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a b s t r a c t

Despite advances in immunotherapy for the treatment of cancers, not all patients can benefit from
programmed cell death ligand 1 (PD-L1) immune checkpoint blockade therapy. Anti-PD-L1 therapeutic
effects reportedly correlate with the PD-L1 expression level; hence, accurate detection of PD-L1
expression can guide immunotherapy to achieve better therapeutic effects. Therefore, based on the
high affinity antibody Nb109, a new site-specifically radiolabeled tracer, 68Ga-NODA-cysteine, aspartic
acid, and valine (CDV)-Nb109, was designed and synthesized to accurately monitor PD-L1 expression.
The tracer 68Ga-NODA-CDV-Nb109 was obtained using a site-specific conjugation strategy with a
radiochemical yield of about 95% and radiochemical purity of 97%. It showed high affinity for PD-L1 with
a dissociation constant of 12.34 ± 1.65 nM. Both the cell uptake assay and positron emission tomography
(PET) imaging revealed higher tracer uptake in PD-L1-positive A375-hPD-L1 and U87 tumor cells than in
PD-L1-negative A375 tumor cells. Meanwhile, dynamic PET imaging of a NCI-H1299 xenograft indicated
that doxorubicin could upregulate PD-L1 expression, allowing timely interventional immunotherapy. In
conclusion, this tracer could sensitively and dynamically monitor changes in PD-L1 expression levels in
different cancers and help screen patients who can benefit from anti-PD-L1 immunotherapy.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of Xi’an Jiaotong University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Immune checkpoint blockade therapy provokes an antitumor
immune response to eradicate tumors and has shown promise in
cancer therapy [1,2]. Programmed cell death-ligand 1 (PD-L1) is a
typical checkpoint for the immune system, naturally expressed in a
variety of cancer cells [3,4]. Several studies have indicated that the
interaction of PD-L1 with programmed cell death protein 1 (PD-1)
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results in tumor immune escape, consequently promoting tumor
development and metastasis. Inhibiting these interactions can
reactivate the toxic effect of T-cells and inhibit tumor proliferation
[5e7]. However, clinical research showed that only a small group of
patients can benefit from anti-PD-L1 inhibitors; the overall
response rate is <30% [8e10]. Various studies have demonstrated a
certain link between PD-L1 expression and the efficacy of immune
checkpoint medication [11e13]. On the whole, patients with high
PD-L1 expression showed a higher objective response rate than
those with low PD-L1 expression after receiving anti-PD-L1 ther-
apy. Therefore, precisely determining PD-L1 expression has become
essential for enhancing the response rate to immunotherapy [14].

Currently, PD-L1 expression is usually detected through
immunohistochemistry (IHC), and is a generally accepted predictor
of treatment response to immunotherapy. Nevertheless, IHC is an
invasive test that only tests PD-L1 expression in the local tumor at a
University. This is an open access article under the CC BY-NC-ND license (http://

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:tao.xu@smartnucl.com
mailto:qiuling@jsinm.org
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jpha.2022.09.001&domain=pdf
www.sciencedirect.com/science/journal/20951779
www.elsevier.com/locate/jpa
https://doi.org/10.1016/j.jpha.2022.09.001
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jpha.2022.09.001
https://doi.org/10.1016/j.jpha.2022.09.001


Y. Chen, S. Zhu, J. Fu et al. Journal of Pharmaceutical Analysis 12 (2022) 869e878
specific time [15]. Due to tumor spatial and temporal heterogeneity,
it is difficult to track slight variations in PD-L1 expression
throughout the entire therapy course using IHC [16,17]. In addition,
the occurrence and development of PD-L1 expression in malig-
nancies is a complex process, which may be related to therapeutic
interventions, such as radiotherapy, chemotherapy, and interferon-
g. Therefore, it is necessary to develop molecular imaging tech-
niques that can comprehensively and precisely detect PD-L1
expression [18,19]. Positron emission tomography (PET) imaging
can monitor PD-L1 expression in the whole body non-invasively
and quantitatively [20], and can be used to effectively select pa-
tients suitable for immunotherapy, providing meaningful guidance
for developing a treatment strategy [21].

