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Background: Accurate evaluation of programmed death-ligand 1 (PD-L1) expression levels in cancer
patients may be useful in the identification of potential candidates for anti-programmed death-1/PD-
L1 (anti-PD-1/PD-L1) immune checkpoint therapy to improve the response rate of immune checkpoint
blockade therapy. This study evaluated the feasibility of the nanobody-based positron emission tomography
(PET) tracer [*Ga]Ga-NOTA-Nb109 for immuno-PET imaging of PD-LI in lung cancer patient-derived
xenograft (PDX).

Methods: We constructed 2 PDXs of lung adenocarcinoma (ADC) and lung squamous cell carcinoma
(SCC) and used them for immuno-PET imaging. A 2-hour dynamic PET scanning was performed on the
samples and the /7 vivo biodistribution and metabolism of [*Ga]Ga-NOTA-Nb109 were investigated using
region of interest (ROI) analysis. The ex vivo biodistribution of [*Ga]Ga-NOTA-Nb109 in the 2 PDXs was
investigated by static PET scanning. In addition, tumor PD-L1 expression in the 2 PDXs was evaluated by
autoradiography, western blot, and immunohistochemical (IHC) analysis.

Results: Noninvasive PET imaging showed that [*Ga]Ga-NOTA-Nb109 can accurately and sensitively
assess the PD-L1 expression in non-small cell lung cancer (NSCLC) PDX models. The maximum [*Ga]
Ga-NOTA-Nb109 uptake by the ADC PDX LU6424 and the SCC PDX LU6437 were 3.13%=0.35% and
2.60%+0.32% injected dose per milliliter of tissue volume (ID/mL), respectively, at 20 min post injection.
In vivo and ex vivo biodistribution analysis showed that [*Ga]Ga-NOTA-Nb109 was rapidly cleared through
renal excretion and an enhanced signal-to-noise ratio (SNR) was achieved. Ex vivo PD-L1 expression analysis
showed good agreement with 7z vivo PET imaging results.

Conclusions: This study demonstrated that [*Ga]Ga-NOTA-Nb109 could be applied with PET imaging
to noninvasively and accurately monitor PD-L1 expression in vivo for screening patients who may be
responsive to immunotherapy and to guide the development of appropriate treatment strategies for such

patients.
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Introduction

Lung cancer remains the most common cause of cancer-
related deaths worldwide, comprising 18% of the total
number. According to the latest global cancer statistics,
after female breast cancer, lung cancer is the second most
frequently diagnosed cancer (11.7% wvs. 11.4%) (1). While
surgery is the primary form of treatment for early lung
cancer, most patients present with metastasis at the time of
initial diagnosis, resulting in poor prognosis. Radiotherapy
is commonly used for the treatment of local advanced lung
cancer that is not suitable for surgery. However, there are
several disadvantages to radiotherapy, including a high
risk of toxicity to surrounding normal tissues, radiation
pneumonitis, injury to nerves, and skin toxicity, as well as
complicated efficacy evaluation due to inflammation around
the tumor after radiotherapy (2). Chemotherapy is another
common treatment strategy for lung cancer, especially in
patients with advanced non-small cell lung cancer INSCLC).
Platinum-based chemotherapy is generally the first-line
treatment for metastatic lung cancer (3,4). While molecular
targeted therapies can significantly improve the survival
rate of patients with lung cancer, drug resistance tends to be
inevitable (5). Although many potent therapies are available
clinically, the 5-year survival rate for patients with lung
cancer remains low (only 10-20%) (6).

