
Frontiers in Endocrinology | www.frontiersi

Edited by:
Yue Zhao,

Fudan University, China

Reviewed by:
Liang Liu,

Fudan University, China
Qin Lin,

First Affiliated Hospital of Xiamen
University, China
Yufeng Cheng,

Shandong University, China

*Correspondence:
Jinming Yu

sdyujinming@163.com
Jie Liu

linchuangliujie@163.com
Xue Meng

mengxuesdzl@163.com

†These authors have contributed
equally to this work and share

first authorship

Specialty section:
This article was submitted to

Cancer Endocrinology,
a section of the journal

Frontiers in Endocrinology

Received: 06 April 2022
Accepted: 24 May 2022
Published: 30 June 2022

Citation:
Wu L, Liu J, Wang S, Bai M, Wu M,
Gao Z, Li J, Yu J, Liu J and Meng X
(2022) Negative Correlation Between

18F-RGD Uptake via PET and
Tumoral PD-L1 Expression in
Non-Small Cell Lung Cancer.
Front. Endocrinol. 13:913631.

doi: 10.3389/fendo.2022.913631

ORIGINAL RESEARCH
published: 30 June 2022

doi: 10.3389/fendo.2022.913631
Negative Correlation Between
18F-RGD Uptake via PET and
Tumoral PD-L1 Expression in
Non-Small Cell Lung Cancer
Leilei Wu1,2†, Jingru Liu2,3,4†, Shasha Wang2, Menglin Bai2,3,4, Min Wu2,3,4,
Zhenhua Gao2, Jianing Li2, Jinming Yu3,4,5*, Jie Liu2,4* and Xue Meng2,4*

1 Department of Radiation Oncology, Shanghai Pulmonary Hospital, Tongji University School of Medicine, Shanghai, China,
2 Department of Radiation Oncology, Shandong Cancer Hospital and Institute, Shandong First Medical University and
Shandong Academy of Medical Sciences, Jinan, China, 3 Department of Radiation Oncology, Shandong University Cancer
Center, Jinan, China, 4 Department of Radiation Oncology and Shandong Provincial Key Laboratory of Radiation Oncology,
Shandong Cancer Hospital and Institute, Shandong First Medical University and Shandong Academy of Medical Sciences,
Jinan, China, 5 Research Unit of Radiation Oncology, Chinese Academy of Medical Sciences, Jinan, China

Purpose: We investigated the correlation of 18F-AlF-NOTAPRGD2 (18F-RGD) uptake
during positron emission tomography (PET) with tumoral programmed death-ligand 1
(PD-L1) expression and explored its potential in immune checkpoint inhibitor treatment.

Methods: Forty-two mice were subcutaneously injected with CMT-167 lung carcinoma
cells. A total of 30 mice with good growth tumor and good general condition were
selected. 18F-RGD PET scanning was performed on days 0, 2, 4, 6, 9, and 11 with five
mice per day. Immunohistochemistry (IHC) for PD-L1 was performed on each specimen
obtained from tumors. Thirty patients with advanced non-small cell lung cancer (NSCLC)
were scanned using 18F-RGD PET/CT, and Milliplex multifactor detection analyzed serum
PD-1/PD-L1 expression of twenty-eight of them. Thirteen of them were analyzed
immunohistochemically using core needle biopsy samples obtained from primary tumors.

Results: Thirty mice were scanned by 18F-RGD PET/CT and analyzed for PD-L1 expression
in tumor cells by IHC finally. Maximum standard uptake value (SUVmax) and mean SUV
(SUVmean) were significantly lower in relatively-higher-PD-L1-expression tumors than in
relatively-low-PD-L1-expression tumors (P < 0.05). In patients, the SUVmax was significantly
negatively correlated with tumoral PD-L1 expression by IHC (P=0.014). SUVmean, peak SUV
(SUVpeak), and gross tumor volume (GTV) were also negatively correlated with PD-L1, but
without significance (P > 0.05). SUVmax, SUVmean, SUVpeak, and GTV were negatively
correlated with serum PD-1 and PD-L1, but not significantly. According to the receiver
operating characteristic curve analysis, significant correlations between SUVmax and
tumoral PD-L1 expression in both mice and patients were present (P < 0.05).