In recent years, research on PD-L1 targeted tracers has achieved
positive results [22]. Several radionuclide-labeled monoclonal an-
tibodies with high affinity for PD-L1 have been reported and suc-
cessfully applied to monitor PD-L1 expression in lung cancer in real
time [23]. Furthermore, a novel tracer 89Zr-C4 based on a mono-
clonal antibody has been developed to sensitively detect PD-L1
expression change in malignancies caused by standard chemo-
therapy (doxorubicin (DOX) and paclitaxel) in real time, and could
provide guidance for clinical immunotherapy [24,25]. However, the
antibody-based tracer needs to be labeled with a radioisotope with
a long physical half-life (e.g., 64Cu and 89Zr). To obtain high contrast
images, these antibody-based tracers would require a long circu-
lation period, because of their slow elimination from the blood and
normal organs, and might miss the optimal treatment time,
limiting their clinical applications [26,27]. Therefore, it is necessary
to develop tracers that can be quickly cleared from non-target tis-
sues to achieve fast visualization of PD-L1 dynamic expression.
Over the last decade, a variety of small-size tracers, such as the
peptide-based tracer 68Ga-WL12, have been developed and suc-
cessfully applied to detect PD-L1 expression in various malig-
nancies [28]. Compared with the peptide, however, the single-
domain antibody has a higher affinity for PD-L1. The tracer 68Ga-
NOTA-Nb109, based on the single-domain antibody Nb109 previ-
ously developed by our group, could quickly identify PD-L1-
positive tumors; the clear tumor contour persisted for a long time
[29]. Nonetheless, since the Nb109 framework contains three lysine
units, the conjugation between the metal-chelator and the anti-
body cannot be controlled during preparation. Therefore, the
radiotracer precursor structure was heterogeneous: a mixture of
single- and double-NOTA coupled with nanobody [29]. With the
development of antibody-based cancer treatment methods,
increasing attention has been paid to alternative conjugation
techniques, such as cysteineemaleimide site-specific strategy
[30,31]. Numerous studies on tracers with cysteine-based site-
specificity have shown a higher signal-to-noise (S/N) ratio than
those with random conjugation, demonstrating that this strategy
improves tracer properties in vitro and in vivo [32,33]. Moreover,
site-specific conjugation could maintain the high affinity of the
single-domain antibody and minimize the loss of immune-
reactivity [34e36]. For improved clinical application, the conjuga-
tion site between chelator and antibody should be precisely
controlled to prepare a tracer with a homogeneous structure.

Here, a tripeptide, i.e., cysteine, aspartic acid, and valine (CDV),
was site-specifically inserted into an Nb109 sequence, which con-
tained no cysteine residue by genetic engineering. Then, the metal-
chelator reacted with the exposed cysteine sulfhydryl group of
Nb109 (1:1) to obtain the precursor NODA-CDV-Nb109 with a ho-
mogeneous structure, thereby achieving site-specific labeling. This
kind of site-specific conjugation strategy provided stoichiometric
control andmaintained the high affinity of Nb109 for PD-L1 [37,38].
The present results demonstrated that the radiolabeled site-specific
tracer 68Ga-NODA-CDV-Nb109 exhibited promising clinical value
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for sensitively and accurately monitoring changes in PD-L1
expression and possessed great potential in guiding tumor immu-
notherapy under PET imaging.

2. Materials and methods

2.1. Materials

Maleimide-NODA was purchased from Qiyue Biology Co., Ltd.
(Xi'an, China). Mass spectra were recorded on a high-resolution
LTQ-Orbitrap XL mass spectrometer (Thermo Fisher Scientific Inc.,
Waltham, MA, USA). An Eckert and Ziegler AG 68Ge/68Ga generator
(ITG GmbH, Berlin, Germany) was used to produce the radioisotope
[68Ga]3þ. High performance liquid chromatography (HPLC) or
radio-HPLC analysis was performed on a Waters 2998 (Waters,
Milford, MA, USA) with SuperGalaxy-SEC-S2000 chromatographic
column purchased from FLM Scientific Instrument Co., Ltd.
(Guangzhou, China). All centrifugations were performed in a GL-
12MD centrifuge from Ruijiang Analytical Instrument Co., Ltd.
(Wuxi, China). Radio-thin layer chromatography (radio-TLC) anal-
ysis was performed on the Mini-Scan TLC scanner (Bioscan, Santa
Barbara, CA, USA) using 10 mM citric acid buffer as developing
agent. All chemicals and reagents were bought from China National
Pharmaceutical Group Co., Ltd. (Wuxi, China) unless otherwise
stated. All cell culture and biological experiment related reagents
were bought from Biological Industries (Migdal HaeMek, Israel)
and Beyotime Biotechnology Co., Ltd. (Shanghai, China) unless
otherwise stated.

2.2. Preparation of 68Ga-NODA-CDV-Nb109

Based on our previous research [29], a tripeptide consisting of
cysteine, aspartic acid, and valine was inserted into the Nb109
sequence by genetic engineering. Since the original Nb109
sequence did not contain the cysteine residue, the DNA fragment
corresponding to these three amino acids was introduced at the tail
of the known nanobody Nb109. Next, the newly obtained fragment
was cloned in a vector pcDNA4 (Invitrogen, Carlsbad, CA, USA).
After further transient transfection and purification according to
the method reported previously [29], the antibody fragment CDV-
Nb109 was obtained. Then, the precursor NODA-CDV-Nb109 was
prepared by binding maleimide-NODA to the amino acid modified
single-domain antibody CDV-Nb109. CDV-Nb109 was blended with
maleimide-NODA at a molar ratio of 1:2, dissolved in NH4OAc, and
agitated at 37 �C for 2 h. The reaction was then purified via ultra-
filtration, and the purified NODA-CDV-Nb109 was collected in pure
water and stored at �80 �C.

For radiolabeling, the radioisotope [68Ga]3þ was eluted from the
68Ge/68Ga generator using hydrochloric acid (0.05 M, 4 mL). The
middle fraction (1.4 mL) with >85% of radioactivity was transferred
into a reaction vial containing the single-domain antibody NODA-
CDV-Nb109 (60 mg). After adjusting the pH of the reaction system
to 4.0 with sodium acetate buffer (0.25 M, 340 mL), the reaction
mixture was incubated at 37 �C for 15 min and purified with a PD-
10 column (GE Healthcare, Boston, MA, USA).

