibodies”, have exhibited strong
affinities for target molecules, demonstrating great potential
as substitutes for antibodies [33-36]. However, bare apta-
mers generally exhibit rather short blood circulation half-
lives and low in vivo stabilities, which significantly limit
their in vivo applications [37]. Hence, chemical modifica-
tions employing hydrophobic lipid groups have been de-
monstrated as a valuable approach for significantly
improving the pharmacokinetics of therapeutics [38,39]. The
hydrophobic lipid tails on such molecules can bind with
serum albumin, which is the most abundant serum protein, to
achieve prolonged circulation half-lives [40-42]. Further-
more, it has been reported that lipid-oligonucleotide con-
jugates exhibit high-affinity binding with albumin [43—47].

In this article, a PDL1 aptamer (apPDL1), which was se-
lected as a model molecule [48-50], was further modified
with a C18 hydrophobic lipid tail for cancer immunoimaging
and immunotherapy. The result indicated that apPDL1 could
rapidly bind with albumin after lipid modification without
weakening its binding affinity for the PDL1 protein. The C18
lipid-modified apPDL1 (C1-8apPDL1) exhibited a pro-
longed blood circulation time, as well as enhanced in vivo
stability, postintravenous (IV) injection owing to its binding
with blood albumin. Following the radiolabeling of C18-
apPDL1 with "Tc (*”"Tc-C18-apPDL1), it functioned as a
nuclear imaging agent that exhibited greatly enhanced tu-
mor-homing ability, as well as a synchronous increase in the
accumulation, in mice that were pretreated with oxaliplatin
or irradiation to upregulate the tumor expressing PDLI.
This *"Tc-C18-apPDL1 could visually monitor the changes
in the tumor PDL1 expression within a few hours, and this
was compatible with the half-life of *"Tc. Additionally, it
greatly delayed tumor growth and was comparable with
commercial PDL1 antibodies for cancer immunotherapy at
the same weight doses. Thus, this article demonstrated that
such a lipid-aptamer conjugate could be a promising candi-
date for cancer immunoimaging and immunotherapy
(Scheme 1).
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Scheme 1 Schematic of the albumin-binding lipid-oligonucleotides as
promising molecules for cancer immunoimaging and immunotherapy.
Lipid-aptamer could rapidly bind with blood albumin postintravenous in-
jection to enhance stability and prolong the blood circulation time. The
radiolabeled lipid-aptamer could monitor the dynamic changes in the tumor
immune markers. Concurrently, lipid-aptamer could block the PD1 and
PDL1 interaction for cancer immunotherapy (color online).

2 Experimental

2.1 Materials

2-Cyanoethyl-N,N-diisopropyloctadecylphosphoramidite
was purchased from Beijing HWRK Chem. Co., Ltd. (Chi-
na). The DNA aptamers were purchased from Sangon Bio-
tech Co., Ltd. (China). Diethylenetriaminepentaacetic acid
(p-SCN-Bn-DTPA) was purchased from Macrocyclics, Inc.
(USA). Human serum albumin (HSA) was purchased from
Sigma-Aldrich (USA). Na””"TcO4 was purchased from
Shanghai GMS Pharmaceutical Co., Ltd. (China). Ox-
aliplatin was purchased from Bide Pharmatech Ltd. (China).
Enzyme-linked immunosorbent assay (ELISA) was pur-
chased from Invitrogen Corporation (USA). Further, lactose,
paraformaldehyde, N,N-diisopropylethylamine, NaHCO;,
MgSO,, triethylamine, octadecanol, and dichloromethane
were purchased from Sinopharm Chemical Reagent Co., Ltd.
(China).