Immunotherapy has become a promising clinical strategy
for treating cancers in recent years, including cytokine-based
therapies such as interferon (IFN)-a and interleukin (IL)-2
(7,8); immune checkpoint blockade therapy such as cytotoxic
T-lymphocyte-associated antigen 4 (CTLA4), programmed
cell death-protein 1 (PD-1), and programmed death
ligand-1 (PD-L1) (9,10); and engineered T cell therapy such
as chimeric antigen receptor (CAR) T cells (11). In the last
decade, many immunotherapy drugs have been approved
for clinical application or preclinical research. Compared
with traditional treatment, immunotherapy has shown better
specificity and safety. Among various immunotherapies,
anti-PD-1/PD-L1 immune checkpoint therapy has shown
great success for patients with melanoma, bladder cancer,
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prostate cancer, and lung cancer, and as such, there has been
extensive research related to the PD-1/PD-L1 pathway
(12-17). Immunosuppressive antibodies, such as nivolumab,
pembrolizumab, and atezolizumab, have shown remarkable
efficacy in the treatment of lung cancer (18-20). There is
much clinical evidence suggesting that the immunotherapy
response rate is associated with the PD-1/PD-L1 expression
levels in patients (21). In lung cancer patients, while the
overall response rate (ORR) to anti-PD-1/PD-L1 antibodies
is approximately 20-40%, patients with PD-1/PD-L1
expression greater than 50% show response rates as high as
90% (13,22-24). The tumor PD-L1 expression in NSCLC
patients can be as high as 57% (25,26). Therefore, PD-
L1 expression may be an effective biomarker to screen
lung cancer patients who may benefit significantly from
immunosuppressive therapy.

The accurate and timely detection of PD-L1 expression
level is essential for improving the survival rate and prognosis
of lung cancer patients. Immunohistochemistry (IHC)
has served as the gold standard for PD-L1 detection in
clinics for a long time, and is recommended in the National
Comprehensive Cancer Network (NCCN) guideline as a
complementary diagnostic method for NSCLC patients
receiving immunotherapy (27). However, the reagents
approved for PD-L1 IHC testing are diverse, and the
correlation and consistency across different platforms
and reagents are controversial (28,29). In addition, the
expression of PD-L1 may be regulated by tumor progression
and the tumor microenvironment, which presents a dynamic
change in vivo (21). Hence, tumor biopsies rarely provide
an accurate and real-time assessment of PD-L1 expression,
especially in patients with tumor metastasis. Fortunately,
non-invasive molecular imaging techniques allow for the
targeted detection of PD-L1 expression in vivo repeatedly,
and many tracers labeled with different radionuclides have
shown promising application in preclinical studies (30).

Compared with other imaging techniques, positron
emission tomography (PET) is widely used in clinical tumor
detection due to its high sensitivity, spatial resolution,
accurate quantification, and safety. To date, most PET
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tracers targeting PD-L1 have been developed based on PD-
L1 monoclonal antibodies (mAbs), such as “*Cu-labeled
atezolizumab (31), *Zr-labeled atezolizumab (32), and ¥’Zr-
labeled avelumab (33), and thus, show targeted specificity
to PD-L1 in vitro and in vive. Novel PET tracers have been
designed and developed to improve upon the biological
performance of mAb-based tracers. These include
engineered single domain antibody-based tracers such as
[VZr]Zr-DFO-Bz-NCS-KN035 (34), polypeptide-based
tracers such as “Cu/*Ga-labeled DOTAGA-WL12 (35,36),
and small molecule-based tracers such as [*F]LG-1 (37) and
[*F]LN (38).

In our previous research (39,40), a nanobody-based
PET tracer [*Ga]Ga-NOTA-Nb109 was developed, and
in vivo PET imaging was performed in mice harboring
A375-hPD-L1 (human PD-L1 gene-transfected melanoma
cells), U87 (human glioblastoma cell line), HCT 116
(human colorectal cancer cell lines), and NCI-H1299
(human non-small cell lung tumor cells) tumors. Not only
did [®*Ga]Ga-NOTA-Nb109 show high specificity to PD-
L1, but it was also able to monitor the dynamic changes
in PD-L1 expression induced by chemotherapy. These
studies presented a method to screen patients who may
be responsive to immunotherapy and thus, may provide
guidance for the formulation of appropriate treatment
strategies for lung cancer patients, such as a combination
of chemotherapy and immunotherapy, intervention of
immunotherapy at suitable time points, and so on.

