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Abstract

Immune checkpoint inhibitors (ICIs), targeting programmed cell death pro-
tein-1 (PD-1) and its ligand (PD-L1), have changed the treatment history of
lung cancer, especially in the field of non-small cell lung cancer (NSCLC).
®F-FDG PET/CT, as a noninvasive and effective examination technique, re-
flects the location and functional information of tumor lesions through the
metabolic level of glucose. Studies have shown that PD-L1 may affect the
sugar metabolism of tumor cells. Therefore, '*F-FDG PET/CT can be used to
predict the expression of PD-L1 and evaluate the efficacy of immunotherapy.
This article mainly introduces the relationship between PD-L1 expression and
NSCLC, the advantages of "F-FDG PET/CT, the imaging mechanism of
"F-FDG PET/CT based on PD-L1 and its research progress in NSCLC, and
the role of *F-FDG PET/CT in the response and efficacy evaluation of im-
munotherapy in NSCLC, aiming to provide a reference for the clinic.
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1. Introduction

Lung cancer is the most common type of cancer worldwide and the leading
cause of cancer death. It is also the area where cancer treatment has progressed
most rapidly. Among them, 80% - 85% are non-small cell lung cancer (NSCLC),
which can be treated with surgery, chemotherapy, radiotherapy, targeted thera-
py, and immunotherapy [1]. Especially inhibitors of programmed cell death
protein 1 (PD-1) and its ligand 1 (PD-L1) greatly extend the overall survival of
patients and offer new hope [2]. Currently, PD-L1 is the only approved bio-
marker used to evaluate the efficacy of PD-1/PD-L1 inhibitors by directly ob-
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taining tumor tissue for immunohistochemical (IHC) analysis [3]. However, for
patients who cannot undergo invasive examination and have concealed lesions,
PD-L1 detection cannot be performed through puncture biopsy, and the positive
rate of sputum exfoliated cells is also low, thereby limiting the chances for these
patients to receive immunotherapy.

"Fluorodeoxyglucose positron emission tomography/computed tomography
(**F-FDG PET/CT) is a functional imaging modality that reflects the activity lev-
el of whole-body tumor lesions through glucose metabolism, providing impor-
tant information on morphology and function for tumor management. It plays
an important role in tumor diagnosis, staging, treatment planning, treatment
response, recurrence monitoring, etc. [4]. Many studies [5] [6] [7] have revealed
that quantitative parameters on ""F-FDG PET/CT, such as maximum standar-
dized uptake value (SUVmax), tumor metabolic volume (MTV) and total lesion
glycolysis (TLG), etc., have important prognostic significance in the efficacy of
immunotherapy for non-small cell lung cancer. Several recent studies [8] [9]
have also shown the expression of PD-L1 in tumor cells is closely related to the
accumulation of *F-FDG in PET/CT. The reason may be PD-L1 expressed on
tumor cells can enhance glucose uptake in tumor tissue by inhibiting the phos-
phatidylinositol 3-kinase (PI3K)/protein kinase B (AKT)/mammalian target of
rapamycin (mTOR) pathway of T cells, and the increase in glucose uptake dur-
ing glycolysis is the basis for '*F-FDG PET/CT imaging [10]. As a result, meta-
bolic parameters are altered. Therefore, '*F-FDG PET/CT can be used to eva-
luate the efficacy of immunotherapy in NSCLC through PD-L1. This article pro-
vides a comprehensive review of the relationship between PD-L1 expression and
NSCLC, the advantages of "F-FDG PET/CT, the imaging mechanism of
"®F-FDG PET/CT based on PD-L1 and its progress in NSCLC, and the predictive
role of “F-FDG PET/CT in the response and efficacy of immunotherapy in
NSCLC patients.