2.2 Aptamer synthesis

Lipid phosphoramidite was synthesized following a previous
report [47]. N,N-diisopropylethylamine (350 uL, 2 mmol)
was added into octadecanol (294 mg, dissolved in di-
chloromethane), and the mixture was protected in N, gas and
cooled in an ice bath. Next, 2-cyanoethyl-N,N-diisopropy-
loctadecylphosphoramidite (350 pL), which had been dis-
solved in dichloromethane, was added by employing a
syringe. After stirring for 3 h, the mixture was washed with
NaHCO;, dried over MgSO, (solid), and further purified on
triethylamine-alkalized silica gel (ethyl acetate/hexanes/1%
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triethylamine as the mobile phase). Lipid phosphoramidite
(the clear yellow oil) was stored at —20 °C for further solid-
phase DNA synthesis of lipid-aptamer (Table S1 presents the
DNA sequence, Supporting information online). Next, die-
thylenetriaminepentaacetic acid (p-SCN-Bn-DTPA) was
dissolved in a phosphate buffer solution (the pH was adjusted
to 8 with a NaOH solution). After adding an amino-group-
modified aptamer (NH,-aptamer) at a mole ratio of 5:1 (p-
SCN-Bn-DTPA:NH,), the mixture was stirred overnight at
55 °C. The DTPA-conjugated aptamer (DTPA-aptamer) was
purified via centrifugal filtration by employing Amicon fil-
ters (10 kDa) to remove excess p-SCN-Bn-DTPA.

2.3 Albumin binding

Here, 0.5 uL of 100 uM apPDLI1 or C18-apPDLI1 in a
phosphate buffer solution was added in 5 uL of an HSA
solution (40 mg/mL in a phosphate buffer). The mixture was
immediately loaded and subjected to polyacrylamide gel
electrophoresis (PAGE). The electrophoretic parameters
were 2 puL of the loading buffer, 8% PAGE, a Tris-acetate-
EDTA (TAE) running buffer, and 100 V for 40 min. The gel
bands were stained with GelRed and imaged with an
Amersham Imager 600.

2.4 In vitro cellular binding

A total of 5 x 10" cells (B16, CT26, and C1498 cells) were
incubated with 200 nM 5-carboxyfluorescein (FAM) labeled
aptamers (apPDL1, C18-apPDL1, and lipid-modified ran-
dom sequence (C18-apRAN)) in 100 uL of the buffer con-
taining 10% fetal bovine serum (FBS) for 1 h. After two
rounds of washing, the cancer cells were resuspended for
flow cytometry analysis (BD Accuri C6). For confocal
imaging, the CT26 cells were adhered to a cell culture dish
and incubated with 200 nM FAM-labeled C18-apPDL1 for
1 h, after which they were imaged via confocal microscopy
(ZEISS LSM 800 with Airyscan).

2.5 Animal model

Female Balb/c and C57BL/6 mice (Nanjing Peng Sheng
Biological Technology Co., Ltd., China) were utilized under
standard protocols that were approved by the Laboratory
Animal Center at Soochow University (No. SYXK(su)2017-
0049). To develop the tumor model, 1 x 10° CT26 or B16
cells in 50 uL of phosphate-buffered saline (PBS) were
subcutaneously injected into the back of each mouse.

2.6 Blood circulation

Healthy Balb/c mice were intravenously injected with CyS5-
labeled apPDL1 or C18-apPDL1, after which blood (~20 pL)
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was drawn from the right orbital venous plexus and weighted
at different times postinjection. Moreover, the blood was lysed
with a red blood cell lysis buffer to quantitatively measure
fluorescence intensity and calculate pharmacokinetics.

2.7 In vivo and ex vivo fluorescence imaging

The Balb/c mice bearing the CT26 tumor (~150 mm3) were
intravenously injected with Cy5-labeled apPDL1, C18-
apPDL1, or C18-apRAN (1 nmol per mouse). At different
times postinjection, the mice were imaged with small animal
imaging systems (IVIS Lumina LT Series III, PerkinElmer).
At 6 h postinjection, the mice were sacrificed, and their
major organs and tumors were collected for ex vivo imaging.
Afterward, the tumors were embedded in optimum cutting
temperature compound gel at —80 °C for the frozen section
technique. Subsequently, the tumor slices were fixed with
4% paraformaldehyde and stained with DAPI for confocal
microscopy imaging.

2.8 Radiolabeling

Here, 5 mCi of Na” "TcO4 (Shanghai GMS Pharmaceutical
Co., Ltd.) and 100 pL of 10 mg/mL NaBH, (employed as the
reductant) were added into DTPA-aptamer. After shaking for
20 min, the free Tc and excess reductant were removed via
centrifugal filtration until no radioactivity could be detected
in the filtration solution, thus yielding the #"Te-labeled ap-
tamers.