The present study further evaluated the clinical value of
[®Ga]Ga-NOTA-Nb109 in assessing PD-L1 expression
in patient-derived xenografts (PDXs) by immuno-PET
imaging. The biodistribution and metabolism of [*Ga]
Ga-NOTA-Nb109 in the PDXs were also examined in
vivo and ex vive. This study will further contribute to the
robust preclinical and clinical translational research of
[Ga]Ga-NOTA-Nb109 immuno-PET imaging in the
effective screening of patients who may be responsive
to immunotherapy and improve the overall cure rate of
lung cancer patients. We present the following article in
accordance with the Guidelines for Reporting Reliability
and Agreement Studies (GRRAS) reporting checklist
(available at https://qims.amegroups.com/article/

view/10.21037/qims-21-991/rc).

Methods
Preparation of [* Ga]Ga-NOTA-Nb109
The radiolabeling and quality control of [*Ga]Ga-NOTA-
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Nb109 were performed as previously described (39,40).
Briefly, no-carrier-added [*Ga]gallium was obtained from
the “Ge/*Ga generator [Isotope Technologies Garching
(ITG), GmbH, Munich, Germany) using HCI buffer (0.05
mM) and the pH value was regulated to 4 with sodium
acetate buffer (0.25 M). The radioactive solution (~300
MBq) was mixed with 60-80 pg NOTA-Nb109 precursor
for 15 min at 37 °C. The crude product was purified using
a PD-10 column (GE Healthcare Life Sciences, Chicago,
USA). The quality control evaluation was performed via
radio-high-performance liquid chromatography (HPLC;
RCY >95%, molar activity =25.17+3.26 GBg/pmol). The
tracer was formulated in physiological saline prior to iz vivo
experiments.

Construction of the PDX models

This study was approved by the Institutional Ethics Board
of Jiangsu Institute of Nuclear Medicine, in compliance
with the Laboratory Animal Guidelines for the Ethical
Review of Animal Welfare of China (No. GB/T 35892-
2018). Mice were housed in a specific-pathogen free (SPF)
grade animal laboratory regulated to 26+2 °C, 55%=+10%
relative humidity, and a 12-h light/dark cycle. All mice
(3-5 mice per cage) were provided with animal corn cob
bedding and sufficient sterile food and drinking water.
Lung cancer PDXs, including adenocarcinoma (ADC)
PDX LU6424 and squamous cell carcinoma (SCC) PDX
LU6437, were obtained from CrownBio (Suzhou, China).
For PDX construction, 4-6-week-old female BALB/c nude
mice (n=8 per group) were subcutaneously implanted with
lung tumor pieces (1-2 mm’) via trocar at the right forelimb
armpit. Tumor growth in each PDX was monitored
regularly. When the tumor volume reached 200-500 mm’
(about 25 and 50 days for LU6437 and LUG6424, respectively),
the PDXs were used for immuno-PET imaging and
biodistribution studies.

Immuno-PET imaging

The PET imaging of the PDXs (n=3 for LU6424 and
n=5 for LU6437) was performed on a micro-PET scanner
(Siemens Medical Solutions, Erlangen, Germany) following
intravenous injection of approximately 4.0 MBq [*Ga]
Ga-NOTA-Nb109 (100 pL). Mice were anaesthetized
under 2.0% isoflurane during the entire imaging process.
Dynamic PET scanning images were acquired for 120 min
and binned into 12 frames with an interval of 10 min. Each
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frame was reconstructed using the three-dimensional (3D)
ordered subset expectation maximum (OSEM) algorithm.
Image analysis of the tracer in the tumor and other tissues
was performed by drawing regions of interest (ROIs), and
the uptake of the tracer in each tissue was quantified and
expressed as the percent injected dose per milliliter of tissue
volume (% ID/mL).

Biodistribution studies

The lung cancer PDXs LU6424 (n=3) and LUG6437
(n=5), were injected intravenously with 3.7 MBq [*Ga]
Ga-NOTA-Nb109. The mice were euthanized with CO,
asphyxiation 1 hour post-injection. Tissue samples of the
heart, lung, liver, stomach, spleen, intestine, kidney, and
tumor were excised, collected, and transferred to the micro-
PET scanner for 10 min static scanning. The uptake of
[®*Ga]Ga-NOTA-Nb109 in the tumor and normal tissues
was quantified according to the ROI analysis of the PET
images. The radioactivity of the tracer at the time of
measurement was corrected using the following formula:
Ay = Apx0.5°"® where A,, and A, represent the decay-
corrected radioactivity and the injected radioactivity,
respectively, and At represents the time interval from
injection to scanning.

