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Abstract
The checkpoint blockade immunotherapy has become a potent treatment strategy for cancers, and programmed death ligand-1 
(PD-L1) is a prominent checkpoint ligand that is highly expressed in some cancers. The identification of immune checkpoint 
marker PD-L1 is critical for improving the success of immunotherapy. Accordingly, the binding specificity and dynamic 
monitoring property of a non-blocking nanobody tracer 68Ga-NOTA-Nb109 to PD-L1 were assessed in this study. The endog-
enous expression level of PD-L1 in several cancer cells was measured by flow cytometry, Western blot, and cellular uptake 
assay. Sensitivity and specificity of 68Ga-NOTA-Nb109 in monitoring the expression of PD-L1 in vivo were evaluated by 
PET imaging of different tumor-bearing models (U87, high PD-L1 expression; HCT 116, medium PD-L1 expression; and 
NCI-H1299, low PD-L1 expression). In vivo PET imaging results agreed well with those detected in vitro. In addition, PET 
imaging of PD-L1 expression in U87 and NCI-H1299 xenografts using 18F-FDG was also performed for comparison. The 
maximum tumor-to-muscle uptake ratio of 68Ga-NOTA-Nb109 was more than twofold that of 18F-FDG in U87 xenograft. 
The change of PD-L1 expression in NCI-H1299 cells and xenografts induced by cisplatin (CDDP) was sensitively moni-
tored by 68Ga-NOTA-Nb109. This study demonstrated the feasibility of tracer 68Ga-NOTA-Nb109 for specifically targeting 
endogenous PD-L1 and dynamic monitoring the change of PD-L1 expression, and could guide the immunotherapy and 
immunochemotherapy for refractory cancers.
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Abbreviations
CDDP	� Cisplatin
IHC	� Immunohistochemistry
mAbs	� Monoclonal antibodies
NSCLC	� Non-small cell lung cancer
PD-1	� Programmed death protein 1

PD-L1	� Programmed death ligand-1
ROI	� Region of interest

Introduction

Immunotherapy has become a mainstay of clinical medi-
cine following traditional therapies. For a healthy immune 
system, immunoactivation and immunosuppression are in a 
delicate balance, in which the immune checkpoints of pro-
grammed death protein 1 (PD-1) and PD-1 ligand (PD-L1) 
act as a brake for activated T cells to reduce the immune 
killing. Tumor cells exploit the “braking” function by over-
expressing PD-L1 to escape anti-tumor immune surveillance 
[1, 2]. Clinical evidences have shown that PD-L1 is highly 
expressed in many tumors [3–5], and poor prognosis and 
increased mortality of cancers are related to the expression 
of PD-L1 [6, 7]. The blocking of PD-1/PD-L1 signaling 
pathway in cancers can reactivate the immune killing func-
tion of activated T cells and enhance the immune response 
against solid tumors [8]. For patients with advanced 

Qingzhu Liu and Lei Jiang contributed equally to this work.

 *	 Jianguo Lin 
	 linjianguo@jsinm.org

 *	 Ling Qiu 
	 qiuling@jsinm.org

1	 NHC Key Laboratory of Nuclear Medicine, Jiangsu Key 
Laboratory of Molecular Nuclear Medicine, Jiangsu Institute 
of Nuclear Medicine, Wuxi 214063, China

2	 Department of Nuclear Medicine, Shanghai Pulmonary 
Hospital, Tongji University School of Medicine, 
Shanghai 200433, China

3	 Department of Radiopharmaceuticals, School of Pharmacy, 
Nanjing Medical University, Nanjing 211166, China

http://orcid.org/0000-0003-1018-9794
http://crossmark.crossref.org/dialog/?doi=10.1007/s00262-020-02818-y&domain=pdf


	 Cancer Immunology, Immunotherapy

1 3

non-small cell lung cancer (NSCLC), only a 20–40% over-
all response rate to the immunotherapy with PD-1/PD-L1 
inhibitors could be achieved [9], but it can reach 90% for 
PD-1/PD-L1 positive patients [10–12]. This indicated that 
the expression level of PD-1/PD-L1 may be a critical factor 
for targeted therapy of tumor immune checkpoints. There-
fore, prior to carrying out immunotherapy, determining the 
expression level of PD-1/PD-L1 might be conducive to the 
specific treatment of patients [13].

Immunohistochemistry (IHC) staining of tumor biop-
sies is a conventional method to evaluate the PD-1/PD-L1 
expression level, but it cannot fully and accurately evaluate 
the true expression of PD-1/PD-L1 due to the high heteroge-
neity and dynamic change in primary and metastatic tumors 
[14–16]. In addition, pathologists might still be confused 
by the inconsistencies in antibodies and evaluation criteria 
used for IHC [17]. Many studies have shown that molecular 
imaging technology as a non-invasive tool is complemen-
tary to IHC and can intuitively monitor the expression of 
relevant immune checkpoints [18–20]. The detection and 
quantification of PD-1/PD-L1 expression level in patients by 
molecular imaging can provide more accurate, real-time, and 
comprehensive information, which will be used to screen 
patients that are suitable for immunotherapy and to estimate 
the effect of immunotherapy.