2.9 Single-photon emission computed tomography
(SPECT) imaging

The Balb/c mice bearing the CT26 tumors (~200 mm3) were
intravenously injected with 99mTc—apPDL1, P Te-C18-
apPDLI, or *"Tc-C18-apRAN (0.3 mCi). At 0.5, 2, 6, and
12 h postinjection, the mice were imaged with a small animal
SPECT (MILabs, Utrecht, the Netherlands) imaging system.
These mice were treated with blank 10% lactose (in-
travenous injection), oxaliplatin (3 mg/kg), or X-ray irra-
diation (8 Gy local treatment). Two days after the treatment,
the mice were intravenously injected with P Te-C18-
apPDL1 (0.3 mCi) and imaged at 0.5, 2, 4, 6, 8, and 12 h
postinjection.

2.10 Biodistribution

The Balb/c mice bearing the CT26 tumors (~150 mm3) were
intravenously injected with *’Tc-apPDL1, *"Tc-C18-
apPDLI, or *"Tc-C18-apRAN (0.1 mCi). At 24 h post-
injection, the mice were sacrificed, after which all major
organs and tumors were collected and weighed. The radio-
activities of the samples were measured with a gamma
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counter, after which the mice were pretreated with blank
10% lactose, X-ray irradiation (8 Gy), or oxaliplatin
(3 mg/kg). Two days after the treatment, the tumors were
collected from the mice and fixed with 4% paraformaldehyde
for immunohistochemistry assay to evaluate the expression
of PDL1. Concurrently, the mice were intravenously injected
with 99mTc-ClS—apPDLl (0.1 mCi) after the treatments and
were sacrificed 24 h postinjection. Afterward, all major or-
gans and tumors were collected and weighed. The radio-
activities of the samples were measured with a gamma
counter (LB211, Berthold Technologies Gmbh & Co. KG)

2.11 In vivo cancer therapy

Twenty-four C57BL/6 mice bearing B16 tumors (~30 mm3)
were randomly divided into four groups (n = 6), namely, the
PBS, apPDL1, anti-PDL1 (Bioxcell, BEO101), and C18-
apPDLI1 groups. Treatments were repeated every other day
five times at a dosage of 1 nmol aptamer or 15 pg of the
antibody. The tumor volumes were measured with a caliper
and calculated according to the following standard formula:
0.5 x length x width®. Three days after the fifth treatment,
one mouse from each group was sacrificed, and all of their
major organs (hearts, livers, spleens, lungs, and kidneys) and
tumors were collected and fixed with 4% paraformaldehyde
for hematoxylin and eosin (H&E), as well as terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
staining (Wuhan Servicebio Technology Co., Ltd., China).

2.12 Evaluation of the tumor immune microenvironment

Twenty C57BL/6 mice bearing B16 tumors (~30 mm3) were
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randomly divided into four groups (n = 5) as described
above. These mice were sacrificed on the third day after the
fifth treatment, and their tumors and blood were collected.
Next, single-cell suspensions of the tumors were prepared
with a homogenizer, and the tumor cells were stained for
flow cytometry analysis (CD3-FITC, CD4-APC, and CD8-
PE). The tumor necrosis factor alpha (TNF-a) and interferon
gamma (IFN-y) levels in the mice sera and tumor super-
natants were measured with the ELISA assays.

3 Results and discussion

To obtain the lipid-modified apPDL1 (C18-apPDL1) via the
solid-phase  DNA synthesis method, intermediate lipid
phosphoramidite was synthesized by employing octadecanol
and phosphoramidite following previous reports [47] (Figure
la). The structure of lipid phosphoramidite was confirmed
via proton and carbon-13 nuclear magnetic resonance spec-
trometry (IH and "C NMR, respectively), as well as high-
resolution electrospray ionization mass spectrometry (HR-
ESI-MS) (Figures S1-S3, Supporting Information online).
Thereafter, the interaction between the obtained C18-
apPDLI1 and albumin was investigated. Further, to simulate
the intravenous injection of lipid-oligonucleotides, apPDL1
or C18-apPDL1 was mixed with 40 mg/mL HSA (the ap-
proximate concentration in serum), after which the mixture
was loaded and subjected to PAGE. The gel bands indicated
that albumin did not change the electrophoresis behavior of
bare apPDLI, indicating that bare apPDL1 could not bind
with albumin (Figure 1b). In marked contrast, the migration
of C18-apPDL1 was significantly delayed after the addition