2. The Correlation between PD-L1 Expression and NSCLC

PD-L1 is the ligand of PD-1, mainly expressed on the surface of tumor cells. The
expression level is represented by the tumor positive proportion score (TPS)
[11]. In the hypoxic microenvironment, tumor cells can also express hypox-
ia-inducible factor-1a (HIF-1a), upregulating glucose transporter (GLUT)-1 and
vascular endothelial growth factor (VEGF) to promote anaerobic glycolysis and
angiogenesis [12] [13]. The binding of PD-L1 with PD-1 on the surface of T
cells, B cells, or NK cells is the main mechanism of inducing immune escape,
playing a role in immune checkpoints during tumor growth [14]. HIF-1a is
another important mediator of tumor immune response, which synergizes with
PD-1/PD-L1 [15]. Immune inhibitors targeting PD-1/PD-L1 pathway can re-
store T cell immune function and are used in the treatment of malignant tumors,
especially in NSCLC. ICIs, represented by Pembrolizumab, have been approved
by the FDA for first-line treatment of advanced NSCLC patients [2].
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Compared with conventional chemotherapy, PD-1/PD-L1 checkpoint inhibi-
tors have shown promising results in the treatment of non-small cell lung cancer
(NSCLC). Patients with higher PD-L1 expression level, such as TPS > 50% for
first-line treatment and TPS = 1% for second-line treatment, have better objec-
tive response rate (ORR) to immunotherapy and longer overall survival (OS)
[16] [17]. The expression level of PD-L1 in tumors may also provide a selection
criterion for patients to predict immunotherapy response. A large multicenter
study [18] found that NSCLC patients with PD-L1 TPS above 50% and conti-
nuous first-line Pembrolizumab therapy had an objective response rate (ORR) of
44.5%, median progression-free survival (mPFS) and OS were 7.9 and 17.2
months, respectively. Multivariate analysis has also shown that PD-L1 expres-
sion above 90% was significantly associated with higher ORR (P = 0.0204) and
longer OS (P = 0.0346). It can be seen that first-line ICIs in NSCLC patients with
high PD-L1 expression have better objective response rate and longer survival.
PD-L1 may provide stratified evidence for immunotherapy programs in NSCLC
patients.

Despite the predictive value of PD-L1, in addition to the dynamic and hetero-
geneous expression of PD-L1 during the cancer evolution and treatment of indi-
vidual patients, there are some inherent limitations in tissue sampling and detec-
tion methods. Different antibody reagents and evaluation thresholds may lead to
different results. Therefore, in addition to immunehistochemical detection of
PD-L1 expression, biomarkers with better prognostic effect need to be discov-

ered.

3. Advantages of 18F-FDG PET/CT

The mechanism of immunotherapy is different from conventional chemothera-
py. ICIs induce tumor infiltration and immune cell proliferation while restoring
T lymphocyte activity, leading to a temporary increase in tumor burden. There-
fore, new immune therapy reactions have been proposed, including pseu-
do-progression, hyper-progression or immune-related progression [19]. Mor-
phological imaging is difficult to evaluate immunotherapy response in the early
stages. Compared with traditional solid tumor efficacy evaluation criterial.l
(RECIST 1.1) [20] based only on lesion size, "*F-FDG PET/CT based on meta-
bolic changes can capture changes in tumor volume and function earlier than
CT through tumor metabolic volume load, which partially compensates for the
blind spots in traditional imaging evaluation. In order to overcome the limita-
tions of traditional efficacy evaluation criteria, various PET standards for eva-
luating tumor responses have emerged, such as PET response criteria in solid
tumors (PERCIST) [20], immune response evaluation criteria in solid tumors
(iPERCIST) [21], and immunotherapy-modified PERCIST (imPERCIST) [22].
Humbert O ef al [23] analyzed the role of *F-FDG PET/CT in evaluating
early immune response in NSCLC patients. According to the PERCIST criteria,

assessment was done at different time points: before immunotherapy, 7 weeks
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and 3 months after immunotherapy. They found that patients who achieved
complete or partial metabolic response and disease stability after 7 weeks of
treatment could achieve long-lasting clinical benefits, with a sensitivity of 85.7%,
specificity of 62.1% and accuracy of 72.0%. Additionally, for patients whose first
evaluation showed disease progression, subsequent PET/CT scans could help
identify more than half of patients with atypical response patterns, namely
pseudoprogression and immune dissociation progression. Both of these immune
response patterns can lead to persistent clinical benefits.

In a prospective study of 52 patients with NSCLC, Castello A et al [24] found
that in the first assessment during ICI treatment, the imPERCIST standard was
more accurate than RECIST 1.1 in assessing treatment response and predicting
OS. In addition, for patients who were judged to be disease-stable in CT, im-
PERCIST could identify patients with longer survival periods. Vekens K et al
[25] also came to the same conclusion that the reduction in tumor metabolic
volume 8 to 9 weeks after immunotherapy was a better indicator of prolonging
OS and forecasting post-therapy response. Therefore, "*F-FDG PET/CT demon-
strated an advantage in immunotherapeutic response assessment, which can
identify clinically beneficial patients in the early stage, provide valuable informa-
tion for early modification of treatment plan, stop inefficient treatment with ad-
verse effects as soon as possible, and reduce the cost of immunotherapy.

Although the above literatures are small sample size studies, with the applica-
tion of a variety of radionuclide molecular probe imaging targeting PD-1/PD-L1,
fluorine-18-labeled PET/CT will become more sensitive and specific in evaluat-

ing tumor immune efficacy.

