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Abstract 

Programmed death-1 is a protein found on the surface of immune cells that can interact with its ligand, 
programmed death-ligand 1 (PD-L1), which is expressed on the plasma membrane, the surface of 
secreted cellular exosomes, in cell nuclei, or as a circulating soluble protein. This interaction can lead to 
immune escape in cancer patients. In clinical settings, PD-L1 plays an important role in tumor disease 
diagnosis, determining therapeutic effectiveness, and predicting patient prognosis. PD-L1 inhibitors are 
also essential components of tumor immunotherapy. Thus, the detection of PD-L1 levels is crucial, 
especially in the era of precision cancer therapy. In recent years, innovations have been made in 
traditional immunoassay methods and the development of new immunoassays for PD-L1 detection. This 
review aims to summarize recent research progress in tumor PD-L1 detection technology and highlight 
the clinical applications of PD-L1. 

Keywords: programmed death-1; programmed death-ligand 1; immunoassay; immunosuppressant; tumor; precision cancer 
therapy. 

1. Introduction 
Tumor immunotherapy is currently a hot 

research topic in the field of oncology, mainly due to 
the increasing incidence of tumors due to 
environmental changes and an aging population. 
Immune editing in tumors occurs in three stages: 
immune surveillance, immune homeostasis, and 
immune escape. In the immune surveillance phase, 
effective antigen delivery and T cell activation enable 
effector T cells to effectively clear tumor antigens, 
which initiate an immune response to inhibit tumor 
development. Tumor cells surviving in the 
immunosurveillance phase can enter the equilibrium 
phase in which tumor cells mutate and induce 
immune suppression to avoid continuous immune 
stress and keep themselves in a functional state. In the 
escape phase, various immunosuppressive molecules 

and cytokines are activated by tumor cells and 
promote tumor growth, leading to immune escape 
and disease progression [1]. 

Programmed death-ligand 1 (PD-L1), encoded 
by the CD274 gene, is a receptor expressed by tumor 
cells and their associated stromal cells. PD-L1 is the 
ligand for programmed death-1 (PD-1), which is 
found on the surface of tumor-killing T cells. This 
interaction can result in the apoptosis of activated T 
cells and the loss of the ability to recognize tumor 
cells, which might increase the spread of cancerous 
metastases. Additionally, it has been shown that 
PD-L1 can be influenced by the tumor suppressor 
gene P53 through miR-34 and enhance the epithelial–
mesenchymal transition (EMT), which is what causes 
cancer to metastasize [2,3,4]. The overexpression of 
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PD-L1 in cancers such as gastric carcinoma, 
hepatocellular carcinoma, renal-cell carcinoma, 
esophageal carcinoma, pancreatic cancer, ovarian 
cancer, and bladder cancers is associated with poor 
clinical outcomes, and the detection of its levels has 
important clinical significance [1]. This review 
provides a summary of the clinical applications of 
PD-L1 and the current status of PD-L1 assays, aiming 
to provide a comprehensive picture of current 
PD-1/PD-L1 research and provide directions for 
future treatment strategies. 

2. Mechanism of PD-L1 action 
By interacting with PD-1 receptors on the surface 

of T cells, PD-L1 on the surface of tumor cells can 
induce the death of activated T cells and boost IL-10 
production in human peripheral blood, thereby 
promoting immunosuppression and tumor progres-
sion [5]. The PD-1/PD-L1 axis was discovered to play 
a role in the generation and function of Tregs, and the 
induction of T cell Foxp3 expression in vitro or in vivo 
can result in Treg-like immunosuppression. PD-L1 
enhances the expression of Foxp3 in Tregs, thus 
boosting their immunosuppressive potential. PD-L1 
can further supplement this immunosuppressive 
ability by simultaneously upregulating PTEN and 
downregulating Akt, mTOR, and ERK2 to transform 
naive CD4+ T cells into Tregs [6,7] (Fig. 1).  

PD-L1 is also crucial for intestinal mucosal 
tolerance. Reiynoso et al. identified the importance of 
gut mucosal PD-L1 in a steady-state tolerogenic 
response. Experiments in an iFABP-tOVA transgenic 
mouse model—which is used to study the role of 
PD-L1 in CD8+ T cell tolerance to an intestinal 
epithelium-specific Ag—showed that inhibiting 

PD-1/PD-L1 signaling altered intestinal tolerance to 
autoantigens and induced CD8+ T cell-mediated 
autoimmune enteritis [8]. PD-1/PD-L1 signaling also 
plays a significant role in the generation of cells that 
can produce the inflammatory cytokines IFN-g and 
IL-17A. Chronic inflammatory illnesses of the bowel, 
such as Crohn’s disease, ulcerative colitis, and celiac 
disease, and chronic infections, such as Helicobacter 
pylori, have been associated with aberrant PD-L1 
expression and/or signal transduction [9]. 

PD-L1 lacks a traditional signaling motif, but it 
contains unconventional motifs that play a role in 
IFN-γ-mediated cytotoxicity resistance [10]. It 
regulates the EMT process, which is the transition of 
epithelial cells into mesenchymal-like cells with 
migratory and invasive activities. In colorectal cancer, 
PD-L1 was shown to enhance EMT through the 
RAS/MEK/ERK pathway and to interact with the 1–
86 amino acid segment of KRAS and transduce signals 
[11]. In contrast, in non-small cell lung cancer 
(NSCLC), overexpressed PD-L1 enhances the migra-
tion and invasion of cancer cells by activating the 
PI3K/AKT pathway [12]. In addition, PD-L1 can 
directly bind to integrin 4 to activate the AKT/GSK3 
signaling cascade and then stimulate the transcript-
ional repressor SNAI1, which decreases SIRT3 
promoter activity, hence promoting EMT and 
increasing glucose uptake of tumor cells (Fig. 1). 
Apart from glucose uptake, PD-L1 promotes lipid 
uptake in tumor cells by elevating the expression of 
fatty acid-binding proteins in gastric adenocarcinoma, 
hence evading tumor immunity [13]. It has also been 
demonstrated that PD-L1 plays a crucial function in 
maintaining the stemness of tumor cells and 
regulating autophagy [14,15,16].  