Synthesis of the albumin-binding lipid-aptamer. (a) Schematic of the solid-phase synthesis of the albumin-binding lipid-aptamer. (b) PAGE

analyses of apPDL1 and C18-apPDL1 after the incubation with HSA. The delayed gel band of C18-apPDL1 after the addition of HSA indicated the strong
interaction between C18-apPDL1 and HSA. (¢) PAGE analysis of C18-apPDL1 after the incubation with different concentrations of HSA (color online).
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of albumin, thus demonstrating the binding between lipid-
oligonucleotides and albumin. The slightly enlarged size of
albumin following the addition of lipid-oligonucleotides
further proved their binding (Figure S4). Further, it was
proven that C18-apPDL1 and albumin exhibited a con-
centration-dependent interaction (Figure 1c). C18-apPDL1
was incubated with fresh mouse serum and was subsequently
loaded for PAGE. Compared with the bare apPDL1, which
gradually degraded in 2 h, C18-apPDL1 remained stable
12 h after the incubation (Figure S5). Therefore, C18-
apPDL1 exhibited much higher stability than bare apPDL1
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probably because it bonded tightly with albumin to prevent
the degradation of the oligonucleotides by nuclease.

Next, we wondered whether lipid modification would
weaken the cell-binding affinity of the aptamer. To elucidate
this, B16 mouse melanoma cells, CT26 murine colon car-
cinoma cells, and C1498 mouse leukemia cells were in-
cubated with FAM-labeled bare apPDL1, C18-apPDL1, or
C18-apRAN in the binding buffer containing 10% FBS.
Flow cytometry analysis results (Figure 2a—c) revealed that
C18-apRAN exhibited negligible cell binding whereas C18-
apPDL1 exhibited strong cell binding that was comparable

a ! ] b - c i
@ i B16 cells ® CT26 cells © C1498 cells
Blank Blank Blank
k apPDL1 apPDL1 apPDL1
; C18-apRAN C18-apRAN C18-apRAN
C18-apPDL1 C18-apPDL1 C18-apPDL1
I LR RLLL IS T LR R S s R ™y ™y Ty ™y T Ty Lk | T
10 10 10* 10° 108 10 10 10° 10 10° 10 10" 10 10° 10° 10°
FAM-aptamer FAM-aptamer FAM-aptamer
@ B16 cells © CT26 cells ® 1498 cells
Blank Blank \ Blank
-FN-y IFN-y / -IFN-y
+IFN-y +IFN-y 4 / +IFN-y
| B Ll p e Ll R Rl ALl B al Ll R L SR LI S UL S R s L e e R T S SRR L IR BREA L BELLLL BEZE L BLEE
1 2 4 5 6
102 10° 10* 10° 10° 102 10° 10% 10° 108 10 10 10 10 10 10
FAM-aptamer FAM-aptamer FAM-aptamer
(9 ( (SIS
A
< & (3
¢ e
LI
b (S { ( < (‘
9 (= S b
& » & C
BT,
~
C L
¥ N N

Figure 2 In vitro cancer cell binding of the aptamer. Flow cytometry analyses of the B16 (a), CT26 (b), and C1498 (c) cells after the incubation with 200
nM FAM-labeled apPDL1, C18-apPDL1, and C18-apRAN. Flow cytometry analyses of the B16 (d), CT26 (e), and C1498 (f) cells after the incubation with
200 nM FAM-labeled C18-apPDL1. The cancer cells were pretreated with/without IFN-y. (g) Confocal images of the CT26 cells after the incubation with 200