Western blot analysis of PD-L1 expression

Tumor or muscle tissues were obtained from the mice
xenografts (LU6424 and LU6437) and ground in 200 pL
radio immunoprecipitation Assay (RIPA) cell lysates
buffer using a high-throughput tissue grinder (Scientz-48;
Ningbo, China). The protein content of each sample was
estimated using the BCA method and 50 pg of protein was
separated on a 15% sodium dodecyl sulphate—polyacrylamide
gel electrophoresis (SDS-PAGE) gel. The protein was
immobilized onto a polyvinylidene fluoride (PVDF)
membrane, activated with methanol, and blocked with
skimmed milk at room temperature. The membrane was then
incubated with an anti-PD-L1 antibody (1:500, #ab213524,
Abcam, Cambridge, UK) and an anti-p-actin antibody
(1:1,000, #AF5001, Beyotime Biotechnology, Shanghai,
China) overnight at 4 °C. After washing in Tris buffered saline
with Tween 20 (TBST), the membrane was incubated with
the corresponding secondary antibody. Finally, the protein
bands were visualized using electrochemiluminescence (ECL)
reagents and a gel image system (Bio-Rad, Hercules, CA,
USA; ChemiDoc XRS+). Quantitative analysis of each band
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was performed using the Image] software (National Institutes
of Health, Bethesda, MD, USA).

IHC analysis

Fresh tumor specimens (n=3 for LU6424 and n=5 for
LU6437) were harvested from the mice and placed in
10% neutral-buffered formalin for overnight fixation
at 4 °C. Tissue sections (3-5 mm) were dehydrated with
different volume fractions of ethanol (70-100%) and
embedded in paraffin and cooled to harden. Paraffin-
embedded blocks were sectioned into 4 pm thickness,
placed onto glass slides and dried. The paraffin sections
were deparaffinized, hydrated, antigen retrieved with citric
acid, and blocked with 1% bovine serum albumin (BSA)
for 1 hour. Sections were then incubated with the anti-
PD-L1-antibody (EPR19759) (1:100, #ab213524, Abcam,
Cambridge, UK) overnight at 4 °C, followed by staining
with the rabbit specific IHC Polymer Detection Kit HRP/
DAB (#ab209101, Abcam, Cambridge, UK) as per the
manufacturer’s protocol. All stained sections were scanned
with the NanoZoomer-HT 2.0 Image system (Hamamatsu,
Shizuoka, Japan) at 40x magnification.

Autoradiography analysis

Mice were euthanized by CO, asphyxiation 1 hour after
injection of 3.7 MBq [*Ga]Ga-NOTA-Nb109, immediately
dissected, and the tumor and muscle tissues were harvested.
The tissues were snap-frozen by submersion in liquid
nitrogen and acclimated to -20 °C for 20 min to avoid
tissue shattering. The frozen sections of 20 pm thickness
were collected from 3 different cross section samples of
each tissue and placed on slides. The slides were exposed
to a phosphor storage screen film for 3 hours, and analyzed
using a phosphor imager (Cyclone PLUS, PerkinElmer,
Waltham, MA, USA). The relative optical density (ROD)
per specific area of the selected ROI was measured and
the average background signal from every ROD value of
each ROI was subtracted. The amount of radioactivity was
expressed as digital light units (DLU)/mm’.

Data analysis

To minimize any potential operator subjective bias, the
blinding method was applied during the data collection and
analysis process, including the PET scan, autoradiography,
western blot, and IHC.
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Table 1 Characteristics of the patient-derived lung cancer xenografts

Liu et al. Expression of PD-L1 in PDX monitored by immuno-PET imaging.