Conclusion: Higher 18F-RGD uptake is correlated with depressed PD-L1 expression in
tumor cells, and SUVmax is the best parameter to display tumoral expression of PD-L1.
18F-RGD PET may be useful for reflecting the immune status of NSCLC.
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INTRODUCTION

Immune checkpoint inhibitors (ICIs), designed to target
inhibi tory immune checkpoint molecules , such as
programmed death-ligand 1 (PD-L1) and its receptor,
programmed death-1 (PD-1), have dramatically changed the
treatment landscape in non-small cell lung cancer (NSCLC) (1).
Currently, tumoral PD-L1 expression is the most widely used
and recognized biomarker for evaluating the efficacy of ICI
treatment (2). Nevertheless, immunohistochemistry (IHC)
from invasive tumor sampling is essential to ascertain PD-L1
expression, and its widespread application has been extremely
limited due to invasiveness, tumor heterogeneity, and
unfeasible sampling. To overcome these obstacles, non-
invasive diagnostic tools such as liquid biopsy and positron
emission tomography/computed tomography (PET/CT) have
been developed.

Angiogenesis is an important component of the tumor
microenvironment (TME), which is often highly abnormal
and heterogeneous, leading to impaired tissue perfusion and a
hypoxic environment, resulting in tumor progression and
treatment resistance (3, 4). High expression of integrin aVb3
in activated endothelial cells, but not in resting vessel cells of
normal regions, makes this protein a potential surrogate
parameter for angiogenesis in tumors (5). Therefore,
molecular imaging employing a cyclic arginine-glycine-
aspartate (RGD) peptide has been developed to assess
angiogenesis within the TME as a potential imaging
approach, as it interacts specifically with integrin aVb3 and
exhibits a significant positive correlation with aVb3 expression
(6, 7). Additionally, 18F-AlF-NOTAPRGD2 (also referred to as
18F-RGD), a novel one-step labeled integrin aVb3-targeting
PET probe, has proven to be safe and effective (8). Several
studies have demonstrated that 18F-RGD PET/CT can be used
to clearly characterize tumor angiogenesis. Furthermore, the
hypoxia-inducible factor (HIF) pathway is a master regulator of
angiogenesis (9–11). Several studies have shown that HIF is
related to PD-L1 expression (12–14). Therefore, we
hypothesized that 18F-RGD PET/CT might be correlated with
PD-L1 expression, through the function of HIF in the progress
of angiogenesis. 18F-RGD PET/CT is likely to guide ICI
treatment in NSCLC.

Currently, no studies have unveiled the relation between 18F-
RGD uptake and PD-L1 expression. In this study, we aimed to
investigate whether 18F-RGD uptake is associated with tumoral
PD-L1 expression, and whether 18F-RGD PET/CT imaging can
be used to guide ICI treatment in NSCLC.
MATERIALS AND METHODS

Our research included two parts: experiments on CMT-167 lung
carcinoma-bearing mouse models and prospective research on
clinical patients. We chose CMT-167 lung carcinoma cells
because of their high immunogenicity.
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Experiments on CMT-167 Lung
Carcinoma-Bearing Mouse Models
CMT-167 Lung Carcinoma-Bearing Mice Models
Female C57BL/6 mice (n=42, age, 6-8 weeks, weight, 18–20 g)
were purchased from Beijing Hua Fukang pathogen−free animal
breeding facility (approval no. SCXK (Jing) 2009−0008). A total of
1 × 106 CMT-167 lung carcinoma cells were subcutaneously
injected into the axillae of these mice to generate tumors. The
tumor size and body weight of mice were measured every two
days, and the tumor volume was calculated using the following
formula: Tumor volume = (length × width2)/2. The animal rooms
provided a constant temperature of 26°C, a relative humidity of 50
−60% and natural light, with a 12/12-h light/dark cycle. The mice
were fed a laboratory animal diet and sterile water ad libitum. A
total of 30 mice with good growth tumor and good general
condition were selected. We set the date as day 0 when the
tumor reached 100 mm3. Finally, five mice were prepared for
18F-RGD PET/CT scanning on day 0, 2, 4, 6, 9, and 11,
respectively. Effectively scanned mice were then sacrificed to
isolate the tumors. Tumors were sectioned for IHC. This study
was approved by the Ethical Committee of the Shandong Cancer
Hospital and Institute (No. SDTHEC20130326).