 

 
Figure 1. The PD-1/PD-L1 pathway plays a role in immunosuppression. PD-L1 is abnormally expressed on tumor cells and APCs in the tumor microenvironment. 
When PD-L1 interact with PD-1, PD-1 can recruit tyrosine phosphatase SHP2, inactivating CD28 and T cell receptor (TCR) function and signaling pathway: PI3K/PIP3/Akt or 
RAS/MEK/ERK, which decreases CD8+ T cell proliferation, survival, and cytokine production.  
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3. Clinical applications of PD-L1 

3.1. PD-L1 predicts prognosis and guides 
treatment 

PD-L1 is an excellent biomarker for predicting 
prognosis and therapeutic response, thereby guiding 
the choice of treatment modality and improving 
precision medicine [17]. For example, PD-L1 
overexpression in hepatocellular cancer, pancreatic 
cancer, renal cell carcinoma, ovarian cancer, and 
bladder cancer correlates with poor clinical outcomes; 
however, the prognostic value of PD-L1 is not 
absolute and depends on a variety of factors. 
Tessier-Cloutier et al. used immunohistochemistry 
(IHC) to examine the prevalence of PD-L1 expression 
in pancreatic ductal adenocarcinoma and compared it 
with clinical characteristics, including MMR status 
and tumor-infiltrating lymphocytes (TILs), to 
determine if there was a correlation with clinical 
outcomes. As such, increased PD-L1 expression was 
associated with a worse outcome (p = 0.0367); 
however, there was no statistically significant 
correlation between PD-L1 status and MMR status or 
TILs [18]. For hepatocellular carcinoma, Chang et al. 
assessed the levels of soluble circulating PD-1 (sPD-1) 
and PD-L1 (sPD-L1), as well as membrane- 
bound PD-L1. The data suggest that sPD-1 and 
sPD-L1 are separate prognostic variables that play 
opposing roles in predicting both disease-free 
survival and overall survival (OS) in hepatocellular 
carcinoma patients [19]. In contrast, most studies have 
reported that PD-L1 expression is associated with 
better clinical outcomes in breast cancer and Merkel 
cell carcinoma. Baptista et al. performed an 
immunohistochemical study of cancer tissue from 192 
cases of stage I, II, and III breast cancer. They found 
that PD-L1 expression reached 56.6% (107/189) and 
that its expression was significantly associated with 
better OS (p = 0.04) in breast cancer patients [20]. 
Schalper et al. studied YTMA128 (N = 238) and 
YTMA201 (N = 398), a retrospective collection of stage 
I–III breast cancers from Yale University. They found 
that 55.7% and 59.5% of cases showed PD-L1 mRNA 
expression, respectively, and that higher expression 
was significantly associated with increased TILs (P = 
0.04) and longer relapse-free survival (P = 0.01) [21]. 

Despite these promising results, the prognostic 
value of PD-L1 expression remains controversial in 
lung cancer, colorectal cancer, and melanoma. In the 
case of colorectal cancer, there are notable variations 
in the outcomes of various studies. Huang et al. 
reported that patients with high CD8+ TILs/tumor- 
positive PD-L1 have a better prognosis in stage II–III 
colon cancer [22]. Wyss et al. discovered that stromal 

PD-L1 expression was related to a better prognosis, 
resulting in a longer OS and disease-free survival. 
Moreover, PD-L1 labeling in the tumor cells was less 
frequent than stromal staining and did not affect the 
outcome [23]. On the other hand, Jiang et al. reported 
that high PD-L1 expression is an independent 
predictor of low postoperative disease-free survival in 
colorectal cancer patients with a high TLG3.0 [24]. In 
addition, the expression of PD-L1 in the tumor 
microenvironment showed prognostic value for 
melanoma, NSCLC, and bladder cancer, but not in 
every study. Notably, in some tumors, such as 
bladder cancer, PD-L1 expression on immune- 
infiltrating cells rather than tumor cells shows 
predictive value, but for NSCLC, PD-L1 expression on 
both immune and tumor cells exhibits predictive 
value [25]. 

In clinical practice, PD-L1 detection is mostly 
based on primary tumors. Few studies have examined 
the differences in PD-L1 positivity between different 
metastases and primary tumors, but this variability in 
expression is worth exploring. By comprehending the 
patterns of PD-L1 expression in primary and 
metastatic cancer foci, it is possible to enhance our 
understanding of the tumor microenvironment at 
different locations and improve biopsy techniques. In 
addition, PD-L1 content as a potential biomarker for 
predicting the response to anti-PD-L1 therapy may 
also require the analysis of metastatic lesions [26,27]. 
Zhang et al. evaluated the differential expression of 
PD-1, PD-L1, and PD-L2 between primary and 
metastatic sites of renal cell carcinoma. In the entire 
cohort (N = 163), the IHC results showed that the rate 
of PD-L1 detection was consistently low at 32.5%, but 
it was detected more frequently in metastatic sites 
than in the primary tumor site (χ2 = 4.66, p = 0.03). 
PD-L1 had high expression in the lung/lymph nodes 
(37.5%) but low expression in bone metastases 
(12.2%). Thus, anti-PD-L1 treatment outcomes may 
correlate with different metastatic sites, and this 
precise detection is an effective way to achieve 
individualized treatment [28]. Similarly, Moutafi et al. 
observed higher PD-L1 expression in metastatic lung 
cancer samples compared to primary tumor samples. 
Specifically, 33.8% of metastatic lung cancer samples 
showed high PD-L1 expression (tumor proportion 
score ≥ 50%), while only 28.4% of primary tumor 
samples showed the same level of PD-L1 expression 
[29] (Table 1). In conclusion, PD-1/PD-L1 expression 
is associated with histologic type and varies between 
primary and metastatic tumor sites. Thus, this review 
could have an impact on patient management and 
increase awareness of these factors for future clinical 
trial designs.  
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Table 1. The differences in PD-L1 expression between primary tumors and metastases. 

Cancer type Study Position N PD-L1 P Reference 
positive negative 

TNBC RS primary tumor 179 114(63.7%) 65(36.3%) P＜0.0001 [26] 
metastasis 161 68(42.2%) 93(57.8%) 

ovarian cancer RS primary tumor 194 63(32.5%) 131(67.5%) P＜0.0001 [27] 
metastasis 194 89(45.9%) 105(54.1%) 

RCC RS primary tumor 83 20(24.1%) 63(75.9%) P=0.44 [28] 
metastasis 174 50(28.7%) 124(71.3%) 

lung cancer RS primary tumor 8285 2356(28.4%) 5929(71.6%) P＜0.0001 [29] 
metastasis 6743 2276(33.8%) 4467(66.2%) 

bladder 
carcinoma 

RS primary tumor 142 41(28.9%) 101(71.1%) NR [30] 
metastasis 93 15(16.1%) 78(83.9%) 

 
 