Recently, many PD-1/PD-L1-targeted immuno-PET trac-
ers with therapeutic monoclonal antibody (mAb)-based have 
been reported [10]. Atezolizumab, the first FDA-approved 
PD-L1 mAbs for bladder and non-small cell lung cancers 
[21, 22], has been modified by pharmacists for immuno-
PET imaging of PD-L1 and showed a specific targeting 
in vivo [18, 19, 23]. However, the inherent characteristics 
of mAbs limit their clinical applications as imaging trac-
ers. One major disadvantage of antibody-based imaging 
agents is their slow-clearance rate. Due to their poor tumor 
penetration and long-metabolism time in vivo, we should 
wait for several days to obtain high-resolution images. 
Another disadvantage for antibody-based imaging agents 
is that therapeutic antibodies that targeted the same bind-
ing site would affect the tumor imaging and interfere the 
prognostic evaluation. Therefore, non-mAb-based tracers 
with better biological properties have been explored, such 
as peptide-based tracers 68Ga- and 64Cu-labeled WL12 
[24, 25], 18F- and 64Cu-labeled TPP-1 [26]. Recently, our 
group has developed a non-blocking nanobody-based tracer 
68Ga-NOTA-Nb109 which possessed a different binding 
epitope from the PD-L1 antibody KN035, and the experi-
mental results clearly showed PD-L1 expression-dependent 
accumulation of 68Ga-NOTA-Nb109 in tumors [20].

Although the immune checkpoint treatment has shown 
promising efficacy to cancers, the adverse events of resist-
ance and relapse often require the combination of immuno-
therapy with other treatment options such as radiotherapy 

and chemotherapy [27]. Radiotherapy can reduce the vol-
ume of tumor by exposing to radiation in a small area, but 
the side effects are still obvious, especially the damage to 
the immune system. Cancer is a local manifestation of a 
systemic disease, and the biggest threat to patients is the 
spread and metastasis of tumor cells. Compared with radio-
therapy, chemotherapy is a holistic treatment for cancers and 
has some systemic cytotoxicity. Previous researches have 
shown that chemotherapy drugs can induce more PD-L1 
epitopes, whereas not all tumors exhibited the enhancement 
of PD-L1 expression by radiotherapy [28]. In this study, we 
investigated the specific affinity of 68Ga-NOTA-Nb109 to 
wild-type cancer cells that expressed endogenous PD-L1 
by PET imaging. In the meantime, the change of PD-L1 
expression in tumors induced by chemotherapy was evalu-
ated using 68Ga-NOTA-Nb109. The research indicated that 
tracer 68Ga-NOTA-Nb109 can specifically target PD-L1 
and can dynamically monitor the change of PD-L1 expres-
sion caused by external conditions. This study will provide 
a guide to the combination therapy of chemotherapy and 
immunotherapy.

Materials and methods

Synthesis of probe 68Ga‑NOTA‑Nb109

Synthesis and purification of probe 68Ga-NOTA-Nb109 
were carried out as reported previously [20]. Briefly, the 
radioactive 68Ga ion was eluted from the 68Ge/68Ga gen-
erator (Germany, ITG GmbH) by hydrochloric acid solu-
tions (0.05 mM), and about 300 MBq (8 mCi) of 68Ga ion 
was eluted in 2 mL. The pH of radionuclide 68Ga solution 
(1.4 mL) was adjusted to 4 with sodium acetate buffer 
(0.25 M, 380 μL). 60–80 μg pure NOTA-Nb109 (kindly 
provided by Suzhou Smart Nuclide Biopharmaceutical 
Co., Ltd, China) was added to start the radio-labeling at 
37 °C for 15 min. The radiolabeled product was purified 
using PD-10 desalting columns (GE Healthcare life sci-
ences), and the purity of 68Ga-NOTA-Nb109 was evaluated 
using radio-HPLC with SuperGalaxy-SEC-S2000 (3 μm, 
300 × 7.8 mm) chromatographic column (Guangzhou FLM 
Scientific Instrument Co., Ltd, China).

Cell culture and animal models

Cancer cell lines including human glioma cancer U87, 
human colorectal cancer HCT 116, and human lung cancers 
NCI-H1299, A549, NCI-H460, NCI-H446, NCI-H661, and 
NCI-H522 were obtained from cell bank of Chinese Acad-
emy of Science. Cells were cultured with DMEM (Biologi-
cal Industries, Israel) or 1640 medium (Biological Indus-
tries, Israel) supplemented with 10% fetal bovine serum 
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(Biological Industries, Israel) and 1% penicillin–streptomy-
cin (Beyotime Biotechnology, China). All cells were incu-
bated at 37 °C in a humidified 5% CO2 incubator. The cells 
at the logarithmic growth phase were employed for in vitro 
biological evaluation.

For in vivo biological studies, female BALB/c nude mice 
(nu/nu, five-to-seven weeks of age) were purchased from 
Changzhou Cavens Laboratory Animal Co., Ltd. (Chang-
zhou, China). Mice were inoculated subcutaneously with 
5 × 106 cancer cells in 200 μL of saline. When the tumor 
reached an average volume of 300–500 mm3 (n = 3–4 per 
group), in vivo experiments can be performed. Six to eight 
mice bearing NCI-H1299 tumors were randomly divided 
into two groups, and one group was administrated intra-
venously with cisplatin (CDDP) in saline via the tail vein. 
2 mg/kg CDDP was given once every other day, for a total of 
3–5 times, and then NCI-H1299-bearing mice with CDDP-
induced high PD-L1 expression level (NCI-H1299-CDDP) 
were obtained. In the meantime, another group of NCI-
H1299-bearing mice was administrated with saline under 
the same conditions for comparison.