Models Cancer type Subtype Age (years) Gender Pathology QC CD274 gene expression'
LUB424 NSCLC ADC 64 F Poorly differentiated ADC (P9) 5.3041
LU6B437 NSCLC SCC 59 F Poorly differentiated SCC (P3, P7) 5.3537

', CD274 gene expression was measured with RNA-seq, and shown with log2 (FPKM, Fragments Per Kilobase of exon model per Million
mapped fragments). QC, quality control; NSCLC, non-small cell lung cancer; ADC, adenocarcinoma; SCC, squamous cell carcinoma; F,

female.
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Results
Construction and characteristics of the PDXs

In this study, PDX models were used to evaluate the
efficacy of [®Ga]Ga-NOTA-Nb109 in monitoring PD-L1
expression in the individual patient tumors. The morbidity
and mortality associated with lung cancer remains high
worldwide. Among lung cancers, NSCLC accounts for
about 85%, with ADC and SCC being the most common
types of NSCLC (41,42). Therefore, lung tumor samples
obtained from ADC and SCC patients were selected to
construct the PDX models. Characteristics of the lung
cancer PDXs are listed in 7able I and the growth profile of
the PDXs are shown in Figure 1. The body weight of the
mice carrying the PDXs varied slightly (Figure 1A4), but the
tumor volume increased significantly in both PDX models
(Figure 1B). A comparison of the 2 PDXs showed that the
growth rate of LU6424 was faster than that of LU6437,
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indicating that ADC was more malignant than SCC. This
was consistent with the clinical pathological diagnosis of

ADC and SCC (43).

Immuno-PET imaging of the PDXs
To evaluate the ability of [*Ga]Ga-NOTA-Nb109 to

monitor PD-L1 expression iz vivo, immuno-PET imaging
of the PDXs was performed. Dynamic PET scanning of
the PDXs was performed for 2 hours after the injection of
4.0 MBq [*Ga]Ga-NOTA-Nb109 via the tail vein. With
the PDX LU6424 mice, rapid clearance of the probe in
the non-target tissues was observed, and the contrast of the
radiation signal at the tumor site was gradually enhanced
until the end of PET scanning (Figure 24). According to
the ROI analysis, the maximum [*Ga]Ga-NOTA-Nb109
uptake by the tumor was 3.13%+0.35% ID/mL at 20 min
post-injection (Figure 2B). Although [*Ga]Ga-NOTA-
Nb109 uptake by the tumor decreased gradually with the
passage of time, the minimum accumulation of [*Ga]
Ga-NOTA-Nb109 was still greater than 1% ID/mL
at 120 min post-injection. The accumulation of the
radiotracer in the muscles was significantly lower than
that in the tumor (less than 0.30% ID/mL at 50 min
post-injection) with the maximum uptake in the muscles
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Figure 2 Immuno-PET imaging of PDX LU6424 with [*Ga]Ga-NOTA-Nb109 (n=3). (A) Representative coronal and transversal PET
images of the LUG6424 tumor at different times post-injection. The tumor is indicated by the dotted line circle. (B) The time course of [*Ga]

Ga-NOTA-Nb109 accumulation in the tumor and the muscles. (C) The time course of tumor/muscle radiotracer uptake ratio in the PDX

LU6424 mouse. ***, P<0.001. PET, positron emission tomography; PDX, patient-derived xenograft.

being 1.01%+0.28% ID/mL at 10 min post-injection. As
time passed, radiotracer uptake in the muscles decreased
and reached an equilibrium value of 0.20% ID/mL after
60 min. Due to the rapid clearance of [*Ga]Ga-NOTA-
Nb109 from the body, the tumor to muscle radiotracer
uptake ratio increased continuously and reached a maximum
of 11.55+1.35 at 100 min post-injection (Figure 2C).

The PDX LU6437 tumor could be clearly visualized
throughout the whole PET imaging process (Figure 3A),
indicating that [*Ga]Ga-NOTA-Nb109 can specifically
target PD-L1. The ROI analysis showed that the maximum
radiotracer uptake within LU6437 was 2.60%=x0.32% ID/mL
at 20 min post-injection, and gradually decreased over the
imaging time (Figure 3B). However, the maximum uptake
of tracer in the muscle only reached 1.25%=0.25% ID/mL
at 20 min post-injection and decreased slowly over time.
Therefore, the tumor to muscle radiotracer uptake ratio
increased gradually and reached a plateau of 5.40 at 110 min
post-injection (Figure 3C). For both PDX mouse models,
bladder retention was prominent as [*Ga]Ga-NOTA-
Nb109 was eliminated through the urinary system (Figure
2A,3A). These results indicated that [®*Ga]Ga-NOTA-
Nb109 can quickly accumulate in the tumor and be cleared
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from non-target tissues, and hence, a good signal-to-noise
ratio (SNR) was obtained.