3.2. Anti-PD-L1 monoclonal antibodies  
With the success of PD-1/PD-L1 axis blocking 

trials in solid tumors, immunotherapy has assumed a 
central position in the treatment of cancer, and many 
clinical trials with anti-PD-L1 monoclonal antibodies 
(mAbs) have been developed. Currently, the U.S. 
Food and Drug Administration has approved anti- 
PD-L1 mAbs, including Pembrolizumab, Nivolumab, 
Durvalumab, Avelumab, and Atezolizumab, as PD-1/ 
PD-L1 inhibitors [31]. PD-1/PD-L1 inhibitors have 
shown very good results in treating patients with 
some solid tumors, including melanoma, lung cancer, 
kidney cancer, and head and neck cancer, where 
prolonged OS was seen in patients [32]. The 5-year 
survival rate of NSCLC patients treated with 
PD-1/PD-L1 inhibitors increased from 5% during the 
period of chemotherapy to 16–23%, showing 
outstanding efficacy [33]. PD-1/PD-L1 inhibitors have 
been the most extensively studied and used in the 
treatment of melanoma. Nivolumab has demons-
trated efficacy in the treatment of squamous cell lung 
cancer and Hodgkin’s lymphoma, while 
MPDL-3280A, an anti-PD-L1 mAb, is effective in the 
treatment of bladder cancer and NSCLC [34]. 

However, the efficacy of PD-1/PD-L1 inhibitors 
has only been demonstrated in a limited number of 
tumor types, with less than 30% of patients exhibiting 
robust treatment responses [35]. The Keynote-028 
clinical study examined Pabolizumab therapy in 26 
individuals with recurrent glioblastoma and found it 
to be ineffective. Moreover, multiple investigations of 
high-grade glioblastoma (WHO Grades 3 and 4) have 
demonstrated the limited efficacy of Pabolizumab 
treatment relative to a placebo [36,37]. Several studies 
have reported that PD-1/PD-L1 inhibitor therapy 
may promote hyperprogressive disease, which is an 
unexpected acceleration of tumor growth and 
progression. This typically results in a significant 
decrease in survival time and has been observed in a 
variety of tumor types [31]. Unfortunately, the 
underlying mechanisms and features of hyperprog-
ressive disease in the setting of immunosuppressive 

medication remain poorly understood. In clinical 
practice, most patients develop more severe drug 
resistance over time, even though some patients may 
achieve long-term effectiveness. The frequent deve-
lopment of medication resistance, whether acquired 
or primary, remains a significant issue that restricts its 
therapeutic use and is becoming a growing concern in 
the field [38]. 

Patient responses to PD-1/PD-L1 blockade are 
not identical, and patients can be classified as 
responders, non-responders, and those who develop 
resistance based on their responses to anti-PD-1/ 
PD-L1 antibodies [39]. As stated above, although 
anti-PD-1/PD-L1 antibodies exhibit potent antitumor 
effects in some patients, most patients do not benefit 
from PD-1/PD-L1 therapy due to primary or acquired 
treatment resistance [35,40]. However, in addition to 
PD-L1 signaling, negative factors, such as 
immunosuppressive cells, cytokines, cancer- 
associated adipocytes, overactive cancer-associated 
fibroblasts, other immune checkpoints, and aberrant 
angiogenesis, can all influence cancer-immune set 
points and create an environment of immune 
tolerance. On the other hand, some positive factors, 
such as immunogenic cancer cell death, immune- 
supporting cytokines, and professional antigen- 
presenting cells, can contribute to immune clearance 
[41,42,43]. Therefore, removing these negative factors 
may enhance the therapeutic effect of anti-PD-1/ 
PD-L1 antibodies and reduce drug resistance. 
Correspondingly, enhancing these positive factors 
may promote tumor immune response.  

Combining anti-PD-1/PD-L1 antibodies with 
other therapeutic approaches can help counteract the 
negative factors of tumor immunity while boosting 
the positive factors and improving the response rate 
of patients. Anti-PD-1/PD-L1 antibodies in 
combination with conventional approaches, such as 
radiotherapy and chemotherapy, play an important 
role in the treatment of clinical malignancies. 
Recently, combination therapies have shown 
significant effects in preclinical models and clinical 
trials. Radiotherapy combined with anti-PD-1/PD-L1 
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antibodies exerts a combined effect through activation 
and inhibition. On the one hand, the positive effect of 
radiotherapy on immunomodulation can be exploited 
to increase the sensitivity of tumor cells to 
anti-PD-1/PD-L1 antibodies. On the other hand, 
radiotherapy may upregulate PD-L1 expression in 
tumor tissues and exert a negative immuno-
modulatory effect, which can be counteracted by 
anti-PD-1/PD-L1 antibodies through their pathways 
of action [44,45] (Fig. 2). The CheckMate 816 phase III 
trial recently confirmed the benefit of using a 
combination approach. In this trial, three cycles of 
Nivolumab combined with platinum-based two-drug 
chemotherapy resulted in a significantly higher 
incidence of pCR (24% vs. 2.2%) and a higher MPR 
rate (36.9% vs. 8.9%) compared to chemotherapy 
alone [46]. Altorki et al. compared neoadjuvant 
Durvalumab alone or in combination with stereotactic 
radiotherapy for patients with early-stage NSCLC. 
The difference in the major pathological response 
rates between the groups was significant. A major 
pathological response was observed in 2 (6.7% [95% 
CI: 0.8–22.1]) of 30 patients in the Durvalumab 

monotherapy group and 16 (53.3% [95% CI: 34.3–
71.7]) of 30 patients in the Durvalumab plus 
radiotherapy group [47]. In addition, novel 
therapeutic agents of CTLA4 inhibitors, angiogenesis 
inhibitors, and epigenetic modifiers have also been 
combined with anti-PD-L1 antibodies to play an 
important role in oncology treatment [48,49,50] (Table 
2). Clinical trials of combination therapies involving 
anti-PD-L1 mAbs are far more common than 
monotherapy trials, accounting for more than 80% of 
the total, and VEGF/VEGFR-targeted therapy, 
chemotherapy, and CTLA4 inhibitors remain the 
preferred strategies for combination therapy [51]. 

3.3. PD-L1 small molecule inhibitors 
PD-L1 small molecule inhibitors can overcome 

the limits of anti-PD-L1 mAbs, including poor tissue 
and tumor permeability, long half-life, and poor oral 
bioavailability, which has motivated researchers to 
focus on peptide and non-peptide small molecule 
inhibitors as viable substitutes or supplements to 
anti-PD-L1 mAbs [55]. 