PD‑L1 expression analysis by Western blot

Cancer cells of U87, HCT 116, and NCI-H1299 at the loga-
rithmic growth phase, as well as NCI-H1299 incubated with 
CDDP at the concentration of 10, 20, 40, and 80 μM for 
48 h were lysed on ice for 30 min with RIPA (Beyotime, 
Shanghai, China). The cell lysates were centrifuged, and the 
protein concentration was detected by BCA method (Thermo 
Scientific, USA). Approximately 50 μg of cell lysates were 
electrophoresed on 15% SDS-PAGE and transferred to 
PVDF membranes. The membranes were incubated with 
antibodies of Rabbit anti-human PD-L1 [EPR19759] (1:500, 
Abcam, China, Cat. #ab213524), GAPDH (1:1000, Beyo-
time Biotechnology, China, Cat. #AF1186), and β-Actin 
(1:1000, Beyotime Biotechnology, China, Cat. AF5001) at 
4 °C overnight. After the membrane was incubated with the 
corresponding secondary antibody (1:1000, Mouse anti-
rabbit IgG-HRP antibody and Mouse IgG κ BP-HRP anti-
body, Santa Cruz Biotechnology, USA, Cat. #sc-2357 and 
sc-516102, respectively), Western blot ECL reagent solution 
(Shanghai share-bio Technology Co., Ltd, China) was uti-
lized to detect the signal and the gray scale of signals was 
quantified using ImageJ software.

PD‑L1 expression detection by flow cytometry

The PD-L1 expression in cancer cells was tested using flow 
cytometry analysis with PE-labeled mouse anti-human 
PD-L1 (CD274) antibody (BD Biosciences, USA, Cat. 
#557924). Briefly, cancer cells of U87, HCT 116, and NCI-
H1299 were digested with EDTA-free trypsin, and about 

1 × 106 cells (100 μL) were incubated with 20 μL antibody 
for 30 min at 4 °C in the dark. The fluorescence absorp-
tion of cancer cells was analyzed using FACSCalibur flow 
cytometer (BD Biosciences, USA) immediately. In the 
meantime, the cells incubated with mouse IgG1 and PBS 
served as the isotype control and background signal, respec-
tively. The quantitative analysis of mean fluorescence inten-
sity was performed with FlowJo.

In vitro cell binding

NCI-H1299 cells (3 × 105 cells per well in 3 mL full 1640 
medium) were seeded into 6 cell plates and incubated at 
37 °C in 5% CO2 incubator overnight. Followed by removal 
of the medium, cells were incubated with 0 and 20 μM 
CDDP for another 48 h. Meantime, cancer cells U87, HCT 
116, and NCI-H1299 (1 × 106 cells, 200 μL) were incu-
bated with serum-free 1640 or DMEM containing 37 KBq 
68Ga-NOTA-Nb109 for 0.5, 1, 2, and 4 h, respectively. Then, 
cells were washed with ice PBS, harvested, centrifuged, and 
the radioactivity remained in cells was measured with a γ 
counter. Then, cells were lysed and the protein concentra-
tion was determined by BCA method. Free 68Ga-NOTA-
Nb109 (37 KBq) was used as a control to identify the decay 
correction. The cellular uptake of 68Ga-NOTA-Nb109 was 
determined by calculating the radioactivity per milligram 
of protein.

Cytotoxic effect of CDDP

The cytotoxic activity of CDDP against different types of 
lung cancer cell lines was detected by MTT assay. Cancer 
cells were plated in 96-well plates (8 × 103 cells per well) 
and cultured overnight. The cells were incubated with new 
medium containing different concentrations of CDDP (0, 
3.125, 6.25, 12.5, 25, 50, and 100 μM) for 48 h. Then, 20 
μL MTT (5 mg/mL) was added and incubated for another 
4 h. The formazan generated in living cells was dissolved 
by DMSO, and the optical density (OD) of each well was 
measured at 490 nm by the microplate reader. The inhibi-
tory activity of CDDP against lung cancers was predicted by 
calculating the half-inhibitory concentration IC50.

Micro‑PET imaging

Whole-body PET images were acquired on a micro-PET 
scanner (Siemens Medical Solutions, Germany). Mice 
bearing subcutaneous tumors were anesthetized with 
isoflurane, and 4.0–5.5 MBq tracers were injected into 
models via the tail vein, in which 68Ga-NOTA-Nb109 
was performed on U87, HCT 116, NCI-H1299, and NCI-
H1299-CDDP xenografts, while 18F-FDG was performed 
on U87 and NCI-H1299 xenografts. In the blocking 
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group, the mice bearing subcutaneous U87 tumors were 
pretreated with 200-fold molar excess of NOTA-Nb109 
for 30 min via the tail vein. 1-h dynamic emission images 
were acquired for all models, and 12 frame images were 
collected with an interval of 5 min. The uptake of tracers 
in tumor or muscle was estimated by sketching the region 
of interest (ROI) on images using ASIPro VM™ software 
(Siemens Medical Solutions, USA), and the quantification 
of ROI was calculated as percent of injection dose per 
gram of tissue (%ID/g).

Autoradiography analysis

The quantitative biodistribution of tracer 68Ga-NOTA-
Nb109 in tumors of NCI-H1299 and NCI-H1299-CDDP 
xenografts was investigated using the autoradiography 
analysis. Briefly, the models were euthanized by over-
dose of the anesthetic following 1-h in vivo dynamic PET 
imaging. The tumor tissues were harvested and frozen at 
− 80 °C for 10–15 min, and then 20-µm frozen sections 
were exposed to a phosphor imaging system (Cyclone 
PLUS, PerkinElmer, USA) for 2 h. And the plates were 
read by a phosphor imaging plate reader. Three sections 
of different dimensions were extracted from each tissue 

sample, and the signals were quantified using ImageJ 
software.