2.3. Stability assay

During the in vitro stability assay, the radiotracer 68Ga-NODA-
CDV-Nb109 (1.85 � 107 Bq) was incubated with 500 mL of serum
from SenBeiJia Biological Technology Co., Ltd. (Nanjing, China) or
500 mL of phosphate-buffered saline (PBS) at 37 �C for different time
(0.5, 1, 2, and 4 h), respectively. The percentage of the parent
compound 68Ga-NODA-CDV-Nb109 at each time point was
assessed by radio-HPLC. For the in vivo stability assay, mice were
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injected with 68Ga-NODA-CDV-Nb109 (1.3 � 107 Bq) via the tail
vein. At 1 h post injection, blood was obtained from the tail vein
and tested using radio-HPLC to estimate the percentage of the
parent compound in the blood sample.

2.4. Cell culture and Western blot analysis

Human melanoma cells A375 and human PD-L1 gene-trans-
fected A375 cells (A375-hPD-L1) were provided by Smart Nuclide
Biopharma Co., Ltd. (Suzhou, China). Human glioma cells U87 and
lung cancer cells NCI-H1299 were acquired from the Chinese
Academy of Sciences (Shanghai, China). All cell lines were cultured
at 37 �C under 5% CO2 in Dulbecco’s modified Eagle medium or
1640 medium with 10% fetal bovine serum and 1% penicillin-
streptomycin.

To determine PD-L1 expression level in these cancer cell lines,
Western blot analysis was performed at first. A375, A375-hPD-L1,
and U87 cells were harvested and lysed by RIPA, respectively. The
supernatant was collected after centrifugation (12,000 r/min,
15 min) and then Western blot analysis was performed with
standard procedures using the following reagents: rabbit anti-
human PD-L1 (Abcam, Cambridge, UK), b-actin, and secondary
antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA). PD-L1
expression level measured by Western blot was quantified with
ImageJ software.

2.5. Binding affinity assay

The binding affinity of 68Ga-NODA-CDV-Nb109 in vitro was
assessed by saturation assay. In brief, A375-hPD-L1 cells were
seeded into 12-well plates (3 � 105 per well) and incubated with
increasing concentrations (0e125 nM) of 68Ga-NODA-CDV-Nb109
alone total binding (TB) or an additional 100-fold excess of NODA-
CDV-Nb109 non-specific binding (NSB) at 37 �C for 1 h, respectively.
After washed twice, the radioactivity was measured with a g
counter (1470 Wizard, Perkins Elmer Corp., Norwalk, CT, USA). The
specific binding was plotted against the 68Ga-NODA-CDV-Nb109
concentration, and the dissociation constant (KD) was calculated
using nonlinear regression as implemented in the SPSS13.0
software.

2.6. Effect of DOX on cell viability and PD-L1 expression

First, the cytotoxicity of DOX purchased from Aladdin Co., Ltd.
(Shanghai, China) against NCI-H1299 cells was studied using a
traditional methyl thiazolyl tetrazolium (MTT) assay. Cells were
seeded into a 96-well plate (8 � 103 per well) and incubated
overnight. Fresh medium containing different DOX concentrations
(0, 0.625, 1.25, 2.5, 5, 10, 20, and 40 mM) was added to each well.
After 48 h, MTT (20 mL/well, 5 mg/mL) was added and incubated for
another 4 h. Then dimethylsulfoxide (150 mL/well) was added to
each well to lyse the formazan crystal, and the absorbance was
Scheme 1. Synthetic route of 68Ga-NODA-CDV-Nb
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recorded at 490 nm (Model 3550, Bio-Rad, Hercules, CA, USA).
Finally, the half-inhibition concentration (IC50) of DOX against NCI-
H1299 cells was determined by nonlinear regression as imple-
mented in SPSS13.0.

Second, the change in PD-L1 expression in DOX-treated NCI-
H1299 cells was detected by Western blot. Cells were seeded into a
6-well plate (3 � 105 per well) and incubated with DOX at different
concentrations (0, 0.3125, 0.625, 1.25, 2.5, and 5 mM) for 48 h,
respectively. Then, cell lysis, protein quantification, and Western
blot analysis were carried out according to instruction manuals.
Finally, PD-L1 expression measured byWestern blot was quantified
with ImageJ software.

2.7. Cellular uptake

Uptake of 68Ga-NODA-CDV-Nb109 in different cancer cells was
explored to assess its specificity and sensitivity in detecting PD-L1
expression. In brief, A375, A375-hPD-L1, and U87 cells
(1 � 106 cells/200 mL) were transferred to test tubes, respectively.
Then, the tracer 68Ga-NODA-CDV-Nb109 (3.7 � 104 Bq) was added
to each tube, and subsequently incubated at 37 �C for 15, 30, 60, and
120 min, respectively. In the blocking group, cells were pre-treated
with 500-fold precursor 30 min in advance. Then, cells were
collected by centrifugation (1,500 r/min, 5 min) after washing twice
and a g counter was used to measure the radioactivity. Cellular
uptake of tracer was expressed as the percentage of radioactivity
retained in cells after incubation for different time relative to the
total radioactive tracer added (AD%).