18F-RGD PET/CT Scanning
A lyophilized kit for labeling the PRGD2 peptide purchased from
the Jiangsu Institute of Nuclear Medicine was employed according
to a previously published study (15). The radiochemical purity of
18F−RGD exceeded 95%, and its specific radioactivity exceeded 37
GBq (1,000 mCi)/µmol. All micro-PET images were obtained with
an Inveon PET scanner (Siemens Preclinical Solutions, LLC,
Knoxville, TN, USA) using 18F−RGD. With the assistance of the
positioning laser from the Inveon system, each tumor-bearing
mouse was placed with its tumor located in the center of the field
of view to achieve the highest imaging sensitivity. 18F-RGD PET
scans were performed 60 min after tail-vein injection of 18F−RGD
(2.4−3.5 MBq) under isoflurane anesthesia with 1.5% isoflurane in
100% oxygen at a flow rate of 1.5 L/min. The PET scans were
acquired on a combined PET/CT scanner for 5 min per field of
view. The PET images were reconstructed and analyzed using the
OSEM−3D IAM software program (IS_v1.4.3 SP1; Siemens
Preclinical Solutions, LLC).

Imaging Data Analysis
Two experienced nuclear medicine physicians examined all
images using a double-blinded approach and aimed to reach a
consensus. If no consensus was reached, a third chief physician
participated in the examinations. The process of this detailed
analysis was the same as that described in a previously published
study (16).

Prospective Research on Clinical Patients
Inclusion Criteria
All patients were prospectively enrolled in this study and met all
the following criteria (1): aged 18 years or older with a Karnofsky
Performance Score (KPS) ≥70 (2); histologically confirmed
June 2022 | Volume 13 | Article 913631

https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Wu et al. 18 F-RGD Negatively Correlated With PD-L1
NSCLC; and (3) diagnosed with objectively measured lesions.
Patients with autoimmune diseases, active infections, or severe
heart and lung dysfunction were excluded. Our investigation of
these candidates was performed in accordance with the
Declaration of Helsinki (as revised in 2013) and approved by
the Ethical Committee of Shandong Cancer Hospital and
Institute (No. SDTHEC20130326). Signed formal consent was
required for all the candidates prior to participation.

18F-RGD PET/CT Scanning
A baseline 18F-RGD PET/CT scan was performed for each patient
enrolled at the Shandong Cancer Hospital and Institute. The
uptake values of the primary lesions were analyzed. The
lyophilized kit for labeling the PRGD2 peptide was the same as
that used for the mice. Fasting or specific CT contrast agents were
not used in this study. The radiochemical 18F-RGD purity
exceeded 95%, and the specific radioactivity exceeded 37 GBq
(1,000 mCi)/mmol. The PET scans were acquired on a combined
PET/CT scanner (GEMINITF Big Bore; Philips Healthcare). PET
scans were performed 60 min after intravenous injection of 18F-
RGD, at approximately 219.24 ± 25.7 MBq. Patients were required
to remain calm and sustain slow breathing during image
acquisition. The PET scans were acquired from the head to the
thigh (with patients’ supine) and on a combined PET/CT scanner,
with a duration of 5 min per field of view. The axial sampling
thickness was 4.25 mm per slice after intravenous administration
of 18F-RGD. A low-dose multi-slice helical CT was performed for
anatomic imaging, localization purposes, and attenuation
correction. Attenuation-corrected PET images, CT images, and
fused PET/CT images were presented as coronal, sagittal, and
transaxial slices, respectively, and were viewed using a Xeleris
workstation (GE Healthcare).

Imaging Data Analysis
PET/CT images were analyzed by two qualified and experienced
nuclear medicine physicians using a double−blinded approach
without knowledge of the patients’ history. The analysis was
assisted with the MIM software package (MIM, 6.1.0, Ohio,
USA). If no consensus was reached, a third chief physician
participated in the analyses. Regions of interest (ROIs) of
lesions were drawn based on anatomical structure according to
CT images and PET/CT fusion images for ROI accuracy, which
were limited to the lesions for biopsy, and all were primary
lesions. A vendor-provided automated contouring program was
used to generate maximum standard uptake value (SUVmax)
and mean SUV (SUVmean) of all tumors based on a 2.5
threshold. Peak SUV (SUVpeak) were acquired as the average
SUV within a one cubic centimeter sphere, surrounding the
voxel with the SUVmax. Gross tumor volume (GTV) was
measured through attenuation-corrected 18F-RGD PET images
using an SUV-based automated contouring program with an iso-
counter threshold method based on 41% of the SUVmax, defined
as the total volume of all tumors in the body in milliliters.