Statistical analysis

Statistical analysis was performed with GraphPad Prism 5 
software. The differences in data were determined by t test 
method, and P < 0.05 was considered to be statistically sig-
nificant. Results were presented as mean ± standard error 
(SD).

Results

PD‑L1 expression analysis in vitro

Although the specificity of tracer 68Ga-NOTA-Nb109 
to PD-L1 has been demonstrated on A375-hPD-L1 cells 
[20], there is no sufficient evidence to prove the speci-
ficity of 68Ga-NOTA-Nb109 to endogenous PD-L1 in 
wild-type cancer cells. Therefore, to identify the specific 
binding of tracer 68Ga-NOTA-Nb109 to PD-L1 in wild-
type cancer cells, the expression level of PD-L1 in vari-
ous cancer cells was evaluated first using flow cytometry 
and Western blot methods (Fig. 1). As can be seen from 
Fig. 1a, the fluorescence absorption of cancer cell U87 

Fig. 1   Analysis of PD-L1 
expression in different cancer 
cell lines. a Flow cytometry 
analysis of PD-L1 expression 
in different cancer cells (U87, 
HCT 116, and NCI-H1299). b 
Quantitative analysis of mean 
fluorescence intensity using 
FlowJ. c Western blot analysis 
of PD-L1 (50 kDa) expression 
in cancer cells with GAPDH 
(36 kDa) as the internal 
control. d Cellular uptake of 
68Ga-NOTA-Nb109 in cancer 
cells of U87, HCT 116, and 
NCI-H1299. All results were 
expressed as mean ± SD from 
three independent experiments. 
***P < 0.001
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was significantly stronger than others, whereas cancer 
cell NCI-H1299 showed the weakest fluorescence absorp-
tion. The quantification of mean fluorescence intensity 
demonstrated that the expression of PD-L1 decreased in 
the order of U87 > HCT 116 > NCI-H1299 (Fig. 1b), and 
the expression level of PD-L1 in U87 was about 2.4- and 
3.5-fold of that HCT 116 and NCI-H1299, respectively. 
The PD-L1 expression level in three different cancer cells 
(U87, HCT 116 and NCI-H1299) was also tested by West-
ern blot (Fig. 1c), and the results were accordant with the 
flow cytometry analysis. Therefore, these cancer cell lines 
were selected to evaluate the sensitivity and specificity of 
tracer 68Ga-NOTA-Nb109 in monitoring the expression 
of PD-L1.

To evaluate the binding specificity of 68Ga-NOTA-
Nb109 to PD-L1, in  vitro cellular uptake assay was 
initially performed in different cancer cells with vari-
ous endogenous PD-L1 expression level. As shown in 
Fig. 1d, U87 cells with higher endogenous PD-L1 expres-
sion showed significantly higher uptake of 68Ga-NOTA-
Nb109 than HCT 116 and NCI-H1299 cells with lower 
endogenous PD-L1 expression. The cellular uptake of 
68Ga-NOTA-Nb109 in U87, HCT 116, and NCI-H1299 
cells reached an equilibrium after 1 h, which was deter-
mined to be 4.21 ± 0.22, 2.79 ± 0.25, and 2.17 ± 0.09% 
radioactivity/mg protein, respectively. This indicated that 

68Ga-NOTA-Nb109 can sensitively and specifically detect 
the change of PD-L1 expression in different cancer cells.

CDDP effect on PD‑L1 expression

Many studies have reported the role of immunotherapy for 
lung cancers, and immune checkpoint-based therapy has 
been widely studied, especially for PD-L1 target [29, 30]. 
However, Western blot and flow cytometry analysis both 
indicated that lung cancer cells NCI-H1299 exhibited the 
lowest PD-L1 expression level among the test cancer cell 
lines (Fig. 1). Considering the epitopes of PD-L1 could 
be induced by chemotherapy drugs [31], we evaluated the 
expression of PD-L1 in NCI-H1299 induced by CDDP by 
Western blot. As described in Fig. 2a, the expression level 
of PD-L1 in NCI-H1299 was regulated by different con-
centrations of CDDP. With the increase of CDDP concen-
tration from 0 to 20 μM, the expression level of PD-L1 in 
NCI-H1299 was upregulated and that induced by 20 μM 
CDDP was threefold of that untreated. As the concentra-
tion of CDDP over 20 μM, the PD-L1 expression decreased 
slightly but still remained at a higher level. This might be 
due to the cytotoxic effect of CDDP at a higher concentra-
tion on the cancer cells.

To further evaluate the ability of the tracer 68Ga-NOTA-
Nb109 in monitoring the change of PD-L1 expression, 
in vitro cellular uptake of 68Ga-NOTA-Nb109 in NCI-H1299 

Fig. 2   Effect of CDDP on lung 
cancer cells. a Western blot 
analysis of PD-L1 (50 kDa) 
expression in NCI-H1299 cells 
induced by CDDP at differ-
ent concentrations for 48 h. b 
Cellular uptake of 68Ga-NOTA-
Nb109 in NCI-H1299 and 
CDDP-treated NCI-H1299 
cells. c Viability of different 
lung cancer cells after treatment 
with various concentrations of 
CDDP for 48 h. d IC50 values 
of CDDP against different lung 
cancer cells obtained using 
GraphPad Prism 5.0. All data 
were expressed as mean ± SD 
(n = 3). ***P < 0.001
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and NCI-H1299 treated with CDDP (NCI-H1299-CDDP) 
was investigated. As can be seen from Fig. 2b, NCI-H1299 
and NCI-H1299-CDDP have reached an equilibrium uptake 
of 68Ga-NOTA-Nb109 at 1 h, and the maximum uptake 
was 2.61 ± 0.30 and 4.43 ± 0.24% radioactivity/mg pro-
tein, respectively. The results demonstrated that CDDP 
can induce the upregulation of PD-L1 expression in NCI-
H1299 cells and the upregulation can be detected by tracer 
68Ga-NOTA-Nb109.