The PET images in Figures 2,3 show that [*Ga]Ga-
NOTA-Nb109 also accumulated in healthy tissues, such
as the heart, liver, and kidneys. To examine the in vivo
distribution and metabolism of [*Ga]Ga-NOTA-Nb109
in the PDXs, tracer uptake in normal organ tissues was
investigated by dynamic PET scanning (Figure 4). In
the PDX mice, [**Ga]Ga-NOTA-Nb109 was detected
in the heart within the first 10 min after injection,
and the maximum accumulation of radioactivity was
19.93%+4.24% and 20.85%=0.99% ID/mL at 10 min
post-injection for LU6424 and LUG6437, respectively.
The tracer was then quickly cleared from the heart, and
the remaining radioactivity at 30 min post-injection was
2.44%=0.39% ID/mL and 4.24%=0.32% ID/mL in the
PDX LUG6424 and PDX LUG437 mice, respectively. By
40 min post-injection, the tracer had almost completely
cleared from the heart. Meanwhile, [*Ga]Ga-NOTA-
Nb109 was quickly distributed to the tumor and other
tissues, such as the liver and kidneys, through the systemic
circulation. The accumulation of [®*Ga]Ga-NOTA-Nb109
in the liver reached an equilibrium of 1.33%=0.31% 1D/
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LU6437 mouse. ***, P<0.001. PET, positron emission tomography; PDX, patient-derived xenograft.

mL and 4.67%=0.51% ID/mL for LUG6424 and LUG6437,
respectively, at 40 min post-injection (Figure 44,4C). In the
kidneys, a relatively high radioactive signal was observed for
both PDXs. At 10 min post-injection, the kidney retention
was 30.91%+2.94% ID/mL and 15.51%+2.65% ID/mL
for LU6424 and LUG6437, respectively. Over time, the
kidney retention value decreased to 13.51%=1.76% ID/mL
and 3.67%=x0.97% ID/mL for LU6424 and LUG6437,
respectively, and achieved an equilibrium at 40 min post-
injection. This suggested that the tracer was mainly cleared
via the renal pathway, and was supported by the gradual
accumulation of radioactivity in the bladder throughout the
course of the PET imaging process (Figure 24,3A).

Ex vivo biodistribution analysis

To further investigate the biodistribution of [**Ga]
Ga-NOTA-Nb109 in vivo and to validate the PET
quantification analysis, ex vivo biodistribution of [*Ga]Ga-
NOTA-Nb109 in the 2 PDXs, LU6424 and LU6437, at
60 min post-injection was determined using static PET
scanning for 10 min (Figure 5). For PDX LUG6424 (Figure
5A), the PET images illustrated that the accumulation of
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radioactivity was mainly concentrated in the tumor and the
kidneys, which was determined to be 2.17%+0.15% and
9.18%+1.30% ID/mL with decay-correction, respectively
(Figure 5B). The uptake in other normal organs, such as the
heart, lung, and spleen, was lower than that in the tumor,
which was in agreement with the iz vivo PET imaging data.
An obvious radioactive signal near the tumor location was
noted (Figure 5A), indicating that the PD-L1 expression
was upregulated in pericarcinomatous tissues affected by the
tumor.