IHC Staining
For mice, tumor sections and commercial antibodies (Abcam,
Shanghai, China, ab130039) were used for IHC staining. For
Frontiers in Endocrinology | www.frontiersin.org 3
patients, tumor tissue samples obtained via core needle biopsy
samples obtained from primary lesions were used for IHC
staining. Rabbit monoclonal antibodies against PD-L1 (28-8,
Abcam, Shanghai, China, AB205921) and PD-1 (EPR4877 (2),
Abcam, Shanghai, China, ab137132) were used for IHC
analysis. The reaction was visualized using SignalStain Boost
IHC Detection Reagent (HRP, Rabbit). Tumor expression of
PD-1 or PD-L1 was considered positive when membrane
staining was observed. The following semiquantitative scoring
method (6-step scoring system, ‘Cologne Score’) was used for
PD-1 and PD-L1: 0 (<1%), 1 (≥1% and <5%), 2 (≥5% and
<10%), 3 (≥10% and <25%), 4 (≥25% and <50%), 5 (≥50% and
<75%) (17, 18). Tumors with a score ≥2 were graded as
relatively high expression, and tumors with a score ≤1 were
graded as having relatively low expression (a cut-off value of
5%). An Eclipse Ci-L photographic microscope (Nikon, Japan)
and Media Cybemetics software (USA) were used to analyze
tumoral expression of PD-1 and PD-L1. Two experienced
pathologists were consulted to ensure the accuracy of semi-
quantitative scoring approach used.

Statistical Analysis
Statistical analyses were performed using SPSS software (version
26.0; SPSS Inc., Chicago, IL, USA). The parameters of 18F-RGD
PET/CT were regarded as continuous variables, and tumoral
expression of PD-1 and PD-L1 was classified as a variable.
Correlations between imaging parameters and tumoral
expression of PD-1 and PD-L1 were determined by Spearman
or Pearson correlation analysis, depending on whether the
parameters were normally distributed. Correlations between
PET parameters and serum PD-1/PD-L1 (sPD-1/PD-L1) were
evaluated using the Pearson correlation analysis. Receiver
operating characteristic curve (ROC curve) and area under the
ROC curve (AUC) analyses were used to describe the recognition
accuracy of different parameters. Differences were considered
statistically significant at p < 0.05.
RESULTS

Experiments on CMT-167 Lung
Carcinoma-Bearing Mouse Models
Correlations Between 18F-RGD PET/CT Imaging
Parameters and Tumoral PD-L1 Expression in Mice
As the days progressed, tumors gradually grew in size. SUVmean
and SUVmax increased gradually, and there was a downward
trend of tumoral PD-L1 expression over time (P=0.000; Figure 1).
Specimens from mice were categorized into two groups (relatively
low and high expression) according to the results of IHC analysis
of tumoral PD-L1 expression. Both SUVmean (Pearson’s r =
-0.623, P=0.000) and SUVmax (Pearson’s r = -0.667, P=0.000)
were significantly lower in higher-PD-L1-expression tumors, in
comparison with relatively-low-PD-L1-expression (Figure 2)
(Table 1). When tumoral PD-L1 expression were classified into
6 scores, the highest score was 3 (17%), and both SUVmean
(Pearson’s r = -0.682, P=0.000) and SUVmax (Pearson’s r =
June 2022 | Volume 13 | Article 913631
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-0.726, P=0.000) were still significantly lower in higher-PD-L1-
expression tumors (Table 1).

Prospective Research on Clinical Patients
Characteristics of Patients
Thirty patients received valid 18F-RGD PET/CT scanning before
any anti-angiogenesis therapy or ICI treatment between
December 2018 to March 2020, and 13 of these patients were
analyzed immunohistochemically by core needle biopsy samples
Frontiers in Endocrinology | www.frontiersin.org 4
obtained from primary tumors. Of the 13 patients, eight (61.5%)
were men, nine (69.2%) were older than 60 years, eight (61.5%)
had a smoking history, and the tumor stage of nine (69.2%)
participants had an IVA/B stage. KPS of one patient was 70 and
six patients were evaluated as 80. Only one patient (7.7%) had
squamous cell carcinoma, and three (23.1%) were poorly
differentiated. The mean values and ranges of SUVmax,
SUVmean, SUVpeak and GTV were 5.05 (3.00-12.00), 2.90
(1.00-4.00), 3.41 (2.00-6.00) and 25.14 (0.44-141.29),
FIGURE 1 | (A) High, middle and low uptake of tumor in mice by 18F-RGD PET/CT imaging; (B) Changes of tumoral PD-L1 expression score (6-step scoring
system, ‘Cologne Score’) of mice with days; (C) Changes of SUVmean and SUVmax of mice with days. P < 0.05 is considered statistically significant.
A B