Chemotherapy drugs especially platinum-based drugs are 
known as the first line treatment for lung cancers. However, 
the resistance to chemotherapy remains the major impedi-
ment for most lung cancers, although the initial response rate 
to platinum-based chemotherapy was about 50% [32]. As 
reported by several researches, the resistance of lung cancers 
to chemotherapy might be related to the expression of PD-L1 
[33]. Thus, the response of different lung cancers including 
NCI-H1299, A549, NCI-H460, NCI-H446, NCI-H661, and 
NCI-H522 to CDDP was investigated by MTT assay. As can 
be seen from Fig. 2c, the viability of all cancer cell lines was 
significantly affected by CDDP, and the IC50 values were in 
the range of 8.28 ± 2.74 ~ 26.70 ± 3.22 μM (Fig. 2d), indicat-
ing that CDDP has a potential inhibitory activity against lung 
cancers. However, the response of different lung cancers to 

the treatment of CDDP was different. A549 and NCI-H446 
showed higher response to CDDP with the IC50 value of 
11.67 ± 1.72 and 8.28 ± 2.74 μM, respectively, whereas the 
CDDP-induced growth inhibition of NCI-H1299 was weak 
with the IC50 value of 26.70 ± 3.22 μM. This indicated that 
NCI-H1299 was less sensitive to platinum drugs than other 
lung cancer cell lines at a lower concentration, and this type 
of lung cancer would be difficult to treat with chemotherapy. 
Therefore, it is necessary to find a potential strategy for this 
type of lung cancer to improve the cure rate.

PET tracking of PD‑L1 in vivo

To validate the specificity of 68Ga-NOTA-Nb109 to endog-
enous PD-L1 in vivo, PET imaging was employed on the 
nude mice bearing tumor xenografts with different PD-L1 
expression, and the representative PET images are dis-
played in Figs. 3, 4, 5 and 6. It is obvious that the PET 
imaging on U87 xenografts showed significantly higher 
accumulation of 68Ga-NOTA-Nb109 at the tumor site 
and a good delineation of the tumor persisted until the 
end of imaging session (Fig. 3a). According to the ROI 
analysis of biodistribution quantification, the maximum 
uptake within U87 tumor was 2.84 ± 0.32%ID/g at 10 min 

Fig. 3   MicroPET imaging 
of U87-bearing model with 
68Ga-NOTA-Nb109. a Repre-
sentative PET images of U87 
xenograft obtained at different 
time points after injection of 
68Ga-NOTA-Nb109. b Repre-
sentative PET images of U87 
xenograft pretreated with non-
labeled probe for 30 min before 
injection of 68Ga-NOTA-Nb109. 
The tumor was denoted with 
a dotted line circle. c Tissue 
uptake of 68Ga-NOTA-Nb109 
in U87 xenograft quantified by 
ROI analysis over the imaging 
time-course. d Tumor-to-muscle 
uptake ratio for 68Ga-NOTA-
Nb109 in U87 xenograft over 
time. All data were expressed as 
mean ± SD (n = 3). ***P < 0.001
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post-injection and it was significantly higher than that in 
muscle (Fig. 3c), indicating that the tracer can rapidly 
and specifically bind to the target. The heart uptake was 
significantly high at the first 15 min post-injection, but 
it was almost fully cleared at 35 min post-injection. The 
higher uptake of bladder throughout the whole PET imag-
ing process indicated that the tracer was cleared mainly 
via the renal pathway. Although the absolute uptake of 
68Ga-NOTA-Nb109 in U87 tumor decreased over time, the 

tracer exhibited a favorable tumor-to-muscle ratio through-
out the study, and the ratio can reach 9.12 ± 1.87 at 40 min 
post-injection (Fig. 3d).

In addition, the specificity of 68Ga-NOTA-Nb109 to 
PD-L1 in vivo was further evidenced by the blocking assay 
in U87 tumors. The models were pretreated with 200-fold 
molar excess of non-labeled tracer (about 0.4 mg in 200 μL 
normal saline) for 30 min. PET imaging illustrated in Fig. 3b 
showed that the uptake of 68Ga-NOTA-Nb109 in U87 tumors 

Fig. 4   MicroPET imaging 
of HCT 116-bearing model 
with 68Ga-NOTA-Nb109. a 
Representative PET images of 
HCT 116 xenograft obtained at 
different time points after injec-
tion of 68Ga-NOTA-Nb109. The 
tumor was denoted with a dot-
ted line circle. b Tissue uptake 
of 68Ga-NOTA-Nb109 in HCT 
116 xenograft quantified by 
ROI analysis over the imaging 
time-course. c Tumor-to-muscle 
uptake ratio for 68Ga-NOTA-
Nb109 in HCT 116 xenograft 
over time. All data were 
expressed as mean ± SD (n = 3). 
**P < 0.01