 

 
Figure 2. Mechanism of PD-L1 immunosuppressants combination therapy. Combination therapeutic strategies of PD-L1 immunosuppressants can enhance the body's 
innate and adaptive immunity, induce immune clearance, and attenuate immunosuppression. The increase in PD-L1 on tumor cells brought about by chemotherapy, radiotherapy, 
and epigenetic modifiers can be effectively slowed or eliminated by PD-L1 immunosuppressants; PD-L1 immunosuppressants combined with angiogenesis inhibitors can directly 
reduce hypoxia-induced PD-L1 and attenuate immune escape. 

 

Table 2. Combination treatment strategies for anti-PD-L1 monoclonal antibodies (Take lung cancer, for example). 

NCT ID Combination Study N Primary Endpoint Reference 
NCT03030131 Durvalumab phase II 46 complete surgical resection rate [52] 
NCT02904954 Durvalumab+Radiotherapy phase II 60 MPR [47] 
NCT03711305 Adebrelimab+Chemotherapy phase III 462 OS [53] 
NCT03693300 Durvalumab+Chemoradiotherapy phase II 117 the incidence of grade 3 or 4 adverse events [54] 
NCT02542293 Durvalumab+CTLA-4 immunosuppressant phase III 823 OS [49] 
NCT03836066 Atezolizumab+Angiogenesis inhibitor phase II 38 12-month PFS rate [50] 
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Table 3. Summary of clinical trials on the PD-L1 small molecule inhibitors. 

Inhibitor NCT ID Status Cancer Type Phase 
INCB086550 NCT04629339 Active, not recruiting NSCLC, UC, RCC, HCC, Melanoma Phase II 

NCT05101369 Completed Healthy Volunteers Phase I 
NCT04674748 Terminated Solid Tumors Phase I 
NCT03762447 Active, not recruiting Solid Tumors Phase I 

GS-4224 NCT04049617 Terminated Advanced Solid Tumors Phase I 
MAX-10181 NCT05196360 Recruiting Solid Tumors Phase I 
IMMH-010 NCT04343859 Enrolling by invitation Malignant Neoplasms Phase I 
ASC61 NCT05287399 Recruiting Advanced Solid Tumors Phase I 
CA-170 NCT02812875 Completed Advanced Solid Tumors or Lymphomas Phase I 
BPI-371153 NCT05341557 Not yet recruiting Advanced Solid Tumors, Lymphoma, NSCLC, HCC Phase I 

 
 
PD-L1 small molecule inhibitors achieve tumor 

immunotherapy in three main ways: 1) blocking the 
direct interaction between PD-1 and PD-L1, 2) 
inhibiting PD-L1 transcription and translation, and 3) 
promoting the degradation of the PD-L1 protein [56]. 
In 2014, the first peptide-based inhibitor of human 
PD-1, called AUNP-12, was reported and was jointly 
developed by Aurigene and Pierre Fabre’s laboratory 
in India [57]. In recent years, D-peptide antagonists, 
macrocyclic peptides by Bristol-Myers Squibb (BMS), 
and non-peptide small molecule inhibitor derivatives 
from the BMS series (e.g., A22, PDI-1, and P-18) have 
also been identified [58]. A large number of patents on 
small molecule inhibitors of PD-1/PD-L1 have 
emerged, yet most studies are still in preclinical 
stages, with only a few reaching clinical trials (Table 
3). Currently, only INCB086550, a novel oral small 
molecule PD-L1 inhibitor, has had its phase I study 
results reported, indicating that the development of 
marketable small molecule PD-1/PD-L1 targeted 
therapeutics is a challenging process [59,60]. One of 
the difficulties is creating drugs with a strong affinity 
for targets that lack stable or pocket-like active sites. 
As neither PD-L1 nor PD-1 has a deep binding pocket, 
their interaction occurs at a hydrophobic, flat, and 
extended (~1.700 A) interface. Another challenge for 
small molecule immuno-oncology drugs is that many 
immunotherapeutic targets and pathways are 
interconnected, meaning that modulation of one 
target may affect other immune signaling pathways 
[61]. As such, a growing number of studies are 
focusing on addressing these challenges. Lin et al. 
summarized the structural requirements for 
designing PD-1/PD-L1 small molecule inhibitors, 
pointing out that hydrophobic interactions, aromatic 
ring systems, amide groups, and heterocycles are key 
structural features common to anti-PD-L1 compounds 
[62]. Most of the current studies on the construction of 
PD-L1 small molecule inhibitors have focused on 
computerized docking model structures based on 
PD-1/PD-L1 molecular docking and the synthesis of 
the original BMS compounds, such as BMS-202 and 
1166-related derivatives. Subsequently, several 

studies have reported conventional and routine 
computerized screening methods for small compound 
libraries. Akiyama et al. found six compounds 
following three rounds of screening among 67,395 
compounds from the Shizuoka small compound 
library. SCL-1 and SCL-2 exhibited moderate 
inhibitory activity against PD-1/PD-L1 binding 
compared to anti-PD-1 antibodies, with SCL-1 
showing significantly weaker cytotoxic effects on the 
target cells than the other compounds [58]. Due to the 
limited number of small molecule PD-1/PD-L1 
inhibitors available, there is an opportunity to explore 
novel antagonists that offer optimal therapeutic 
efficacy; thus, it is likely that PD-L1 small molecule 
inhibitors will have a promising future. 