nM FAM-labeled C18-apPDLI (color online).
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with that of bare apPDLI1 for all tested cell lines. To further
verify the strong cell-binding affinities of C18-apPDLI1 that
was attributed to the interaction between the apPDL1 and
PDL1 proteins on the surface of the cell membrane, the B16,
CT26, and C1498 cells were stimulated by IFN-y, which
could facilitate the upregulation of PDL1 expression (Figure
S6). Thereafter, the cancer cells exhibiting low and high
PDL1 expressions were incubated with the FAM-labeled
C18-apPDL1 and analyzed via flow cytometry. The results
indicated that the cell binding of C18-apPDLI1 correlated
positively with the PDL1 expression on those cells (Figure
2d—f and Figure S7), and the confocal images further in-
dicated visually that C18-apPDL1 was not engulfed by the
cancer cells; it was mainly bound to the cell surface (Figure
2g).

Next, the in vivo behaviors of lipid-oligonucleotides were
studied. After the intravenous injection, the calculated half-
lives of apPDL1 and C18-apPDL1 were 0.125 and 0.456 h,
respectively, demonstrating that C18-apPDL1 exhibited
much longer blood circulation time than bare apPDL1 owing
to the albumin-binding ability of C18-apPDL1 (Figure 3a).
The in vivo fluorescence images (Figure 3b) revealed that
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much stronger fluorescence signals were observed in the
mouse tumors after the intravenous injection of Cy5-labeled
lipid-aptamer than in the mice injected with Cy5-labeled free
aptamer. The ex vivo imaging of the major organs of the mice
24 h postinjection revealed the weak and strong signals in the
tumors and kidneys of the mice after the injection of bare
apPDLI1, respectively (Figure 3c). Conversely, strong and
weak signals were observed in the tumors and kidneys of the
mice after the injection of lipid-aptamer, respectively, in-
dicating that the in vivo behavior of the oligonucleotides
would be greatly changed after lipid modification. Compared
with the bare apPDL1 that could be rapidly eliminated from
the kidney owing to its low molecular weight, C18-apRAN,
following its binding with blood albumin, could accumulate
in the tumor owing to the enhanced permeability and reten-
tion effect. Thus, C18-apPDL1 demonstrating molecular
targeting and albumin-binding abilities exhibited the highest
tumor accumulation, and the notable fluorescence signals
observed in the confocal images of the tumor slices further
confirmed its superior tumor-targeting ability (Figure 3d).
Motivated by the excellent tumor-targeting ability of C18-
apPDL1, we wondered whether the radiolabeled C18-
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Figure 3 In vivo behavior of C18-apPDL1 based on fluorescence imaging in CT26 tumor-bearing Balb/c mice. (a) Blood circulation profiles of Cy5-labeled
ap-PDL1 and C18-apPDLI1 postintravenous injection. (b) /n vivo fluorescence images of the mice at different times (5 min, 30 min, 1 h, 2 'h, 4 h, and 6 h)
postintravenous injection of Cy5-labeled apPDL1, C18-apPDL1, and C18-apRAN (1 nmol). The white-dotted circles represent the tumors. (¢) Ex vivo
fluorescence images of the major organs 24 h postintravenous injec-tions of Cy5-labeled apPDL1, C18-apPDL1, and C18-apRAN (1 nmol). (d) Confocal
images of the tumor slices of the mice postintravenous injection of the Cy5-labeled apPDL1, C18-apPDL1, and C18-apRAN (1 nmol). The cell nuclei were
stained with DAPI (blue) (color online).



Tian et al.

apPDLI could act as a nuclear imaging agent. Here, DTPA as
a chelating radionuclide for #MTe labeling was conjugated to
the oligonucleotides via the chemical reaction between iso-
thiocyanate and the amino group (Figure 4a and Figure S8).
The mice bearing the subcutaneous CT26 tumors were in-
travenously injected with the #MTe-labeled oligonucleotides.
These mice were imaged with a small animal SPECT ima-
ging system at different times postinjection. Consistent with
the above fluorescence imaging results, much higher signals
were observed in the tumors of the mice that were treated
with C18-apPDL1 than in those of the mice that were treated
with apPDL1 and C18-apRAN (Figure 4b). The mice were
sacrificed 24 h postinjection. The major organs and tumors
were collected and weighed to calculate quantitative bio-
distribution. The “™Tc-labeled aptamers mainly accumu-
lated in their livers, spleens, and kidneys, indicating that
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aptamer could be captured by reticuloendothelial systems
and eliminated through the kidney. Notably, the tumor up-
takes of apPDLI1, C18-apPDL1, and C18-apRAN were
0.45%ID/g, 0.88%ID/g, and 0.41%ID/g, respectively (Fig-
ure 4c¢), demonstrating that the tumor uptake of C18-apPDL1
was almost two times that of free apPDLI.