To further investigate the ability of 68Ga-NODA-CDV-Nb109 to
detect changes in PD-L1 expression, a cellular uptake assay was
carried out for NCI-H1299 cells before and after DOX treatment.
NCI-H1299 cells were seeded into 6-well plates (3 � 105 per well)
and incubated with fresh medium or DOX (2.5 mM) for 48 h,
respectively. Afterwards, the same procedure as the above-
mentioned one was performed, including 68Ga-NODA-CDV-Nb109
addition, cells incubation and collection (trypsin enzymic digestion
and centrifugation), washing, and radioactivity measurement.
Considering that the cytotoxic effect of DOX might affect the tracer
uptake in cells to a certain extent, the protein concentration at each
time point was measured by the Bradford method. Finally, the
cellular uptake was expressed as the radioactivity per milligram of
protein (AD%/mg).

2.8. Animal models

Female BALB/c nudemice (4e5weeks old) were purchased from
Cavens Laboratory Animal Co., Ltd. (Changzhou, China). Tumors
were implanted at the right shoulder by a subcutaneous injection of
different cancer cells (5 � 106) in 100 mL of PBS, respectively. To
eliminate individual differences as much as possible, A375 and
A375-hPD-L1 cells were subcutaneously inoculated into the left
and right shoulder of the same mouse, respectively. When the
109. CDV: cysteine, aspartic acid, and valine.
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tumor volume reached 300e500 mm3, small animal PET imaging
and other biological experiments could be performed. NCI-H1299
tumor-bearing mice were categorized into two groups. One
received DOX (2 mg/kg) intravenously once every two days for 5 to
7 times, and the other received saline as a control. All experiments
involving animals were approved by the Animal Care and Ethics
Committee of Jiangsu Institute of Nuclear Medicine, China.

2.9. PET imaging

Tumor-bearing mice (3e4mice/group, n¼ 4) were anesthetized
with isoflurane: O2 (2% (V/V), 2 mL/min) and scanned using a
micro-PET scanner (Siemens, Nürnberg, Germany) after intrave-
nous injection of 68Ga-NODA-CDV-Nb109 (4.0e5.0 MBq). Whole-
body PET imaging was performed by dynamic scanning for 1 h
and static imaging for 10 min. The tissue uptake of tracer was
estimated using the technique of region of interest (ROI) and the
results were expressed as percentage of radiotracer in the ROI
relative to the injected total radioactive dose (%ID/mL).

2.10. Biodistribution and pharmacokinetics study

Biodistribution of the tracer in normal mice, A375-hPD-L1/
A375, and U87 tumor-bearing mice (n ¼ 5) was studied and
compared after intravenous injection of 68Ga-NODA-CDV-Nb109
(5 � 106 Bq). At 1 h post injection, mice were sacrificed and tissues
or organs of interest were harvested and weighed, including tumor
and major normal organs. Then, the radioactivity was measured
with a g counter. Finally, biodistribution of the tracer was expressed
as percentage of the injected dose per gram of tissue (%ID/g).

For the pharmacokinetics study, blood samples were collected
Fig. 1. Radiolabeling and stability evaluation of 68Ga-NODA-cysteine, aspartic acid, and valin
NODA-CDV-Nb109. (B) In vitro stability assay of 68Ga-NODA-CDV-Nb109 in phosphate-buffe
for 2 h. (D) In vivo stability assay of 68Ga-NODA-CDV-Nb109 in nude mice at 1 h post injec
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at different time points (1, 3, 5, 7, 10, 15, 20, 25, 30, 45, 60, 90, and
120 min) via the end of the tail vein of normal nude mice (n ¼ 4).
The blood sample was weighed, and the radioactivity was
measured with a g counter. Then, pharmacokinetic parameters
were analyzed using the DAS 2.1 program.

2.11. Statistical analysis

All results are expressed as mean ± SD (n ¼ 3). Statistical anal-
ysis was conducted with the software Origin2018. One-way anal-
ysis of variance and the least significant difference t-test were used
for data analysis. P < 0.05 was considered statistically significant.

3. Results and discussion

3.1. Synthesis and characterization

To synthesize a tracer with a uniform structure, a tripeptide
(CDV) was inserted at a specific site in the nonblocking antibody
(Nb109), and maleimide-NODA reacted with the exposed cysteine
sulfhydryl group (1:1) to obtain the homogeneous precursor
NODA-CDV-Nb109. The representative HPLC chromatogram
showed >96% purity of NODA-CDV-Nb109 (Fig. S1). Electrospray-
quadrupole-time of flight-mass spectrometry (ESI-Q-TOF-MS)
indicated a molecular weight of NODA-CDV-Nb109 of 14,426
(Fig. S2), which confirmed that the product was a single-NODA
chelator conjugated with each single-domain antibody. Subse-
quently, the radiochemical synthesis of 68Ga-NODA-CDV-Nb109
was performed as shown in Scheme 1. 68Ga-NODA-CDV-Nb109 was
produced at 95% radiochemical yield and 97% radiochemical purity
(Fig. S3), and the molar activity was measured to be 26.17 ± 3.32
e (CDV)-Nb109. (A) High performance liquid chromatography (HPLC) analysis of 68Ga-
red saline (PBS) for 4 h. (C) In vitro stability assay of 68Ga-NODA-CDV-Nb109 in serum
tion.
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GBq/mmol (n ¼ 3). The representative radio-HPLC chromatogram
further verified the high yield and purity of 68Ga-NODA-CDV-
Nb109 (Fig. 1A).