3.4. Cancer vaccines with PD-L1 blockade 
Cancer vaccines help the immune system 

recognize and remember the antigens expressed by 
cancer cells, thus effectively launching a response 
against the tumor and eliminating it. To date, the 
number of preventive vaccines has exceeded the 
number of therapeutic vaccines [63]. There is a wide 
variety of cancer vaccines, including cellular vaccines, 
nucleic acid vaccines, protein-peptide vaccines, and 
genetically enfgineered vaccines [64]. Currently, the 
most popular cancer vaccine regimens first require the 
discovery and identification of tumor cell-associated 
antigens, and almost half of the clinical trials 
underway involve one or more antigens. Neoantigens 
are tumor cell-specific proteins that are ideal cancer- 
specific targets, and neoantigen-based cancer vaccines 
have shown outstanding therapeutic efficacy [65]. In 
addition, the ability of dendritic cells (DCs) to uptake, 
process, and present antigens makes them key 
modulators of adaptive immune responses, and 
DC-based cancer vaccines occupy a dominant 
position in the field. Although only a few neoantigen- 
based DC vaccines have been studied in clinical trials, 
they have a vast scope for exploration [66]. However, 
vaccinations against established malignancies have 
mostly shown limited clinical benefits. The efficacy of 
tumor-specific antigen vaccines may be influenced by 
immune checkpoint suppression mechanisms, such as 
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PD-1/PD-L1 attenuating antigen presentation and 
impeding T cell-mediated cytotoxicity [67]. In 
addition, in terms of checkpoint blockade therapy, 
many patients cannot receive such treatment due to 
weak anti-cancer immunity. Therefore, there is a need 
to increase the frequency and function of CD8+ T cells 
in patients by targeting immunogenic and 
tumor-restricted antigens (e.g., neoantigens) using 
effective vaccination platforms [68]. Recently, studies 
have shown that a therapeutic strategy of 
PD-1/PD-L1 blockade combined with cancer vaccines 
is safe and effective. In June 2022, Guo et al. reported 
the first study of complete and durable regression of 
gastric tumors achieved by combination therapy with 
a neoantigen-based DC vaccine and an immune 
checkpoint inhibitor. A personalized neoantigen- 
loaded monocyte-derived DC (Neo-MoDC) vaccine 
was administered alone to a patient with advanced 
metastatic gastric cancer for the first two months, 
followed by combination therapy with Nivolumab. 
The Neo-MoDC vaccine was found to induce 
neoantigen-specific CD4+ T cell and CD8+ T cell 
activation and a significant increase in the frequency 
of peripheral blood neoantigen-specific T cell clones. 
Tumor size decreased rapidly after the start of 
combination therapy and lasted for more than 25 
months [69]. 

There are two main strategies for the 
combination of PD-1/PD-L1 blockade and cancer 
vaccines: the preparation of chimeric vaccines, which 
modify cancer vaccines to have anti-PD-1/PD-L1 
effects; and drug combinations, where PD-1/PD-L1 
blockers are directly combined with cancer vaccines 
for tumor treatment. Pan et al. prepared a CTLA-4- 
PD-L1 chimeric protein vaccine and found that rats 
carrying intrahepatic cholangiocarcinoma had 
increased PD-L1 and CTLA-4 antibody titers and 
reduced the intrahepatic cholangiocarcinoma tumor 
load after receiving the vaccine [70]. Huang et al. 
developed a novel adeno-associated virus neoantigen 
vaccine modified with Toll-like receptor 9 inhibitory 
fragments, PD-1 trap, and PD-L1 miRNA to overcome 
PD-1/PD-L1 inhibition in DCs. The results showed 
that these functional PD-1 traps and PD-L1 miRNAs 
overcame the PD-1/PD-L1 inhibition mechanism and 
improved the efficacy of radiotherapy [71]. Bai et al. 
directly combined PD-1/PD-L1 blockers and cancer 
vaccines by administering a bio-nanoparticle-based λ 
phage vaccine—targeting aspartate beta-hydroxylase 
alone or in combination with PD-1 blockers—to mice 
bearing syngeneic hepatocellular carcinoma or 
triple-negative breast cancer tumors. A combination 
therapy (vaccine + PD-1 inhibitor) was found to 
significantly inhibit the growth of primary liver and 
mammary tumors [72]. Overall, while many cancer 

vaccines offer the opportunity to prevent and treat 
cancer, they have struggled to show improved OS and 
progression-free survival (PFS). PD-1/PD-L1 blockers 
in combination with cancer vaccines have shown 
promising findings; however, there is currently little 
clinical application, and more in-depth studies of this 
combination strategy are urgently needed to improve 
its anti-cancer efficacy. 

4. Detection methods 
Traditional immunoassay approaches, such as 

IHC, enzyme-linked immunosorbent assay (ELISA), 
and immunofluorescence (IF), which have 
experienced some innovations in recent years, are 
primarily utilized for the detection of PD-L1. New 
PD-L1 immunoassays, including electrochemical 
immunoassay, photochemical immunoassay, and 
nuclear medicine imaging, have been used for the 
quantitative detection of PD-L1 due to their high 
sensitivity, low detection limit, and broad detection 
range; however, relatively few reports are available. 
The following is an overview of the published 
literature on the topic of novel immunoassays, 
including electrochemical immunoassays, photo-
chemical immunoassays, and nuclear medicine 
imaging, as well as innovative perspectives on 
standard immunoassays, including IHC, ELISA, and 
IF. 

4.1. Conventional immunoassay 
The traditional methods for PD-L1 detection 

include IHC, ELISA, flow cytometry, and IF. Among 
them, IHC is the most widely used in the membrane 
PD-L1 assay because of its high efficiency and 
rapidity, while ELISA occupies the main position in 
the sPD-L1 assay as a stable and convenient assay. 

4.1.1. Immunohistochemistry 
PD-L1 is the only diagnostic marker now 

licensed for use in clinical practice, and IHC has been 
widely employed for PD-L1 detection due to its 
efficiency and speed. To date, four standardized 
PD-L1 IHC assays have been approved for clinical use 
by the U.S. Food and Drug Administration, including 
22C3 and 28-8 PharmDx on the Dako platform, SP142 
and SP263 on the Ventana platform. In addition, Cell 
Signaling Technology’s clone E1L3N is also one of the 
most widely used and least expensive PD-L1 
antibodies [73]. IHC detection of PD-L1 is achieved 
through multiple technologies and platforms that are 
not fully equivalent. The differences in antibody 
clones, IHC platforms, detection systems, and scoring 
algorithms can all have an impact on detection, 
causing PD-L1 IHC assay results to vary widely [74]. 
As such, research has focused on the consistency of 
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PD-L1 detection by different mAbs. Scheel et al. 
conducted an experiment in 2016 to investigate 
interobserver concordance and PD-L1 IHC staining 
patterns using 15 lung carcinoma resection specimens 
(n = 11 for adenocarcinomas and n = 4 for squamous 
cell carcinomas). The samples were centrally stained 
with assays 28-8, 22C3, SP142, and SP263. It was 
found that SP142 stained fewer cancer cells compared 
to 28-8, 22C3, and SP263 in four lung cancer 
specimens, while SP263 stained more cancer cells in 
nine specimens [75]. However, this study had a 
relatively small sample size. Subsequently, the 
Blueprint Project evaluated the same four antibodies 
in 2017 with 39 NSCLC specimens, demonstrating 
comparable percentages of stained tumor cells for 
22C3, 28-8, and SP263, while SP142 showed fewer 
stained tumor cells overall [76]. In the same year, 
Ratcliff et al. evaluated the degree of concordance 
between Ventana SP263 (Durvalumab), Dako 22C3 
(Pembrolizumab), and Dako 28-8 (Nivolumab). 
Consistent with the findings of the Blueprint Project, 
the three assays exhibited similar tumor staining 
patterns in 493 NSCLC samples, achieving an overall 
percentage agreement of more than 90% [77].  