FIGURE 2 | (A) Relatively low and high expression of PD-L1 (×400). (B) Scatter diagrams of correlations between SUVmax, SUVmean and PD-L1 expression. P <
0.05 is considered statistically significant.
June 2022 | Volume 13 | Article 913631
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respectively. The percentages associated with PD-1 and PD-L1
positive expression were 7.7% and 53.8%, respectively. No
significant differences in sex, age, smoking history, KPS, tumor
stage, histopathologic subtype, differentiated degree, or
epidermal growth factor receptor (EGFR) mutation were found
between the relatively-high-PD-L1-expression tumors and
relatively-low-PD-L1-expression tumors. The detailed
characteristics of the 30 patients are listed in Table 2.

Correlations Between 18F-RGD PET/CT Imaging
Parameters and Tumoral PD-1/PD-L1 Expression in
NSCLC Patients
SUVmax, SUVmean, and GTV were positively correlated with
greatest tumor diameter, but SUVpeak was not significantly
correlated with greatest tumor diameter (Table 3). A statistically
significant (Spearman’s r=-0.660, P=0.014) negative correlation
between tumoral PD-L1 expression and 18F-RGD SUVmax
was observed (Table 3). 18F-RGD SUVmean, SUVpeak, and
GTV were slightly lower in tumor samples with higher PD-L1,
although the differences were not statistically significant (P=0.101,
P=0.085, and P=0.119, respectively). There was no significant
relationship between SUVmax and tumoral PD-1 expression
(Spearman’s r=-0.077, P=0.802). Tumoral expression of PD-L1
was also not significantly related to PD-1 expression (P=0.377).
SUVmax was significantly positively correlated with SUVmean,
SUVpeak, and GTV (P=0.000, P=0.002, and P=0.006,
respectively). The 18F-RGD PET/CT scanning results are shown
in Figure 3A, while representative specimens of NSCLC patient
tissues showing tumoral PD-1 and PD-L1 expression (×400) are
shown in Figure 3B. Finally, scatter diagrams showing
correlations between SUVmax, SUVmean, SUVpeak and
tumoral PD-L1 expression are shown in Figure 3C.

Correlations Between 18F-RGD PET/CT Imaging
Parameters and sPD-1/PD-L1
All parameters were evaluated as continuous variables. sPD-1
and sPD-L1 levels were significantly and positively correlated
(P=0.000). SUVmax, SUVmean, SUVpeak, and GTV were
negatively correlated with sPD-1 and sPD-L1, but not
significantly. The correlations are presented in Table 4.

ROC Curve Analysis
For tumor-bearing mice, there were significant correlations
between SUVmax, SUVmean, and tumoral PD-L1 expression
status (P=0.001 and P=0.001, respectively). The area under the
curve (AUC) of SUVmax and SUVmean were 0.871 (95%
confidence interval, 95%CI, 0.743-0.998) and 0.848 (95% CI,
0.699-0.997), respectively. For patients, significant correlations
Frontiers in Endocrinology | www.frontiersin.org 5
were observed between SUVmax and tumoral PD-L1 expression
status (P=0.022), and the AUC of SUVmax was 0.881 (95% CI,
0.692-1.000). The correlations between SUVmean, SUVpeak,
GTV, and tumoral PD-L1 expression were not significant
(P=0.100, P=0.086, and P=0.116, respectively). The results of
the ROC curve analysis are shown in Figure 4 and Table 5.
DISCUSSION

To our knowledge, this is the first study to provide evidence for
the potential of 18F-RGD PET/CT imaging to indicate PD-L1
status in NSCLC. Furthermore, the results presented here suggest
that 18F-RGD PET/CT may play a key role in determining
optimal treatment strategies in patients with NSCLC. We
found that uptake of 18F-RGD PET/CT was significantly
negatively correlated with tumoral expression of PD-L1 in
NSCLC, and SUVmax was the best parameter to reflect
tumoral PD-L1 expression.