4. Relationship between the Expression Level of
PD-L1 and 18F-FDG PET/CT

4.1. Possible Mechanisms for PD-L1 Affecting 18F-FDG Intake

PET/CT using fluorine-18 labeled FDG as a tracer has been widely used in tu-
mor diagnosis and efficacy monitoring. FDG is a natural glucose analogue, and
its distribution in the body can reflect glucose metabolism status. After entering
tumor cells, FDG is phosphorylated into 6-phosphate deoxyglucose (FDG-6-PO4)
under the action of hexokinase. Due to its structural differences from natural
6-phosphat glucides, it could not enter the next step of metabolism, thus con-
centrating in tumor cells, which clearly shows the increased glucose metabolism
of tumor lesions [26]. However, FDG intake is closely related to GLUT-I,
HIF-1a, VEGF and PI3K/AKT/mTOR signaling pathways, all of which are in-
volved in the regulation of glucose metabolism [27]. Some of the findings [28]
[29] [30] suggest that there is a metabolic competition between tumors and im-
mune cells. Activated T cells induce AKT through its T cell receptor (TCR) and
CD28 to activate and up-regulate GLUT1, which transfers glucose from the
extracellular to the intracellular for glycolysis catalyzed by hexokinase. Interfe-

ron (IFN)-y secreted by T cells induces tumor cells to express co-inhibiting li-
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gand PD-L1. PD-LI1 interacts with PD-1 to inhibit PI3K phosphorylation and
TCR. Then the PI3K/AKT/mTOR pathway of T cells is inhibited and glycolysis
is weakened. When glycolysis is enhanced in tumor cells, high '*F-FDG uptake is
shown on ""F-FDG PET/CT. As a result, glucose in TIME is taken up by tumor
cells in large quantities and produces lactic acid, a metabolic waste product,
forming low glucose, low oxygen and low PH environment. The acidified mi-
croenvironment will promote glycolysis, allowing more lactic acid to be trans-
ported out of the cell into the microenvironment, and more H" to be retained
outside the cell, leading to further acidification of the microenvironment and
again promoting the glycolysis of cancer cells. TIME hypoxia leads to increased
expression of HIF-1a, which binds to the anoxic response region in the PD-L1
promoter and up-regulates the expression of PD-L1, and so on, promoting each
other.

Therefore, tumor cells can compete with T cells for glucose uptake by inhibit-
ing PI3K/AKT/mTOR pathway through PD-LI, resulting in high uptake of
8F-FDG [10]. However, further basic and clinical studies are needed to prove
whether there are other mechanisms by which PD-L1 affects glucose metabol-

ism.

4.2. Relationship between PD-L1 Expression and SUVmax

The maximum standardized uptake value (SUVmax) is the most widely used
metabolic parameter in *F-FDG PET/CT. It is associated with tumor cell proli-
feration and poor prognosis. Many studies have shown that SUVmax is asso-
ciated with PD-L1 expression [9] [31] [32].

Xv X et al [33] discussed the correlation between metabolic parameters of
F-FDG PET/CT and PD-L1 expression in non-small cell lung cancer, and
found that SUVmax was an independent predictor of PD-L1 in adenoma of
NSCLC (P < 0.05). It was also an independent predictor of high PD-LI expres-
sion (P < 0.05). In a retrospective analysis of 579 NSCLC patients, Takada K et
al. [9] found that SUVmax in the PD-L1 positive group was significantly higher
than in the PD-L1 negative group (P < 0.0001) and SUVmax also was an inde-
pendent predictor of PD-L1 expression regardless of tumor size (OR = 5.46, P <
0.0001). Wu X et al. [31] also found that PD-L1 was not correlated with tumor
size, only SUVmax was an independent predictor of PD-L1 expression in
NSCLC (OR = 1.14, P < 0.0001), and the sensitivity, specificity and accuracy
were 65.4%, 86.7%, 80.7% respectively. A retrospective analysis [34] involving
362 NSCLC patients found SUVmax is the only factor related to the expression
level of PD-L1 and patients with SUVmax > 8.5 have higher PD-L1. As men-
tioned above, SUVmax should be positively correlated with PD-L1 expression,
which may be related to tumor cells increasing their glucose uptake by inhibiting
PI3K/AKT/mTOR pathway of T cells. However, the analysis of Jreige M et al
[35] in 49 patients with NSCLC showed that there was no significant correlation

between PD-L1 and SUVmax. The reasons for the contradictory conclusions
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may be that the sample size of cases is not large enough, the characteristics of the
selected population are different, and the expression of tumor PD-L1 is also he-
terogeneous.

To sum up, SUVmax can predict the expression of PD-L1, but whether it can
quantify the expression of PD-L1 needs more prospective large-scale research.
At present, the research at home and abroad is basically limited to the correla-
tion between the expression level of PD-L1 and SUVmax. However, whether
tumor metabolic volume (MTV) or total lesion glycolysis (TLG) can predict the
expression of PD-L1 and the advantages of different metabolic parameters are

lacking.