It is well known that immunotherapy depends on the ex-
pression of the immune markers in tumors. Thus, to predict
therapeutic responses, radiolabeled C18-apPDL1 instead of
histological examination was employed to monitor the
changes in the immune markers posttherapy (Figure 4d). The
mice bearing the subcutaneous CT26 tumors were subjected
to chemotherapy (oxaliplatin) or radiotherapy (X-ray irra-
diation) treatments. Two days after the treatments, the tumors
were collected for immunohistochemical staining of PDL1
expression. The micrograph (Figure 4e) and statistical

X-ray or OXA  %mTc-C18-apPDL1  SPECT imaging
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Figure 4 In vivo nuclear imaging with C18-apPDL1 in CT26 tumor-bearing Balb/c mice. (a) Schematic of the chelation of the DTPA-conjugated aptamer
with “™Tc for SPECT imaging. (b) SPECT imaging and (c) quantitative biodistributions of %" To-labeled apPDLI1, C18-apPDL1, and C18-apRAN. (d)
Schematic of *™Tc-labeled C18-apPDL1 for monitoring PDL1 expression after radiotherapy or chemotherapy. (e) Micrographs and (f) statistics of the
immunohistochemical staining of PDL1 expression in the tumor two days after the radiation (X-ray, 8 Gy) or oxaliplatin (OXA, 3 mg/kg) treatment. (g)
SPECT imaging of the pretreated mice at different times after the injection of *"Tc-labeled C18-apPDLI1. (h) Biodistribution of *"Tc-labeled C18-apPDL1
in the tumor of the mice that were pretreated with radiation or OXA. The mice that were pretreated with PBS were employed as the blank control. The white-
dotted circles represent the tumors. The error bars denote the standard error of the mean (SEM), and the P values were calculated by ANOVA (***p <0.001)
(color online).
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(Figure 4f) data proved that oxaliplatin (OXA) and irradia-
tion could upregulate PDL1 expression in tumors. Simulta-
neously, the pretreated mice were intravenously injected with
¥ Te-labeled C18-apPDL1 and subsequently imaged by
SPECT (Figure 4g). Compared with the untreated tumors,
much stronger SPECT signals were observed in the tumors of
the mice that were treated with oxaliplatin or X-ray radiation,
indicating that the tumor uptake of #"Te-labeled C18-
apPDL1 correlated positively with PDL1 expression. After
24 h of injecting 99mTc—C18-apPDLl, quantitative biodis-
tribution further confirmed that the therapy-induced
upregulation of PDL1 expression was reflected by the im-
proved accumulation of C18-apPDL1 (Figure 4h). Overall,
these results demonstrated that radiolabeled C18-apPDL1
could monitor the changes in the PDL1 expressions in
tumors.

Inspired by the excellent binding between C18-apPDL1
and cancer cell surface PDL1 proteins, we further wondered
whether C18-apPDL1 could be an alternative to commercial
anti-PDL1 antibodies for ICB therapy. The mice bearing B16
tumors were randomly divided into four groups and were
treated with PBS, bare apPDL1, anti-PDL1 antibody, or C18-
apPDLI1 every other day five times (Figure 5a). The tumor
growth curves (Figure 5b and Figure S9) revealed that the
bare apPDL1 group exhibited negligible tumor growth in-
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hibition compared with the control group. The commercial
anti-PDL1 antibody also exhibited considerable tumor
growth inhibition ability. Interestingly, C18-apPDL1 with an
equal mass dose with the anti-PDL1 antibody exhibited
comparable tumor growth inhibition ability and significantly
increased the survival times of the mice (Figure 5c). The
H&E- and TUNEL-stained tumor slices from the mice also
revealed that the cancer cells were significantly damaged
post-C18-apPDL1 treatment (Figure 5d). Additionally, no
evident damage was observed in the main organs of the mice
posttherapy (Figure 5e), indicating the safety of C18-
apPDL1 (Figure S10).