In recent years, the development of antibodies that target
immune checkpoint proteins, including PD-1, PD-L1, and
cytotoxic T lymphocyte-associated antigen-4, has led to a
paradigm shift in cancer treatment and the US Food and Drug
Administration approval of numerous therapeutics of this type,
including for nivolumab, pembrolizumab, ipilimumab, and
atezolizumab (17). However, the majority of patients fail to
benefit from such treatments as they do not respond to ICIs,
or quickly develop drug resistance. An essential and common
factor associated with the suboptimal success of these drugs is the
need for more suitable predictors of their therapeutic effect. The
tumoral expression of PD-1 and its ligand PD-L1, as assessed by
IHC, has been evaluated as a predictive biomarker of response to
ICIs (2). However, due to the requirement for invasive biopsy,
alternative noninvasive strategies that can indicate PD-1/PD-L1
expression in patients with malignant tumors, such as PET/CT
and biochemical indexes of peripheral blood, would be of
great value.

In our study, higher SUVs of 18F-RGD correlated with
greatest tumor diameter in clinical patients. Similarly, in
mouse models, as tumor size increased, 18F-RGD uptake
increased, reflected as higher SUVmean and SUVmax. Such
results revealed a significant positive correlation between the
tumor dimension and RGD uptake values, which was
concordant with the results of Li et al. (9). This trend
confirmed the validity of these imaging parameters to reflect
the true dimension of the tumors again and demonstrated the
potential of RGD PET/CT to assess the TME. In terms of the
mechanism of RGD PET to characterize tumor angiogenesis,
TABLE 1 | Correlations between 18F-RGD PET/CT imaging parameters and tumoral PD-L1 expression in mice.

Variables SUVmean SUVmax

Pearson’s r P Pearson’s r P

Tumoral PD-L1 expression Dichotomy -0.623 0.000 -0.667 0.000
Six scoring categories -0.682 0.000 -0.726 0.000
June 2
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TABLE 2 | Thirteen out of the thirty patients were analyzed immunohistochemically by samples obtained from primary tumors by core needle biopsy and they are highlighted in bold.

R
ion

Uptake of 18F-RGD PET/CT PD-1
(IHC)

PD-L1
(IHC)

Multifacterdetection

SUVmax SUVmean SUVpeak GTV

7.52 3.42 5.58 12.67 L L Y
3.76 2.70 3.23 19.31 L H Y
7.01 3.57 5.61 43.97 L H Y
7.99 3.39 5.02 45.75 L L Y
12.92 8.59 3.39 394.97 L L Y
11.10 3.79 4.39 67.30 L H Y
13.95 3.66 9.08 140.07 L L Y
3.93 2.86 2.98 2.32 H H Y
2.61 1.32 2.05 45.95 L H Y
3.84 2.86 3.00 8.20 L L Y
12.44 3.37 3.99 141.29 L L N
2.86 2.60 2.36 7.52 L H Y
2.80 2.58 2.36 0.44 L H Y
5.29 3.34 4.24 17.50 Y
5.34 3.04 4.40 65.59 Y
6.40 2.91 4.34 278.43 Y
7.63 4.01 6.69 148.38 Y
4.59 3.02 3.84 21.45 Y
5.01 3.00 4.15 12.30 Y
5.38 3.19 4.71 67.74 Y
4.23 2.86 3.65 23.25 N
4.60 2.98 3.78 38.78 Y
4.21 2.98 3.64 30.29 Y
5.34 3.06 3.99 25.37 Y
4.21 2.91 3.17 2.82 Y
6.28 3.1 5.38 75.49 Y
9.78 3.42 6.27 47.23 Y
4.59 3.00 3.55 2.40 Y
6.83 3.08 5.40 23.29 Y
11.03 3.98 8.83 166.50 Y
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No. Gender Age Smoking
history

KPS Tumor
stage

Histopathologic
type

Differentiation EGF
muta

1 F 73 N 80 IVB A Middle N
2 M 68 Y 90 IVB A High -
3 M 69 Y 80 IIIC S Middle N
4 F 65 Y 90 IIIB A Middle -
5 M 69 N 80 IVB A High N
6 F 49 Y 90 IVA A High +
7 F 62 N 90 IVB A High N
8 M 60 N 80 IVB A Middle -
9 M 59 Y 90 IIIB A Low -
10 M 62 Y 80 IIIC A Low +
11 M 63 Y 80 IVB A High -
12 F 52 N 90 IVB A Low -
13 M 68 Y 70 IVB A Middle -
14 F 42 N 80 IIIC A High N
15 M 70 Y 90 IVA A High –