In the PDX LU6437 mice, radiotracer uptake by the
liver was the highest (Figure 5C) with decay-corrected
radioactivity of 5.07%=0.29% ID/mL, followed by the
kidneys with radiotracer retention of 4.77%=0.63% ID/mL
(Figure 5D). The radioactive signal in the LU6437 tumor
(Figure 5C) suggested that the PD-L1 expression was
heterogeneous and the mean radiotracer uptake by the
tumor was 1.61%+0.28% ID/mL. In addition, it was noted
that the radioactivity was rather high in the head and neck,
which may be attributed to the tracer uptake by peripheral
nodes (44). For both PDXs, [“Ga]Ga-NOTA-Nb109
was rapidly cleared from the kidneys, and the deviation
in uptake values may be attributed to differences of ADC
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Figure 4 The in vivo distribution and metabolism of [*Ga]Ga-NOTA-Nb109 in the LU6424 (n=3) and LU6437 (n=5) PDXs based on
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mice. (B-D) The time course of radiotracer uptake and retention in the (B) heart, (C) liver, and (D) kidneys of the LU6424 and LU6437
PDX mice. PDX, patient-derived xenograft; PET, positron emission tomography.

and SCC PDX models. Overall, the ex vivo biodistribution
study demonstrated favorable radiotracer uptake by the
tumor, rapid radiotracer clearance from the blood, and
renal excretion of [*Ga]Ga-NOTA-Nb109, all of which are

consistent with the iz vivo PET imaging results.

Ex vivo PD-L1 expression analysis

To further quantify the accumulation of [*Ga]Ga-NOTA-
Nb109 in the tumor, autoradiography analysis was
performed (Figure 64). The radioactive signal in the PDX
tumors was significantly higher than that in the muscles,
and the grayscale analysis showed that the tracer uptake
in the LU6424 and LUG6437 tumors were approximately
5.4- to 4.2-fold higher than that observed in the muscles,
respectively. In addition, an uneven distribution of the
tracer was noted in LUG6437, and this was consistent with

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

the results from the ex vivo PET imaging. Furthermore, the
PD-L1 expression in the 2 PDXs was assessed by western
blot analysis (Figure 6B). The results demonstrated that
the PD-L1 expression levels in the LU6424 and LU6437
tumors were both higher than that in the muscles (5.6- and
3.6-fold higher, respectively). Meanwhile, IHC analysis
also demonstrated that PD-L1 was overexpressed in the
LU6424 and LU6437 tumors, and PD-L1 expression in
LUG6437 was uneven (Figure 6C). The results of the ex vivo
PD-L1 expression analysis were in good agreement with the
in vivo PET imaging data.

Discussion

Lung cancer remains the common cause of cancer death,
and early diagnosis and treatment are crucial for improved
patient outcomes. Although chemotherapy has shown
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certain benefits to lung cancer patients, the tumor-specific
cellular responses to chemotherapeutic drugs are often
unsatisfactory. Immunotherapy is an effective cancer
treatment strategy, and immune checkpoint-based therapies
targeting the PD-1/PD-L1 pathway have demonstrated
durable anti-tumor responses (45,46). To date, the
treatment of NSCLC patients with immunotherapy has
produced remarkable results (15,25,47,48). However, not
all patients with NSCLC respond to anti-PD-1/PD-L1
immunotherapy, and serious immune-related side effects
have also been reported, which might be attributed to the
excessive immune activation in NSCLC patients (49-51).
Therefore, accurate assessment of the PD-L1 expression in
NSCLC patients may play an important role in identifying
immune-responsive patients, thereby reducing the risk
of patients exposed to autoimmunity and improving the
prognosis of patients undergoing immunotherapy.

While IHC is widely used for the clinical evaluation
of PD-L1 expression, the results can be affected by many
variables (27), such as reliability of specimens, the selection
of antibodies, criteria of scoring PD-L1 expression, and so
on. Furthermore, PD-L1 expression can also be influenced
by factors such as cytokines, radiotherapy, and chemotherapy
(40,52-54). Since noninvasive imaging techniques can
evaluate the expression of molecular targets in vivo, various
PET imaging tracers targeting PD-L1 have been developed.
Immuno-PET tracers based on mAbs have been investigated
for preclinical and clinical applications. However, due to
the long biological half-life of mAbs and the radionuclide
(such as “*Cu and *Zr), several days are required to obtain
satisfactory images (31,32). Our previous studies identified
a nanobody-based immuno-PET tracer [*Ga]Ga-NOTA-
Nb109 with specificity to PD-L1 (39,40). Both i vitro and
in vivo studies were performed using cell lines and cell-line
derived xenografts (CDXs). However, the CDXs did not
accurately represent the heterogeneity of the tumor and these
studies resulted in low clinical relevance (55). Therefore,
PDX animal models that retain the biological characteristics
of the original tumor are needed to accurately evaluate the
clinical application of [*Ga]Ga-NOTA-Nb109. Indeed, PDX
models may preserve more complete genetic and oncologic
features, maintain the stromal and stem cell components of
the tumor, and retain the heterogeneity of the target receptor
expression (56). Therefore, PDXs derived from patients with
NSCLC were constructed and employed to evaluate the
clinical value of [*Ga]Ga-NOTA-Nb109.