3.2. Stability evaluation

Tracer stability was evaluated first given its critical importance
for in vivo biological applications. After incubated with PBS at 37 �C
for 4 h, the percentage of parent compound 68Ga-NODA-CDV-
Nb109 was determined to be >95% (Fig. 1B), suggesting that the
tracer was stable enough in PBS. Radio-HPLC analysis showed some
impurity peaks over time during incubation in serum, but still ac-
counting for <10% (Fig. 1C). After incubation for 2 h, the percentage
of parent compound 68Ga-NODA-CDV-Nb109 was still high
(approximately 92%), revealing good stability in serum. Further-
more, in vivo stability was also investigated. The percentage of the
parent compound analyzed by radio-HPLC in blood samples from
mice was >90% (Fig. 1D), indicating satisfactory stability in vivo.
Together, the tracer 68Ga-NODA-CDV-Nb109 was found to have
excellent stability and could be used for further experiments.

3.3. In vitro specificity assay

To identify the PD-L1 targeting specificity of 68Ga-NODA-CDV-
Nb109, the PD-L1 expression in various cancer cells was detected.
As shown in Fig. 2A, PD-L1 expression in A375-hPD-L1 cells was 5
times higher than that in non-transfected A375 cells; U87 is a wild-
type cancer cell with high PD-L1 expression, two times as high as
that in A375. However, compared with A375-hPD-L1, PD-L1
expression in U87 cells was approximately half that in A375-hPD-
Fig. 2. In vitro specificity assay. (A) Western blot analysis of programmed cell death ligand 1
L1 expression in Western blot analysis. (C) Binding affinity assay of 68Ga-NODA-CDV-Nb109 t
hPD-L1, and A375-hPD-L1 pre-treated with 500-fold NODA-CDV-Nb109 at different times.
specific binding; CDV: cysteine, aspartic acid, and valine.
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L1 cells (Fig. 2B). Subsequently, these cell lines were chosen to
assess the targeting ability of 68Ga-NODA-CDV-Nb109.

To investigate whether the site-specific conjugation strategy
would affect the tracer affinity, saturation assay was performed to
measure the affinity of 68Ga-NODA-CDV-Nb109 to PD-L1. The KD of
68Ga-NODA-CDV-Nb109 was 12.34 ± 1.65 nM (Fig. 2C). Compared
with similar tracers 124I-anti-hPD-L1 Nb6 (KD ¼ 2.19 nM) [39] and
[18F]LG-1 (KD ¼ 63.13 nM) [40], ours showed a higher affinity for
PD-L1. The saturation assay proved that site-specific conjugation
did not alter the characteristics of single-domain antibody and that
the tracer still had a strong affinity for PD-L1.

A cellular uptake assay was carried out to investigate the tracer
specificity for measuring PD-L1 expression levels in cancer cells.
Compared with A375-hPD-L1 and U87 cells, 68Ga-NODA-CDV-
Nb109 had low uptake in A375 cells at all time points. Tracer uptake
in A375-hPD-L1 cells was nearly three times as much as that in
non-transfected A375 cells (Fig. 2D). Tracer uptake in U87 cells
decreased slightly in comparisonwith that in A375-hPD-L1 but was
still higher than that in PD-L1 negative A375 cells (Fig. 2D). After
incubating for 30 min, the tracer uptake in U87, A375, and A375-
hPD-L1 cells reached an equilibrium value of 2.26% ± 0.32%,
1.36% ± 0.24%, and 3.35% ± 0.21%, respectively. After pretreatment
with 500-fold excess of NODA-CDV-Nb109 for 30 min, the
maximum tracer uptake in A375-hPD-L1 cells decreased to
1.56% ± 0.23%, almost as that in A375 cells (Fig. 2D).

3.4. Effect of DOX on PD-L1 expression in cancer cells

DOX, a member of anthracycline family, can kill cancer cells by
inhibiting the synthesis of RNA and DNA, and has been found to
(PD-L1) expression in U87, A375, and A375-hPD-L1 cell lines. (B) Quantification of PD-
o A375-hPD-L1 cells. (D) Cellular uptake of 68Ga-NODA-CDV-Nb109 in U87, A375, A375-
*P < 0.05; **P < 0.01; ***P < 0.001. TB: total binding; SB: specific binding; NSB: non-
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upregulate PD-L1 expression in colorectal cancer [41]. In the pre-
sent study, the ability of the tracer to detect the DOX-induced
variation in PD-L1 expression of NCI-H1299 cells, one type of
non-small cell lung cancer (NSCLC) cell line with low PD-L1
expression [42], was investigated. First, the IC50 of DOX against
NCI-H1299 cells was measured to be 1.05 ± 0.15 mM (Fig. 3A). Then,
change in PD-L1 expression of NCI-H1299 cells induced by different
DOX concentrations (0, 0.3125, 0.625, 1.25, 2.5, and 5 mM) was
evaluated (Fig. 3B). According toWestern blot analysis, DOX-treated
NCI-H1299 cells showed increased PD-L1 expression compared
with the DOX-untreated group. For 2.5 mM DOX, the PD-L1
expression in NCI-H1299 reached the peak, 2.1 times higher than
in the control group (Fig. 3C).