16 M 60 Y 70 IVA A High +
17 F 58 N 90 IVB A Low –

18 M 35 N 90 IVA A High +
19 M 52 Y 80 IVB A High –

20 M 54 Y 70 IVB S Low N
21 F 66 N 80 IVB A High –

22 M 65 Y 80 IVB A Middle N
23 M 61 Y 80 IVA A High +
24 M 64 N 90 IVB A Middle –

25 F 56 N 80 IVA A High +
26 M 69 Y 80 IVB A Middle –

27 F 66 N 90 IVB A Low –

28 M 68 Y 80 IVB A Low –

29 M 31 N 90 IVB A High –

30 M 66 Y 80 IIIC A High –

Twenty-eight of these patients received Milliplex multifactor detection for sPD-1/PD-L1 expressed in peripheral blood. Thirteen
needle biopsy and they are highlighted in bold. L, relatively low expression; H, relatively high expression; Y, yes.
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highly expressive integrin aVb3 in additional neovascularization
with the growth of tumor manifests as elevated SUVs (5–9).

In CMT-167 lung carcinoma-bearing mice, SUVmax and
SUVmean were significantly lower in relatively-higher-PD-L1-
expression tumors, in comparison to relatively-low-PD-L1-
expression tumors (P < 0.05). In patients, the SUVmax was
also significantly negatively associated with PD-L1 expression by
IHC (P=0.014). However, SUVmax, SUVmean, SUVpeak, and
GTV were negatively correlated with sPD-1 and sPD-L1, but not
significantly. Just like other tumoral markers in blood, sPD-1/
PD-L1 can reflect tumor immune status and predict efficacy of
ICIs to some extent, but the level of sPD-1/PD-L1 is affected by a
variety of factors. It has been reported that the expression levels
of serum PD-1/PD-L1 are not completely consistent with levels
of PD-1/PD-L1 in tumor tissues (19, 20). There is a general
agreement that expression of PD-L1 on tumor cells should be
used to predict the therapeutic response to PD-1/PD-L1
inhibitors in NSCLC. Given the established positive association
between 18F-RGD uptake and angiogenesis or integrin aVb3, we
speculate that angiogenesis may downregulate tumoral PD-L1
expression in NSCLC, corresponding to high 18F-RGD uptake.
With increasing malignancy, hypoxia as a major TME factor
mediates angiogenesis, regulated by HIF pathway (21, 22). The
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expression of pro-angiogenic genes such as vascular endothelial
growth factor (VEGF) are regulated via the HIF pathway (21).
Meanwhile, hypoxia also profoundly influences the immune
status (22, 23). Thus, the possible correlation between 18F-
RGD uptake and PD-L1 expression in cancer tissues may
depend on the regulation of HIF pathway.

Several studies on the relationship between hypoxia or HIF
and tumoral PD-L1 expression have yields conflicting results.
Noman et al. reported that HIF-1a significantly increased the
expression of PD-L1 in a panel of murine and human cell lines
(12). However, only one (B16-F10 melanoma) of four murine
cell lines studied showed an increase in the percentage of PD-L1
positive cells after culture in 0.1% oxygen. A study of the effect
of hypoxia on PD-L1 expression in bladder cancer observed
that hypoxia reduced PD-L1 expression and PD-L1 expression
further decreased with increasing cell seeding density (24). It
seems that the hypoxia-induced regulation of PD-L1 is tissue
specific (12, 22, 24). E-cadherin is a tumor suppressor protein
involved in cell-to-cell adhesion, and its suppression is a typical
characteristic of epithelial-to-mesenchymal transition (EMT)
induction (25, 26). Further studies revealed that HIF-1a
activation upregulates PD-L1 expression by HIF-1a-induced
EMT induction (27). Interestingly, PD-L1 expression has also
TABLE 3 | Correlation with 18F-RGD uptake and greatest tumor diameter and tumoral PD-1/PD-L1 expression by IHC staining in patients.