It is important to note that IHC testing has some 
limitations, including the potential for tumor false 
positives. This may be due to PD-L1-positive 
lymphocytes and histiocytes being interspersed with 
PD-L1-negative tumor cells, which can lead to 
negative tumor cells being stained as positive. 
Additionally, granular cytoplasmic staining of 
non-membranous malignancies may be mistakenly 
interpreted as positive [74]. Another limitation is that 
tumor heterogeneity cannot be avoided. The 
expression levels of PD-L1 may vary greatly between 
various tumor regions, and the quality of tumor tissue 
collection is a significant determinant of PD-L1 
identification by IHC. The immune activation 
response of tumor cells at the interface between the 
tumor and stroma may result in preferential expres-
sion of PD-L1 in this area. However, tiny tumor 
biopsies may miss the critical tumor–stromal inter-
face. Ilie et al. observed a concordance of only 48% 
between resected and biopsied PD-L1 levels [78]. 
Further limitations include the fact that dynamic, 
real-time detection of PD-L1 content in vivo is not 
possible, and there is also controversy surrounding 
the use of archived vs. fresh specimens for testing. 
Takeda et al. evaluated the expression of PD-L1 in 
archived and fresh samples and found that it was 
significantly lower in archived specimens [79]. 
However, the KEYNOTE-010 trial [80] and the FIR 
study [81] demonstrated that either fresh or archived 
tissues could be reliably assessed for PD-L1 status by 
IHC. 

4.1.2. Enzyme-linked immunosorbent assay 
ELISA is primarily subdivided into indirect 

assay, double antibody sandwich assay, and 
competitive binding assay. Currently, based on the 
easy access and non-invasive characteristics of blood 
samples, ELISA is frequently utilized for the detection 
of sPD-L1 [82]. 

In recent years, with in-depth research on 
sPD-L1 and the innovation of its antibody synthesis, a 
lot of progress has been made in the double antibody 
sandwich ELISA method. Huang et al. enhanced the 
classic ELISA method by employing a novel Aptamer 
(HOLMES-ExoPD-L1) in the detection procedure. The 
Aptamer binds to PD-L1, and its glycosylation is less 
likely to interfere with the antigen than an antibody. It 
is more sensitive and easier to perform than existing 
ELISA-based procedures and has a faster reaction 
time. For the first time, PD-L1 was observed to 
correlate positively with adenocarcinoma metastasis 
[83]. To increase antibody immobilization, Zhand et 
al. introduced a protective coating that resulted in an 
increase in the limit of detection (LOD) and sensitivity 
that was 225 times and 15.12 times higher than that of 
commercial ELISA kits, respectively [84]. Takeuchi et 
al. employed PD-1-Ig fusion protein instead of 
anti-PD-L1 capture antibody in a traditional ELISA to 
detect 75 plasma samples from patients with NSCLC. 
The results revealed that it had greater sensitivity and 
frequency than traditional ELISA [85]. Thus, as a 
standard immunoassay, ELISA plays a significant role 
in the quantitative detection of PD-L1. 

4.1.3. Immunofluorescence 
IF uses antigen-antibody specific binding 

properties and fluorescein labeling techniques to 
detect PD-L1. The process begins with labeling the 
antibody with fluorescein, and then binding the 
labeled antibody to the corresponding antigen. 
Fluorescence microscopy is then used to determine 
where the antigen is located. To improve the 
sensitivity of IF detection, it is crucial to choose 
substrates that do not release fluorescent chemicals 
[86]. Multiplex immunofluorescence (mIF) staining is 
currently undergoing development. It permits the 
detection and nuclear re-staining of as many as six 
protein markers on a single tissue sample. To 
differentiate tumor cells from immune cells, Yeong et 
al. concurrently tagged PD-L1 with three commerci-
ally available PD-L1 antibodies (SP142, SP263, and 
22C3) and an epithelial cell adhesion molecule 
(EpCAM). Five-color multiplexed immunofluores-
cence images of PD-L1 SP142 (green), PD-L1 22C3 
(red), PD-L1 SP263 (white), EpCAM (orange), and 
DAPI (blue) were obtained for tissue sections of 
triple-negative breast cancer, which effectively 
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detected the PD-L1 content [87]. Furthermore, mIF 
staining has the ability to rapidly and reproducibly 
identify specific cell populations in the tumor 
microenvironment; however, few studies have 
validated this technique against standard clinical 
immunohistology, which hinders its incorporation 
into clinical practice. Yaseen et al. compared the 
ability to detect the expression of immune markers 
between mIF and conventional chromogenic IHC and 
single-plex IF. The results showed that mIF accurately 
detected the expression of immune cell markers (CD8, 
CD68, and CD16), immune checkpoint PD-L1, and 
melanoma marker SOX10, with better accuracy and 
reproducibility than IHC and single-plex IF. This 
study demonstrates the potential for the use of mIF in 
clinical practice [88].  

Finally, there has been rapid development of 
artificial intelligence-based imaging analysis 
techniques in recent years. Vahadane et al. combined 
artificial intelligence techniques with mIF imaging to 
design an automated combined positive score (CPS) 
scoring pipeline to assess PD-L1 expression in tumor 
biopsies. This study showed that automated CPS 
scoring using artificial intelligence on trichrome mIF 
images correlated well (78%, p = 0.003) with manual 
CPS scoring by pathologists on two-color PD-L1 
chromogen IHC images. The clinical application of the 
technology could greatly reduce the burden on 
pathologists and make the task of scoring CPS less 
time-consuming and easier to perform. However, the 
technique still has some shortcomings and cannot 
effectively identify some artifacts, such as extrusion 
artifacts and PD-L1 staining necrosis [89]. 

4.2. Electrochemical detection 
Quantitative detection of PD-L1 using an 

electrochemical immunoassay is a promising method, 
which has the advantages of accuracy, non- 
invasiveness, rapidity, and real-time monitoring 
compared to conventional immunoassays for clinical 
practice; however, such methods are still scarcely 
reported due to their novelty. Voltammetry is a 
commonly used method for electrochemical sensors, 
including cyclic voltammetry and differential pulse 
voltammetry. The latter has higher sensitivity and 
lower detection limits due to reduced background 
currents [90]. 