Moreover, 68Ga-NODA-CDV-Nb109 was applied to monitor the
increased PD-L1 expression caused by DOX. The uptake of 68Ga-
NODA-CDV-Nb109 in NCI-H1299 cells incubatedwith DOX (2.5 mM)
for 48 h was twice as much as that in DOX-untreated cells. The
maximum tracer uptake in DOX-treated and untreated groups was
2.25 ± 0.34 and 0.80 ± 0.26 AD%/mg, respectively, based on protein
quantification (Fig. 3D). All cellular uptake assays were also
consistent with Western blot analysis. This demonstrated that the
upregulation of PD-L1 in DOX-treated NCI-H1299 cells could be
specifically detected by 68Ga-NODA-CDV-Nb109.

3.5. In vivo PET imaging

Considering the in vitro superior PD-L1 targeting ability of 68Ga-
NODA-CDV-Nb109, PET imaging was used to investigate its po-
tential utility in monitoring PD-L1 expression in vivo. At 10 min
post injection, representative PET images exhibited rapid and high
Fig. 3. Effects of doxorubicin (DOX) on NCI-H1299 cell viability and programmed cell death l
analysis of PD-L1 expression in cells treated with different concentrations of DOX for 48 h. (C
in non-treated and DOX-treated cells (2.5 mM DOX) for 48 h. **P < 0.01; ***P < 0.001. CDV:
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accumulation of 68Ga-NODA-CDV-Nb109 in A375-hPD-L1 xeno-
grafts (right), and the radioactive signal in the tumor could persist
for >1 h (Fig. 4A). On the contrary, the PD-L1-negative A375 tumor
(left) was invisible throughout the whole imaging process. The
maximum tracer uptake in A375-hPD-L1 tumor was 4.99 ± 0.42 %
ID/mL (Fig. 4B), nearly three times that in A375 tumor (1.96 ± 0.36 %
ID/mL) and muscle (1.56 ± 0.31 %ID/mL). The tracer had a favorable
tumor-to-muscle (T/M) uptake ratio in the A375-hPD-L1 tumor and
increased gradually from 3.03 at 10 min post injection to 5.84 at
60 min post injection. However, the T/M ratio in A375 tumor was
relatively low (1.51 ± 0.14) and showed no significant change in the
whole imaging process (Fig. 4E).

Since wild-type cancer is more convincing than a genetically
modified model, PET imaging of 68Ga-NODA-CDV-Nb109 in wild-
type U87 xenograft was also performed. Representative PET images
of the U87 xenograft exhibited a favorable tumor uptake of 68Ga-
NODA-CDV-Nb109 at different time points (Fig. 4C). According to ROI
analysis (Fig. 4D), uptake of 68Ga-NODA-CDV-Nb109 in U87 tumor
reached a maximum uptake of 3.01 ± 0.52 %ID/mL at 10 min post
injection and then slowly reduced to 1.16 ± 0.34 %ID/mL at 60 min.
The T/M ratio was relatively constant over time and the highest up-
take ratio could reach 4.40± 0.53 at 30min (Fig. 4E). The tracer could
quickly identify tumors with high PD-L1 expression and rapidly clear
from non-target tissues, thus providing a high tumor-to-background
PET image within a short time. The tumor uptake of 68Ga-NODA-
CDV-Nb109 in PET imaging was consistent with the cellular uptake
assay. Although 68Ga-NODA-CDV-Nb109 showed favorable accumu-
lation in U87 tumor, its tumor uptake was remarkably lower than
that in A375-hPD-L1, mainly attributed to different PD-L1 expression
levels in various cancers. These results illustrated that 68Ga-NODA-
igand 1 (PD-L1) expression. (A) Cytotoxicity assay of DOX against cells. (B) Western blot
) Quantification of Western blot analysis. (D) Cellular uptake of 68Ga-NODA-CDV-Nb109
cysteine, aspartic acid, and valine.
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CDV-Nb109 could measure PD-L1 expression in different tumors in a
non-invasive and sensitive manner.