5. The Role of 18F-FDG PET/CT in the Response and Efficacy
Evaluation of Imnmunotherapy in NSCLC

F-FDG PET/CT mainly quantifies tumor load through SUV, MTV, TLG and
other parameters. SUVmax is a semi-quantitative parameter that provides the
maximum standard concentration of radioactivity uptake by tumors. MTV is a
volume index measured by a specific SUV threshold and mainly describes the
metabolic volume of tumors. TLG is the product of the average SUV value of all
voxels in the tumor and MTV, representing the uptake degree of *F-FDG and
tumor size, as well as the overall metabolic and volumetric load of the tumor
[36]. "F-FDG PET/CT is widely used in monitoring the efficacy of systemic
chemoradiotherapy or targeted therapy for a variety of cancers, and plays an
important role in monitoring the efficacy of immunotherapy in NSCLC patients
in particular.

In a meta-analysis, the European Lung Cancer Working Group of the Interna-
tional Association for the Staging Study of Lung Cancer demonstrated the
prognostic value of SUVmax in NSCLC [37]. Grizzi F et al [38] reported that
nearly all patients with rapid disease progression after immunotherapy had low
baseline SUVmax in a preliminary analysis of 27 patients with NSCLC. Howev-
er, in the retrospective study of Evangelista L, the higher the SUVmax before
treatment, the lower the effective rate [39]. Clearly, the current knowledge of
metabolic parameters obtained by "“F-FDG PET/CT in immunotherapy of
NSCLC patients is limited, and some published findings are contradictory, espe-
cially the relationship between SUVmax and immunotherapy response. Some
researches [37] [39] have suggested that lower SUVmax is associated with better
response rates, while other reports [38] [40] have claimed lower FDG intake is
immune to “cold” tumors that are not sensitive to immunotherapy. The 7th Edi-
tion of the American Joint Board on Cancer Staging Manual also does not rec-
ommend SUVmax for risk stratification [41], the reason may be that SUVmax is
a single voxel value, which does not represent the complete metabolic volume of
the tumor [42]. In fact, MTV and TLG are considered to be more reliable mark-
ers of tumor burden and aggressiveness, and are more suitable as markers for

predicting prognosis of multiple malignancies, including lung cancer, and have
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been proposed for risk stratification in lung cancer patients [43]. A large pros-
pective study [44] showed that high MTV was an important independent prog-
nostic factor in patients with advanced NSCLC prior to immunotherapy, pre-
dicting early treatment discontinuation (ETD) and poor OS. The high MTV and
TLG were also significantly correlated with short OS. Another retrospective,
two-center study found that MTV value was significantly associated with treat-
ment responses that achieved disease control. Patients with disease progression
had a higher median MTV value than patients with disease control [45]. Simi-
larly, Polverari G et al [46] found similar results: the baseline MTV and TLG
values were higher in patients with disease progression, although their analysis
was limited to primary lesions. Dall’Olio FG et a/ [47] found that the median OS
was significantly reduced (P = 0.004) in patients with total MTV (tMTV) = 75
cm’ when they analyzed 34 patients receiving first-line Pembrolizumab. Which
suggested tMTV > 75 cm’ is an independent biomarker for first-line poor prog-
nosis in patients with NSCLC with high PD-L1 expression using Pembrolizu-
mab.

Obviously, baseline tumor metabolic volume load measured by "F-FDG
PET/CT is a strong predictor of immunotherapy, whether limited to primary or
systemic lesions. Volume index MTV and TLG can be used to stratify patients to

make precise and personalized immunotherapy plans.

6. Summary and Prospect

In a word, immunotherapy based on PD-1/PD-L1 inhibitors has pushed cancer
treatment into a new era, with the potential to dominate the field of cancer in the
next 10 years, and hopes to turn NSCLC into a chronic disease. Screening pa-
tients with the greatest benefit and realizing precision medicine are inseparable
from various tests and biomarkers. Although PD-L1 can select immunothera-
py-advantaged patients, the detection method has some limitations, and only
PD-L1 seems to be insufficient. "*F-FDG PET/CT, as a representative of molecu-
lar imaging, has gradually been recognized for its value in evaluating immune
efficacy. In view of the relationship between PD-L1 level and "*F-FDG uptake,
PET/CT may become a noninvasive alternative predictor of PD-L1. *F-FDG
PET/CT can also identify patients who respond well to immunotherapy earlier
than conventional imaging. However, *F-FDG PET/CT also has some contro-
versies. For example, in terms of efficacy evaluation criteria, domestic and for-
eign studies are slightly insufficient, and the prognostic value of different meta-
bolic parameters is worth further exploration. Therefore, more large-scale clini-
cal trials and studies are urged to promote its application in the evaluation of
immune efficacy. More radionuclides need to be developed to improve the ac-

curacy of predictions and provide new evidence for immunotherapy.
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