The innovative electrochemical immunoassay 
approach is based on conventional immunoassay 
methods. The antibodies and nucleic acid Aptamers of 
conventional immunoassays are the most prevalent 
biometric molecules in electrochemical immuno-
assays. An Aptamer is a short oligonucleotide 
sequence that can be separated from a single-stranded 
DNA or RNA library. It has a distinct three- 

dimensional structure that is easily modifiable, cost 
effective, heat resistant, and durable [91]. Due to the 
advantages of Aptamers, electrochemical Aptamer 
sensors typically exhibit good stability and sensitivity 
[92,93]. Xing et al. employed nucleic acid Aptamers to 
detect sPD-L1 levels in serum. The research produced 
nanocomposites composed of amine-functionalized 
single-walled carbon nanotubes (NH2-SWCNT), new 
methylene blue (NMB), and gold nanoparticles 
(AuNPs). NH2-SWCNTs were physically stacked on 
the carbon electrode’s surface, which enhanced the 
electrode’s conductivity and offered anchoring sites 
for NMB and AuNPs. NMB was attached to 
NH2-SWCNT via π-π bonds, and AuNPs were 
directly bonded to the amino groups of NH2-SWCNT. 
To enable electrochemical detection of sPD-L1, nucleic 
acid Aptamers were linked to AuNPs by modified 
sulfhydryl groups and specifically captured sPD-L1. 
This method had an LOD of 10 pg.mL-1, a linear 
detection range of 10 pg.mL-1 to 2.5 ng.mL-1, and a 
coefficient of determination of 0.9977 [90]. In another 
study, Xing et al. improved the above detection 
method by fabricating a dual-channel electrochemical 
detection platform for the rapid and simultaneous 
detection of sPD-1 and sPD-L1 concentrations in 
liquids. The platform also uses nanocomposites 
consisting of NH2-SWCNT, NMB, and AuNPs to 
modify the working electrode. However, they chose 
PD-L1 and PD-1 antibodies as biometric molecules for 
the specific detection of sPD-L1 and sPD-1 in liquids 
(Fig. 3 A). Remarkably, they created a portable 
electrochemical detection system (Fig. 3 B), referred to 
as POCT, enabling electrochemical detection with a 
smartphone. The method uses a small amount of 
sample, and the results can be obtained on the 
smartphone in about 20 min. Compared to ELISA, this 
method offers a short analysis time, portability, and 
automatic data processing and display of results for 
sPD-1 and sPD-L1 in serum and plasma. These 
research findings showed that sPD-L1 had an LOD of 
5 pg.mL-1 and a linear range of 5 pg.mL-1 to 5 ng.mL-1, 
whereas sPD-1 had an LOD of 10 pg.mL-1 and a linear 
range of 50 pg.mL-1 to 50 ng.mL-1 [94] (Fig. 3 C–F). In 
another study, Moazzam et al. used PD-L1 antibody 
(Ab1)-modified gold-coated magnetic nanoparticles 
(Au@MNPs) as “dispersion electrodes” to achieve 
rapid, ultrasensitive, and selective electrochemical 
detection of PD-L1 in undiluted whole blood. 
Compared to commercial ELISA kits, this method not 
only greatly reduces the test time but also increases 
the detection limit by 260,000-fold. Nonetheless, the 
problem of increased uncertainty persists when 
working with undiluted whole blood relative to 
measurements in buffers. A wide linear range of 1.38 
aM ~ 13.8 pM was seen in PBS solution, while a range 
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of 13.8 aM ~ 0.138 nM was seen in untreated whole 
blood [95]. 

The improvement of biosensor performance 
depends on the selection of an electrode material with 
good conductivity and stability. MoS2 is a graphene- 
like layered nanostructure with a large surface area, 
high electrical conductivity, good stability, and easy 
functionalization, which shows great potential for 
application in electrochemical sensors [96]. Du et al. 
developed a novel electrochemical sensor that could 
specifically recognize PD-L1 expressed by living 
tumor cells and tissues; the sensor was based on the 
nanomaterial MoS2 and used the PD-L1 antibody as a 
biorecognition molecule (Fig. 4 A). They modified the 
surface of a glassy carbon electrode with a nanocom-
posite made of multi-walled carbon nanotubes and 
MoS2, then added RGDS to promote cell adhesion. 
They also designed a probe that uses both fluorescent 
and electrochemical signals to detect PD-L1 
antibodies. This method can directly detect PD-L1 in 
tumor tissue without needing to fix or process the 
sample, which can affect the results [97] (Fig. 4 B and 
C). MoS2 can accumulate in a way that blocks signal 
transmission when modified on the electrode surface. 
Mao et al. solved this issue by arranging the MoS2 
vertically to create a B-Pep-MoS2 ┴ GO-ITO 
electrochemical sensor for the rapid detection of the 
PD-L1 protein in serum. They used a hydrothermal 
method to create MoS2-GO nanocomposites with 
vertical structures on the ITO surface and attached a 
designed PD-L1-binding peptide (B-Pep) to 

specifically bind PD-L1. The vertical arrangement of 
MoS2 provides more attachment sites for B-Pep and 
improves the protein capture ability of the MoS2 
electrode. In addition, the vertical arrangement of 
MoS2 enhances the electron transfer between the 
electrode and the electrolyte, which improves the 
sensitivity of the electrochemical sensor. The LOD of 
PD-L1 was 2 ng.mL-1, and the linear range was 25 
ng.mL-1 to 500 ng.mL-1 [98]. Furthermore, Jiang et al. 
fabricated an electrochemical sensor comprising the 
topological insulator material Bi2Se3 and a peptide 
(Fig. 5 A), which can be used to detect PD-L1 in 
serum. The AuNPs were first dispersed onto the 
surface of Bi2Se3, and then the self-assembled 
PD-L1-targeting peptide was modified onto the 
AuNP/Bi2Se3 electrode surface by cysteine. The 
peptide/AuNP/Bi2Se3 electrode was then treated 
with BSA, resulting in a BSA/peptide/AuNP/Bi2Se3 
working electrode. This study enhanced electron 
transport between the electrode and electrolyte 
interface by harnessing the large working area and 
homogeneous properties of the Bi2Se3 sheet. 
Additionally, targeting peptides are easier to 
synthesize and chemically modify compared to 
antibodies, which makes them more capable of 
specifically recognizing and capturing PD-L1. These 
advantages lead to better specificity, stability, and 
selectivity of the sensor. The LOD of the method was 
1.07 × 10-11 mg.mL-1, and the linear detection range 
was 3.6 × 10-10 mg.mL-1 to 3.6 × 10-5 mg.mL-1 [99] (Fig. 
5 B).  