Furthermore, considering that chemotherapy could modulate
PD-L1 expression levels in malignancies, 68Ga-NODA-CDV-Nb109
was used to track changes in PD-L1 expression in NCI-H1299
xenograft after DOX treatment. This treatment significantly
inhibited tumor growth and the mice showed no obvious abnor-
mality. According to PET imaging (Figs. 5A and B), a substantial
difference in tracer accumulationwas observed in the presence and
absence of DOX treatment. In the DOX-untreated group, the
tracer accumulation in the tumor reached the maximum of
1.18 ± 0.12 %ID/mL at 10 min post injection; but no significant dif-
ference could be found between tumor and muscle uptake during
the first 60 min PET scanning (Fig. 5C). In contrast, the tumor up-
take of 68Ga-NODA-CDV-Nb109 in DOX-treated mice was
3.50 ± 0.43 %ID/mL at 10 min and then declined to 1.45 ± 0.32 %ID/
mL at 60min, still higher than the maximum tumor uptake in DOX-
untreated mice (Fig. 5D). However, the muscle uptake of the tracer
did not significantly differ between DOX-treated and DOX-
untreated groups. Hence, DOX-treated mice produced a favorable
T/M uptake ratio of 3.98 ± 0.52 (Fig. 5E). Although the overall
background uptake of 68Ga-NODA-CDV-Nb109 in DOX-treated NCI-
H1299-bearing mice was higher than that in DOX-untreated mice,
which might be due to the systemic toxicity of DOX, 68Ga-NODA-
CDV-Nb109 could sensitively and accurately identify the upregu-
lation of PD-L1 caused by DOX. Together, these findings proved that
DOX could upregulate PD-L1 expression in tumors and that 68Ga-
NODA-CDV-Nb109 could be used tomonitor this change sensitively
Fig. 4. Micro-positron emission tomography (PET) imaging of A375, A375-hPD-L1, and U87-
mice after injection of 68Ga-NODA-CDV-Nb109 (4.0e5.0 MBq). (B) Tumor and muscle upta
images of U87 tumor-bearing mice after injection of 68Ga-NODA-CDV-Nb109 (4.0e5.0 MBq)
(E) Tumor-to-muscle (T/M) uptake ratio determined from quantification of PET images. ***

valine.
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and dynamically. In addition, all PET images clearly revealed high
tracer accumulation in the kidney and bladder, suggesting that
68Ga-NODA-CDV-Nb109 was primarily metabolized through the
kidney and bladder.

3.6. Biodistribution and pharmacokinetics study

Biodistribution of 68Ga-NODA-CDV-Nb109 in normal mice,
A375-hPD-L1/A375 tumor-bearing mice, and U87 tumor-bearing
mice was investigated and compared. As observed from Fig. 6 and
Table S1, the radioactivity in the blood of normal mice, A375-hPD-
L1/A375, and U87 tumor-bearing mice at 1 h post injection was
1.65 ± 0.94, 1.75 ± 0.21, and 1.21 ± 0.49 %ID/g, respectively. The
kidneys in normal mice and tumor-bearing mice all exhibited
remarkably high tracer uptake at 1 h (45.23 ± 3.77, 48.72 ± 0.70,
and 44.77 ± 6.88 %ID/g, respectively), consistent with PET imaging.
This further demonstrated that the tracer 68Ga-NODA-CDV-Nb109
was excreted mainly from the urinary system. Compared with the
A375 tumor uptake (1.05 ± 0.21 %ID/g), the A375-hPD-L1 tumor
displayed higher tracer uptake (4.02 ± 0.35 %ID/g). In U87 tumor-
bearing mice, tracer accumulation in the tumor was 1.51 ± 0.22 %
ID/g, 1.5-times as high as that of A375 tumor. According to the
biodistribution analysis (Fig. 6 inset), the T/M uptake ratio in A375-
hPD-L1 and U87 tumor-bearing mice was 6.77 ± 0.38 and
4.02 ± 0.17, respectively, 3.9- and 2.4-fold of that in A375 tumor-
bearing mice (1.77 ± 0.44). This further confirmed the results of
PET imaging and verified the high specificity of 68Ga-NODA-CDV-
Nb109 to PD-L1.
bearing mice. (A) Representative PET images of A375 and A375-hPD-L1 tumor-bearing
ke of 68Ga-NODA-CDV-Nb109 in A375 and A375-hPD-L1 mice. (C) Representative PET
. (D) Tumor and muscle uptake of 68Ga-NODA-CDV-Nb109 in U87 tumor-bearing mice.
P < 0.001. NS: no significant difference in statistics; CDV: cysteine, aspartic acid, and



Fig. 5. Micro-positron emission tomography (PET) imaging of NCI-H1299-bearing mice with or without doxorubicin (DOX) treatment. (A) Dynamic PET images of the xenograft
with injection of 68Ga-NODA-CDV-Nb109 (4.0e5.0 MBq). (B) Representative PET images of DOX-treated xenograft with injection of 68Ga-NODA-CDV-Nb109 (4.0e5.0 MBq). (C)
Tumor and muscle uptake of 68Ga-NODA-CDV-Nb109 in DOX-untreated xenograft. (D) Tumor and muscle uptake of 68Ga-NODA-CDV-Nb109 in DOX-treated xenograft. (E) Tumor-to-
muscle (T/M) uptake ratio determined from quantification of PET images. ***P < 0.001. NS: no significant difference in statistics; CDV: cysteine, aspartic acid, and valine.
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As shown in Fig. 7, the metabolism of 68Ga-NODA-CDV-Nb109 in
normal mice displayed linear kinetics and its concentration-time
curve conformed to a two-compartment pharmacokinetics
model. The clearance half-life of 68Ga-NODA-CDV-Nb109 was
determined to be about 49.24 min and the total clearance rate was
0.021 L/min/kg, indicating that 68Ga-NODA-CDV-Nb109 could be
quickly cleared from the blood resulting in a high S/N ratio.
Fig. 6. Biodistribution of 68Ga-NODA-CDV-Nb109 in normal mice, A375-hPD-L1/A375,
and U87-tumor bearing mice at 1 h post injection. Insert: Tumor-to-muscle (T/M)
uptake ratio of 68Ga-NODA-CDV-Nb109 in A375-hPD-L1/A375 and U87 tumor-bearing
mice. ***P < 0.001. CDV: cysteine, aspartic acid, and valine.
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As a whole, the site-specific radiolabeled 68Ga-NODA-CDV-
Nb109 was also produced at high radiochemical yield and purity,
compared with our previously reported tracer 68Ga-NOTA-Nb109
that was prepared using stochastic radiolabeling (Table 1) [29,42].
The percentage of the parent compound 68Ga-NODA-CDV-Nb109
and 68Ga-NOTA-Nb109 analyzed by HPLC was >90% in both cases
after incubation in serum and PBS for 2 h, suggesting that both
tracers had satisfactory stability. The cellular uptake assay showed
remarkably higher uptake of the site-specifically radiolabeled
tracer 68Ga-NODA-CDV-Nb109 in PD-L1 positive cells than in PD-L1
negative cells, indicating that it possessed a high targeting ability to
Fig. 7. Pharmacokinetics behavior of 68Ga-NODA-CDV-Nb109 in normal mice.