Variables SUVmax SUVmean SUVpeak GTV

Spearman r P Spearman r P Spearman r P Spearman r P

Greatest tumor diameter 0.663 0.013 0.689 0.009 0.253 0.405 0.674 0.011
Tumoral PD-1 expression -0.077 0.802 -0.116 0.706 -0.232 0.446 -0.386 0.193
Tumoral PD-L1 expression -0.660 0.014 -0.475 0.101 -0.496 0.085 -0.454 0.119
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P < 0.05 is considered statistically significant.
FIGURE 3 | (A) Low, middle and high uptakes of 18F-RGD PET/CT scanning for NSCLC patients; (B) Relatively low and high expression of PD-1 and PD-L1 (×400)
in NSCLC patients; (C) Scatter diagrams of correlations between SUVmax, SUVmean, SUVpeak and PD-L1 expression in NSCLC patients. P < 0.05 is considered
statistically significant.
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been reported to be downregulated by EMT induction (28). A
study on the diagnostic value of 18F-FDG-PET in predicting
tumor immune status found that tumoral PD-L1 expression in
oral squamous cell carcinoma (OSCC) patients is suppressed by
the activation of the HIF-1a–EMT axis (29). Thus, how the
HIF-EMT axis works may also determine the correlation
between the uptake of 18F-RGD and PD-L1 expression in
NSCLC. In other words, HIF-1a–EMT axis plays a crucial
part in regulating the relationship between integrin aVb3 and
tumoral PD-L1 expression. Based on our results, we
hypothesize that hypoxia produced during tumor growth
further contributes to increased angiogenesis in the tumor
microenvironment of NSCLC, resulting in robust expression
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of integrin aVb3 and high RGD SUVs, and it downregulates
the tumoral PD-L1 expression through the HIF-EMT
axis simultaneously.

In recent years, molecular imaging, based on PET/CT, not
only helps nuclear medicine physicians to diagnose diseases, but
also plays an important role in predicting therapeutic effects. In
addition to 18F-fluorodeoxyglucose (30), 18F-labeled anti-PD-L1
adnectin, 89Zr-labeled nivolumab (31), and 99mTc-labeled anti-
PD-L1 single-domain antibody (32), our study also provides
clinical physicians with a new non-invasive measurements of
PD-L1, which may be useful in guiding ICI treatment in NSCLC.

This study has some important limitations. First, the number
of patients in the study was small, due to the infrequent use of
TABLE 4 | Correlations Between Uptakes of 18F-RGD PET/CT and sPD-1/PD-L1 Expressed in Peripheral Blood of Twenty-Eight Patients.

Variables SUVmax SUVmean SUVpeak GTV

Pearson r P Pearson r P Pearson r P Pearson r P

sPD-1 -0.078 0.693 -0.225 0.250 -0.040 0.841 -0.043 0.827
sPD-L1 -0.073 0.71 -0.205 0.295 -0.001 0.997 -0.016 0.935
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A

B

FIGURE 4 | (A) ROC curve of 18F-RGD PET/CT parameters to reflect tumoral PD-L1 expression status (relatively high or low expression) in tumor-bearing mice:
AUC of SUVmax and SUVmean were 0.871 (95% CI, 0.743-0.998) and 0.848 (95% CI, 0.699-0.997), respectively; (B) ROC curve of 18F-RGD PET/CT parameters
to reflect tumoral PD-L1 expression status (relatively high or low expression) in NSCLC patients: AUC of SUVmax, SUVmean, SUVpeak and GTV were 0.881 (95%
CI, 0.692-1.000), 0.774 (95% CI, 0.499-1.000), 0.786 (95% CI, 0.525-1.000) and 0.762 (95% CI, 0.490-1.000) respectively.
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18F-RGD PET/CT in clinical practice. Second, we did not
evaluate immune status using more detailed markers. Third,
further research is warranted to investigate the specific
correlation between angiogenesis and immune status.
CONCLUSION

Higher expression of tumoral PD-L1 presented with lower 18F-
RGD uptake, and SUVmax may be the best parameter to reflect
the immune status of NSCLC. Metabolic imaging has the
potential to become a useful complement in the assessment of
the molecular profiles of NSCLC, and may be useful in guiding
ICI treatment in NSCLC. Additional large, prospective clinical
trials are required to confirm our results and to determine
whether metabolic imaging could be useful, not only to infer
the PD-1/PD-L1 status of patients but also to assist in making
clinical decisions regarding whether the use of anti-PD-1/PD-L1
antibody therapy would be beneficial to the patient.
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