Fig. 5   MicroPET imaging of 
NCI-H1299-bearing model 
with 68Ga-NOTA-Nb109. a 
Representative PET images of 
NCI-H1299 xenograft obtained 
at different time points after 
injection of 68Ga-NOTA-
Nb109. The tumor was denoted 
with a dotted line circle. b 
Tumor uptake of 68Ga-NOTA-
Nb109 in NCI-H1299 xenograft 
quantified by ROI analysis 
over the imaging time-course. 
c Tumor-to-muscle uptake 
ratio for 68Ga-NOTA-Nb109 
in NCI-H1299 xenograft over 
time. All data were expressed as 
mean ± SD (n = 3). *P < 0.05
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was significantly blocked within the first 20 min post-injec-
tion. The maximum uptake was only 1.76 ± 0.14%ID/g at 
20 min post-injection, and it was delayed by 10 min com-
pared with non-blocking group. With the injection of non-
labeled tracer, the clearance of tracer from the tumor and 
muscle became slow, and a clear tumor image can still be 
observed at 35 min post-injection (Fig. 3b), which might be 
attributed to the rapid clearance of non-labeled tracer from 
body. The tumor-to-muscle uptake ratio increased gradually 
and reached the highest peak (3.00 ± 0.22) at 50 min post-
injection. The results suggested that the non-labeled tracer 
can block the uptake of 68Ga-NOTA-Nb109 in tumors.

The specificity of 68Ga-NOTA-Nb109 to PD-L1 was 
also evaluated in HCT 116 (Fig. 4) and NCI-H1299 (Fig. 5) 
xenografts with medium and low PD-L1 expression level, 
respectively. The PET images displayed a remarkably 
decreased tumor uptake of 68Ga-NOTA-Nb109 in HCT 116 
and NCI-H1299 compared to that in U87, and the accu-
mulation of 68Ga-NOTA-Nb109 in HCT 116 xenografts 
(Fig. 4a) was higher than that in NCI-H1299 (Fig. 5a). The 
ROI analysis showed that both HCT 116 and NCI-H1299 
xenografts reached the maximum tumor uptake at 10 min 
post-injection, and the highest accumulation of radioactivity 
was 1.54 ± 0.14 and 0.88 ± 0.037%ID/g (Figs. 4b, and 5b), 
respectively. In addition, comparison of tumor-to-muscle 
uptake ratio between HCT 116 and NCI-H1299 xenografts 
also revealed that tracer 68Ga-NOTA-Nb109 can accurately 
detect the different expression level of PD-L1 in various 
tumors (Fig. 4c and 5c). Overall, the in vivo PET imaging 
results were in good agreement with the in vitro flow cytom-
etry and Western blot analysis of PD-L1 expression level, 

suggesting that tracer 68Ga-NOTA-Nb109 can sensitively 
and specifically monitor the PD-L1 expression.

Given that more epitopes of PD-L1 can be induced by 
chemotherapy, the change of PD-L1 expression in NCI-
H1299 tumor xenografts treated with CDDP was assessed 
using 68Ga-NOTA-Nb109 (Fig.  6). There was no sig-
nificant change in the volume of NCI-H1299 tumor after 
treatment of 2 mg/kg CDDP for three times, whereas the 
weight of the mice decreased slightly, suggesting that 
CDDP inhibited the development of tumor. As demon-
strated by PET images in Fig. 6a, the tumor uptake of 
68Ga-NOTA-Nb109 increased remarkably after the treat-
ment with CDDP, and reached the peak at 10 min post-
injection. According to the ROI analysis of images, the 
accumulation of tracer in tumor of NCI-H1299-CDDP 
was 3.36 ± 0.23%ID/g at 10 min post-injection and it was 
3.8-fold of that in NCI-H1299 (Fig. 6b). Meantime, the 
tumor-to-muscle uptake ratio after the treatment of CDDP 
was larger than that of the tumor without CDDP treat-
ment, although the ratio decreased over time (Fig. 6c). 
PET studies revealed that the PD-L1 expression level 
was obviously induced by CDDP, and the upregulation of 
PD-L1 can be sensitively monitored by PET imaging with 
68Ga-NOTA-Nb109.

The specificity and sensitivity of tracer 68Ga-NOTA-
Nb109 to PD-L1 in NCI-H1299 and NCI-H1299-CDDP 
tumors were also evaluated by autoradiography. It was found 
from Fig. 7a that the grayscale in NCI-H1299-CDDP tumors 
was higher than that in NCI-H1299 tumors, indicating a 
higher accumulation of 68Ga-NOTA-Nb109 was achieved 
in NCI-H1299-CDDP tumor and CDDP can upregulate the 

Fig. 6   MicroPET imaging of 
NCI-H1299-CDDP-bearing 
model with 68Ga-NOTA-Nb109. 
a Representative PET images of 
NCI-H1299-CDDP xenograft 
obtained at different time points 
after injection of 68Ga-NOTA-
Nb109. The tumor was denoted 
with a dotted line circle. b 
Tissue uptake of 68Ga-NOTA-
Nb109 in NCI-H1299-CDDP 
xenograft quantified by ROI 
analysis over the imaging 
time-course. c Tumor-to-muscle 
uptake ratio for 68Ga-NOTA-
Nb109 in NCI-H1299-CDDP 
xenograft over time. All data 
were expressed as mean ± SD 
(n = 3). ***P < 0.001
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expression of PD-L1 in tumors. According to the grayscale 
analysis by ImageJ (Fig. 7b), the expression level of PD-L1 
increased threefold by the treatment of CDDP, which was 
consistent with that determined by PET imaging.