Table 1
Comparison of 68Ga-NOTA-Nb109 and 68Ga-NODA-CDV-Nb109.

Analytes Labeling
method

Homogeneous
structure

RCY
(%)

RCP
(%)

Molar activity
(GBq/mol)

RCP of probe
in serum for
2 h (%)

RCP of
probe in
PBS for 2 h (%)

Maximum tumor
uptake of
A375-hPD-L1
(%ID/mL)

Maximum tumor
uptake of U87
(%ID/mL)

Maximum
T/M ratio in
A375-hPD-L1

Maximum
T/M ratio
in U87

Refs.

68Ga-NOTA-Nb109 Random No >95 >98 25.17 ± 3.26 >90 >90 5.32 ± 0.47 2.84 ± 0.32 11.03 9.12 [29,42]
68Ga-NODA-

CDV-Nb109
Site-specific Yes >95 >97 26.17 ± 3.32 >90 >90 4.99 ± 0.42 3.01 ± 0.52 5.84 4.40 This work

CDV: cysteine, aspartic acid, and valine; RCY: radiochemical yield; RCP: radiochemical purity; PBS: phosphate-buffered saline; T/M: tumor-to-muscle.
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PD-L1. This was similar to the tracer 68Ga-NOTA-Nb109. Moreover,
the low KD value also demonstrated the high affinity of 68Ga-NODA-
CDV-Nb109 to PD-L1. All experimental results indicated that the
affinity of 68Ga-NODA-CDV-Nb109 to PD-L1 did not change with
the introduction of the cysteineemaleimide group for site-
specifically radiolabeling. PET imaging showed that the maximum
uptake of 68Ga-NODA-CDV-Nb109 in A375-hPD-L1 and U87 tumor-
bearing mice was comparable to that of 68Ga-NOTA-Nb109, but the
T/M uptake ratio of 68Ga-NODA-CDV-Nb109 was slightly lower
than that of 68Ga-NOTA-Nb109 [29,42]. This was probably because
the overall charge of 68Ga-NODA-CDV-Nb109 was increased by the
CDV-Mal group, leading to a higher background than that of 68

Ga-NOTA-Nb109 [43]. However, the site-specifically radiolabeled
tracer 68Ga-NODA-CDV-Nb109 could still provide PET images with
a high S/N ratio within a short time. Most importantly, 68Ga-NODA-
CDV-Nb109 could be preparedwith a homogeneous structure using
site-specific radiolabeling, which was more conducive to clinical
applications than 68Ga-NOTA-Nb109. On the other hand, it is
necessary to screenmorewild-type malignancies with endogenous
PD-L1, and the efficacy of the site-specifically radiolabeled tracer in
detecting endogenous PD-L1 in other tumor-bearing models needs
to be further explored. Although the influence of PD-L1 expression
in normal tissues and the dose of 68Ga-NODA-CDV-Nb109 on PET
imaging need to be further explored, this tracer exhibited great
application prospects in guiding immunotherapy, owing to its
strong specificity to PD-L1.

4. Conclusions

In the present study, site-specific conjugation was applied to
prepare the PD-L1 targeted PET imaging tracer 68Ga-NODA-CDV-
Nb109, with high radiochemical yield, radiochemical purity, and
stability. It could not only accurately and noninvasively detect PD-
L1 expression in real time, but also sensitively monitor the upre-
gulation of PD-L1 expression caused by chemotherapeutic drugs.
Hence, PET imaging with this tracer might be useful for screening
patients who may benefit from anti-PD-L1 immunotherapy and
monitor therapeutic effects. Meanwhile, it can provide guidance for
the development of a personalized treatment plan or adjustment of
immunotherapy/chemotherapy regimens. However, this study had
some limitations. DOX treatment probably induced systemic
toxicity as it up-regulated the expression level of PD-L1 in the tu-
mor region, resulting in high non-specific signals apart from the
tumor region. This may limit its application for monitoring PD-L1 in
orthotopic tumors. In the future, other tumor-bearing models and
treatments with less toxicity to non-target tissues will be further
investigated to evaluate the tracer suitability for therapeutic
monitoring.
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