The present study used ADC and SCC for the PDX
models due to the higher incidences of these lung cancer
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subtypes. The CD274 gene encodes the PD-L1 protein,
and thus, the expression of the CD274 gene can reflect the
level of PD-L1 expression to a certain extent. The analysis
of CD274 expression (1able 1) showed that both ADC and
SCC had high PD-L1 expression. Although there was
no difference in the genotype (CD274 expression level)
between the 2 lung cancer types, the phenotype (PD-L1
expression level) showed a visible difference (Figure 6B,6C)
that could be accurately detected by [*Ga]Ga-NOTA-
Nb109 uptake (Figures 2,3,6A).

Western blot analysis revealed that the PDX tumors
showed high PD-L1 expression, in agreement with the IHC
data. Tumors in both PDXs had high radioactive signal at
20 min post-injection, which was comparable to radiotracer
uptake in U87 CDXs with high PD-L1 expression (CDXs,
cell-line derived xenografts) (40). Meanwhile, a satisfactory
SNR was obtained in the PDXs, which may be due to the
characteristics of the nanobodies, such as low molecular
weight, high stability, deep tissue penetration, and weak
immunogenicity (57).

Although the biodistribution of the tracer was
investigated in a previous study (39), it was necessary to
assess the biocompatibility of the probe within different
models. The biodistribution analysis of [**Ga]Ga-
NOTA-NbL109 iz vivo and ex vivo showed that [**Ga]
Ga-NOTA-Nb109 quickly accumulated in the heart and
was transported to the target site through the circulatory
system. The tracer then bound specifically with PD-
L1 in the tumor, while the unbound tracer was quickly
cleared from the body via the renal pathway, resulted in
a satisfactory visualization of the tumor at 1 hour post-
injection. However, there was an obvious difference in the
background uptake between the two PDXGs, especially in the
liver and kidneys. This might be attributed to the variations
of ADC and SCC PDX models. Compared to traditional
mAb-based PET tracers, nanobody-based tracers have
high biocompatibility, feasibility, and safety in humans,
which makes them ideal candidates for clinical application.
These results demonstrated that immuno-PET imaging
with [®*Ga]Ga-NOTA-Nb109 is a reliable and non-invasive
technique to accurately detect PD-L1 expression and to
screen patients who are likely to have a positive response
to immunotherapy. This is conducive for improving the
response rate of immunotherapy.

Conclusions

To further evaluate the clinical value of immuno-PET
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imaging with [*Ga]Ga-NOTA-Nb109, its sensitivity and
accuracy in monitoring the PD-L1 expression in NSCLC
PDX models were investigated in this study. Both in
vivo and ex vivo experimental results demonstrated that
the tracer [*Ga]Ga-NOTA-Nb109 can accurately and
sensitively detect the PD-L1 expression in PDXs of lung
cancer. In addition, [®*Ga]Ga-NOTA-Nb109 could be
rapidly cleared via renal excretion in a short time and a
clear PET image with high SNR was obtained. This will be
beneficial for screening patients who may have an effective
response to immunotherapy, thereby improving the overall
cure rate of cancer patients. The present study provides a
solid basis for the ongoing clinical research of [*Ga]Ga-
NOTA-Nb109. Furthermore, the successful application of
PDX models may facilitate future clinical trials and allow
for the evaluation of tumor characteristics in individual
patients.
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