18F‑FDG PET imaging

18F-FDG is considered as a standard modality for staging 
and follow-up monitoring of cancers, and widely used in 
many immunotherapy setting [34–36]. In order to compare 
the effectiveness of 18F-FDG and 68Ga-NOTA-Nb109 in 
guiding immunotherapy, 18F-FDG PET imaging of U87 and 
NCI-H1299-bearing models with different expression level 
of PD-L1 was performed. As illustrated in Fig. 8, the tracer 
18F-FDG accumulated quickly in U87 tumor and remained 
at a higher level with the tumor uptake of 13.59 ± 0.66%ID/g 
at 25  min post-injection, and the tumor uptake of 18F-
FDG in NCI-H1299 xenograft reached the maximum of 
6.50 ± 0.12%ID/g at 10 min post-injection. However, it was 
noticed that internal organs with high-glucose metabolism 
such as heart, liver, and intestine, showed higher 18F-FDG 
uptake than tumors over the imaging time course in both 
U87 and NCI-H1299 xenografts (Fig. 8a and b). The absorp-
tion of 18F-FDG in internal organs with high-glucose metab-
olism resulted in unsatisfactory background uptake, and the 
maximum tumor-to-muscle uptake ratio was 4.25 ± 0.29 and 
3.01 ± 0.18 in U87 and NCI-H1299 xenografts, respectively 
(Fig. 8d). In contrast with the tracer 68Ga-NOTA-Nb109, 
although the tumor uptake of 18F-FDG increased by about 
several folds, the accumulation of 18F-FDG in internal 

Fig. 7   Ex vivo distribution of 68Ga-NOTA-Nb109 in tumor. a Autora-
diography analysis of 68Ga-NOTA-Nb109 in NCI-H1299 and CDDP-
treated NCI-H1299 tumors at 60  min post injection. b Quantitative 
analysis of the accumulation of 68Ga-NOTA-Nb109 in tumors by 
ImageJ software. ***P < 0.001

Fig. 8   MicroPET imaging of 
tumor-bearing models with 
18F-FDG. a Representative 
PET images of U87 xenograft 
obtained at different time points 
after injection of 18F-FDG. b 
Representative PET images of 
NCI-H1299 xenograft obtained 
at different time points after 
injection of 18F-FDG. The 
tumor was denoted with a dot-
ted line circle. c Tumor uptake 
of 18F-FDG in U87 and NCI-
H1299 xenografts quantified by 
region of interest (ROI) analysis 
over the imaging time-course. 
d Tumor-to-muscle uptake 
ratio for 18F-FDG in U87 and 
NCI-H1299 xenografts over 
time. All data were expressed as 
mean ± SD (n = 3)
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organs was also very high. To better distinguish between 
the tumor and normal tissues, a high signal-to-noise ratio 
was necessary for the imaging tracer. Taken together, the 
tracer 68Ga-NOTA-Nb109 with a higher tumor uptake and a 
lower background uptake could be a better choice to detect 
the PD-L1 expression in vivo.

Discussion

Immunotherapy is currently acknowledged as the most com-
pelling strategy for cancers [37], and the immune checkpoint 
PD-1/PD-L1-based immunotherapy has become a vital part 
of the clinical treatment for cancers [38, 39]. To achieve 
desired curative effect, screening of cancers with high 
PD-L1 expression would be a primary challenge. Compared 
with IHC, PET imaging is widely used in the diagnosis of 
diseases owing to its high sensitivity, specificity, real-time 
imaging and non-invasiveness. Nowadays, a lot of PET trac-
ers targeting PD-L1 have been developed, but these tracers 
are mainly radionuclide-labeled mAbs, such as 89Zr-Atezoli-
zumab and 64Cu-Atezolizumab [18, 19, 23]. Although these 
probes can specifically target PD-L1 in vivo, it should take 
several days to obtain satisfactory visualization of tumor 
lesions. And the imaging efficiency of radionuclide-labeled 
mAbs in evaluating the PD-L1 expression or therapeutic 
effect would be affected by the treatment of therapeutic anti-
body since they targeted the same binding site. Moreover, 
the long-term metabolism of mAb-based probes might result 
in some immune-related adverse events [40]. Therefore, it 
is necessary to develop novel non-blocking tracers to moni-
tor the PD-L1 expression, which should possess different 
binding sites from the available therapeutic agents. A non-
blocking nanobody Nb109 has been explored in our previous 
work, and the specificity of 68Ga-NOTA-Nb109 to PD-L1 
was studied in A375-hPD-L1 tumor-bearing mice [20].

In this study, the potency of 68Ga-NOTA-Nb109 in real-
time detecting and quantifying the PD-L1 expression in dif-
ferent types of cancers was evaluated. It was more worth 
studying the binding specificity of a tracer to wild-type 
cancers than studying that to a genetically modified model. 
Therefore, the PD-L1 expression level in U87, HCT 116, and 
NCI-H1299 cancers was first evaluated by flow cytometry 
and Western blot methods, and the results demonstrated that 
the PD-L1 expression level was high in U87 cancer cells, 
followed by HCT 116 and NCI-H1299. In vitro cellular 
uptake illustrated that 68Ga-NOTA-Nb109 can be used to 
sensitively and specifically detect the varying PD-L1 expres-
sion level in cancer cells.

PET imaging of U87, HCT 116, and NCI-H1299 xeno-
grafts showed that tracer 68Ga-NOTA-Nb109 can specifi-
cally bind to PD-L1, and the tumor uptake corresponded 
with the PD-L1 expression level. The PET signal in the body 

decreased rapidly with the clearance of tracer, resulting in a 
good tumor uptake, especially for U87 tumor-bearing mice 
with high PD-L1 expression. The blocking assay further 
evidenced that 68Ga-NOTA-Nb109 can specifically bind to 
PD-L1 in tumors. PET imaging of different tumor-bearing 
models using our tracer 68Ga-NOTA-Nb109 showed high-
tumor uptake at 10 min post-injection, whereas a satisfac-
tory visualization of tumor could be obtained at 1–2 days 
and 4–7 days post-injection for mAb-based probes 64Cu-
Atezolizumab and 89Zr-Atezolizumab, respectively [18, 19, 
23]. Comparison of these probes indicated that the probe 
68Ga-NOTA-Nb109 was more suitable for clinical appli-
cations owing to its specific targeting and rapid clearance 
from body. Although the accumulation and tumor-to-muscle 
uptake ratio of 68Ga-NOTA-Nb109 in U87 xenograft were 
slightly lower than those in A375-hPD-L1 [20], the encour-
aging results are of great importance to guide the immuno-
therapy and efficacy evaluation.