To further clarify its excellent therapeutic efficacy, the
tumor immune microenvironment was evaluated post-C18-
apPDL1 treatment (Figure 6a). The results of the flow cy-
tometry analysis (Figure S11) indicated that the infiltration
of the CD3" (Figure 6b), CD4 (Figure 6¢), and CD8"
(Figure 6d) T lymphocytes in the tumors increased only
slightly post-apPDL1 treatment compared with that in the
control group. In marked contrast, the evidently increased
tumor infiltration of those T lymphocytes was observed post-
C18-apPDL1 and anti-PDL1 antibody treatments. The per-
centages of the CD8" lymphocytes among the CD3" cells
were also increased post-C18-apPDL1 and anti-PDL1 anti-
body treatments (Figures 6e and 6f). IFN-y and TNF-a, two

apPDL1

anti-PDL1 C18-apPDL1

Gy

Liver Spleen Lung

Figure 5 In vivo cancer immunotherapy with C18-apPDL1 in B16 tumor-bearing C57BL/6 mice. (a) Experimental design of cancer immunotherapy with
C18-apPDLI1. (b) Tumor growth curves after PBS, apPDL1, anti-PDL1, and C18-apPDL1 treatments at every other day five times. (c) Mice survival curves
after the various treatments. (d) H&E- and TUNEL-stained tumor slices of the mice three days after the fifth treatment. (¢) H&E-stained slices of the major
organs three days after the fifth treatment. Error bars denote SEM. P values were calculated by ANOVA (**p < 0.01 and ***p < 0.001) (color online).
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Figure 6 Immune activation after C18-apPDLI treatments in B16 tumor-bearing C57BL/6 mice. (a) Experimental design to evaluate the tumor immune
microenvironment after the treatment with C18-apPDLI1. (b) CD3", (c) CD4", and (d) CD8" immune cell percentages in the tumors after the PBS, apPDL1,
anti-PDL1, and C18-apPDL1 treatments. (¢) Representative percentages and (f) flow cytometry plots of the CD8" T cells among the CD3 " cells in the tumors
after the various treatments. (g—j) Cytokines TNF-o and IFN-y levels in the mice sera and tumors after the various treatments. Error bars denote SEM. P
values were calculated by ANOVA (*p < 0.05, **p < 0.01, and ***p < 0.001) (color online).

valuable types of cytokines that are secreted by activated T
cells, were measured after the various treatments (Figure 6g—
j)- Compared with the control and apPDL1-treated groups,
the C18-apPDL1 and anti-PDLI1 antibody treatments re-
markably increased the cytokine levels in the mouse sera and
tumors. These results together proved that C18-apPDL1
treatments could activate the immune system of a host to
facilitate strong antitumor immune responses, thereby de-
monstrating that C18-apPDL1 could be a substitute for anti-
PDL1 antibodies in cancer immunotherapy.

4 Conclusions

In summary, lipid-aptamer conjugates were prepared via the

solid-phase DNA synthesis method. The lipid modified
PDL1 aptamer could rapidly bind with albumin without
weakening its binding affinity with the PDL1 protein, and it
exhibited prolonged blood circulation time and enhanced in
vivo stability postintravenous injection. Further, the P Te-
labeled lipid-modified PDL1 aptamer as a nuclear imaging
agent exhibited high tumor-homing ability because of its
binding with PDL1, and it could be applied to the monitoring
of the changes in PDLI expression in tumors post-
chemotherapy and radiotherapy. This lipid modified PDL1
aptamer greatly delayed tumor growth and rivaled com-
mercial PDL1 antibodies at the same weight doses in cancer
immunotherapy. Thus, this article presented the lipid-
aptamer conjugate as a candidate for cancer immunoimaging
and immunotherapy.
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