Lung cancer has become a major disease that threatens 
human health due to its poor prognosis and lacking of tar-
geted drugs. Combination of surgical and chemotherapy is 
the most common treatment strategy for lung cancers, in 
which platinum is the first-line clinical chemotherapy drug 
[32, 41]. Although the 5-year survival rate of patients was 
increased using multiple therapeutic modalities, the acquired 
resistance to platinum-based drugs still limited their wide-
spread clinical applications. Studies showed that PD-L1 was 
highly expressed in most lung cancers, and immunotherapy 
targeted blocking the pathway of PD-1/PD-L1 could be 
effective in raising life quality and prolonging life survival 
of patients. However, some lung cancers with low PD-L1 
expression such as NCI-H1299 showed little response or 
resistance to the immunotherapy. Therefore, we need to 
upregulate the expression of PD-L1 in these lung cancers, 
which might be beneficial for improving the efficacy of 
immunotherapy. It has been reported that chemotherapy 
drugs such as CDDP can upregulate the expression of PD-L1 
in most cancers [31–33]. Therefore, in the present study, 
the expression of PD-L1 in NCI-H1299 cells regulated by 
CDDP was studied and the results showed that the PD-L1 
expression level was improved by threefold at 20 μM CDDP. 
Cytotoxicity assay also demonstrated that lung cancer cell 
line NCI-H1299 was more resistant to the chemotherapy of 
CDDP than other lung cancer cell lines. Therefore, a com-
bination of immunotherapy and chemotherapy could be 
employed as a better strategy to improve therapeutic effect 
of this type lung cancer.

To evaluate the sensitivity and specificity of 68Ga-NOTA-
Nb109 in monitoring the change of PD-L1 expression, 
in  vitro cellular uptake and in  vivo PET imaging were 
studied. The cellular uptake of tracer 68Ga-NOTA-Nb109 
in NCI-H1299 with treatment of CDDP was about twofold 
of that in NCI-H1299 without treatment of CDDP. PET 
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imaging showed a satisfactory visualization of tumor lesions 
in NCI-H1299-CDDP-bearing models, and the tumor accu-
mulation of 68Ga-NOTA-Nb109 was improved 3.8-fold in 
comparison with that in NCI-H1299-bearing models without 
treatment of CDDP. Compared with the PET imaging results 
of U87 tumor-bearing models, the signal-to-noise ratio was 
unsatisfactory although the accumulation of radioactivity 
in NCI-H1299-CDDP tumors was higher. This might be 
attributed to the systemic toxicity of CDDP, which upregu-
lated the expression of PD-L1 in other tissues. Furthermore, 
the specificity of 68Ga-NOTA-Nb109 to PD-L1 was veri-
fied by autoradiography analysis. The results demonstrated 
that in vivo expression of PD-L1 can be upregulated by 
the treatment of CDDP, and the change of PD-L1 expres-
sion in tumors can be sensitively detected by the tracer 
68Ga-NOTA-Nb109.

18F-FDG is a widely-used radiotracer for tumor imaging 
and used to guide the immunotherapy and evaluate therapeu-
tic efficacy [36, 42]. In the present study, we also carried out 
PET imaging of 18F-FDG in U87 and NCI-H1299 xenografts 
with different PD-L1 expression level. Both U87 and NCI-
H1299 tumors showed high uptake of 18F-FDG, although 
the PD-L1 expression level was different in these two can-
cer cells. This suggested that 18F-FDG lacks specificity to 
PD-L1 in tumors although it can be used for tumor imaging. 
In contrast, 68Ga-NOTA-Nb109 showed significantly differ-
ent accumulations in PD-L1 positive and negative tumors, 
implying that it was more specific than 18F-FDG. In addition, 
the tracer 68Ga-NOTA-Nb109 showed lower background 
uptake and a higher signal-to-noise ratio than 18F-FDG in 
U87 xenografts, further suggesting that 68Ga-NOTA-Nb109 
was a specific PD-L1-targeting tracer. It not only can help 
screen patients with high PD-L1 expression, but also can 
guide the immunotherapy of cancers by targeting PD-L1.

In conclusion, specificity and sensitivity of a non-block-
ing PET imaging tracer 68Ga-NOTA-Nb109 in monitoring 
the PD-L1 expression were evaluated. In vitro cell uptake 
studies and in vivo PET imaging studies correlated well 
with the PD-L1 expression level detected in vitro, and the 
change of PD-L1 expression induced by chemotherapy can 
be sensitively detected by 68Ga-NOTA-Nb109 in vitro and 
in vivo. PET imaging of 68Ga-NOTA-Nb109 and 18F-FDG 
in tumor-bearing models with different expression level of 
PD-L1 indicated 68Ga-NOTA-Nb109 was more promising to 
accurately detect PD-L1 expression in vivo. The encourag-
ing results suggest that 68Ga-NOTA-Nb109 can be used for 
real-time, sensitively, and specifically monitoring the change 
of PD-L1 expression in cancers, which will provide instruc-
tive information for the selection of personalized treatment 
options and the evaluation of prognostic efficacy.
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