 

 
Figure 3. (A) Modification of the working electrode. (B) Illustration of the POCT system. (C) Calibration curve between the peak current and the logarithm of sPD-1 
concentrations. (D) DPV responses of different sPD-1 concentrations using the POCT system. (E) Calibration curve between the peak current and the logarithm of sPD-L1 
concentrations. (F) DPV responses of different sPD-L1 concentrations using the POCT system. (Cited from reference [94], with permission by ACS.) 
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Figure 4. (A) Construction of the PD-L1 electrochemical biosensor. (B) DPV detection of varying numbers of A375 cells with the PD-L1-QD biosensor. (C) Calibration curve 
showing the linear relationship of the biosensor for the detection of A375 cells. (Cited from reference [97], with permission by Elsevier.) 

 
Figure 5. (A) Schematic illustration for the detection of PD-L1 using peptide-coated electrochemical biosensor based on Bi2Se3. (B) Calibration plot between the DPV peak 
current and the logarithm of the PD-L1 concentration. (C) Working Principle for Electrochemical Analysis of PD-L1-expressing Exosomes by Using Programmable DNA Fueled 
Cascade Signal Amplification Reaction. (D) Linear relationship between the peak currents and the logarithmic values of exosome concentrations. (A and B cited from reference 
[99], with permission by Elsevier; C and D cited from reference [103], with permission by ACS.) 

 
PD-L1 exists not only on the cell surface but also 

on the surface of exosomes, and an increasing number 
of studies have shown that exosomal PD-L1 can 
suppress immune responses and promote tumor 
progression [100,101,102]. However, electrochemical 
immunoassay methods for exosome PD-L1 detection 
are relatively rare. A study by Sha et al. established a 
programmable DNA-fueled electrochemical assay 

that can be used to determine the number of 
PD-L1-expressing exosomes in lung cancer (Fig. 5 C). 
First, PD-L1-expressing exosomes were bound to 
PD-L1 antibody-functionalized immunomagnetic 
beads (anti-PD-L1@IMBs), and a cholesterol-modified 
hairpin template then interacted with the exosomes. 
The catalytic hairpin then underwent a primer 
exchange reaction (PER), which generated a large 
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number of extended primers that activated the 
trans-cleavage activity of the Cas12a protein. The 
activated Cas12a protein catalyzed the degradation of 
the methylene blue-labeled signal strand, generating 
several methylene blue-labeled short DNA fragments. 
Finally, MB molecules were captured by a 
cucurbit[7]uril-modified electrode, producing a 
distinct electrochemical signal. The method achieved 
cascade amplification of the signal through the 
trans-cleavage reaction promoted by PER and Cas12a, 
which improved the detection sensitivity. The 
detection range of exosomes was from 103 to 109 
particles.mL-1, with a low detection limit of 708 
particles.mL-1 [103] (Fig. 5 D). 

4.3. Photochemical detection 

4.3.1. Surface plasmon resonance immunoassay 
Surface plasmon resonance (SPR) technology is 

an emerging technology in the field of fiber optic 
sensing. The technique involves coating the surface of 
the fiber’s core with a thin layer of metal, and then 
exciting surface plasmon waves on the metal surface 
when light is coupled to the fiber [104]. Due to its 
large specific surface area, excellent optoelectronic 
properties, highly ordered structure, good dispersi-
bility, excellent biocompatibility, short response time, 
and real-time detection [105], the SPR technique is 
widely used for the rapid and sensitive detection of 
trace disease markers. In recent years, the SPR 
approach for the immunoassay of PD-L1 content has 
emerged and demonstrated success. 

The PD-L1 protein is expressed on the cell 
membrane, on the surface of exosomes, in the nucleus, 
and as a soluble circulating protein (sPD-L1) [106]. 
Currently, SPR-based PD-L1 assays enable the 
simultaneous detection of a specific type or multiple 
types of PD-L1. Hang et al. created an easy and highly 
specific SPR biosensor for the detection of PD-L1 in 
human plasma based on magnetite nanorods 
containing ordered mesocages (MNOM) and silver 
nanoclusters (AgNCs) (Fig. 6 B and C). However, the 
type of PD-L1 protein was not specified in this study. 
The PD-L1 antibody on the gold chip and the PD-L1 
Aptamer on the MNOM@AgNC could achieve 
dual-selective recognition of PD-L1 to increase the 
sensor’s selectivity and decrease nonspecific binding 
(Fig. 6 A). This technique had a linear range of 10 
ng.mL-1 to 300 ng.mL-1 and a detection limit of 3.29 
ng.mL-1 for PD-L1 detection, which was verified in 
healthy and cancer patient test samples, providing a 
pathway for clinical real-time PD-L1 detection [107]. 
sPD-L1 is not anchored in the plasma membrane or 
vesicles, but is free in solution; thus, it can be detected 
in the serum of patients with cancer, autoimmune 
diseases, or certain viral diseases, as well as other 

conditions. However, its detection is limited due to its 
low concentration in serum and various body fluids 
[108]. Hu et al. constructed a simple and sensitive SPR 
sandwich assay to detect serum sPD-L1 based on the 
unique and strong binding ability of a specific 
intracellular binding peptide (SIBP) to the intracel-
lular region of sPD-L1. In this study, pSC4 was 
immobilized on a gold chip, and then the anti-PD-L1 
antibody was specifically bound to pSC4. By binding 
to anti-PD-L1, sPD-L1 could be immobilized on the 
surface of gold electrodes. Given the natural binding 
affinity of SIBP to the intracellular region of sPD-L1, 
further signal amplification with AuNPs-SIBP (100 
μg.mL-1) was successfully achieved for the detection 
of sPD-L1, and the dynamic response range of sPD-L1 
concentration reached 10–2000 ng.mL-1 [109]. 
Exosomal PD-L1 is another important form of PD-L1 
present extracellularly and may be a more reliable 
marker than tumor biopsy PD-L1 expression [110]. 
Currently, most SPR-based PD-L1 assays are for 
exosomal PD-L1. One study described a new type of 
SPR biosensor (25 × 10 × 25 cm) that is both small in 
size and intensity-modulated, making it more 
practical for clinical applications than other commer-
cial SPR sensors that are larger, more expensive, and 
less clinically applicable. The biosensor uses a 
conventional SPR sensing mechanism but does not 
require nanostructure fabrication to achieve exosomal 
PD-L1 detection (Fig. 7 A and B). It also has a 
sensitivity of 9.258*103% RIU and a resolution of 
8311*10-6 RIU. Using this biosensor, exosomal PD-L1 
expression was detected considerably better in 
patients with NSCLC than in normal controls (Fig. 7 
C), and the detection sensitivity was greater than that 
of ELISA [111] (Fig. 7 D). Zhang et al. immobilized a 
biotinylated PD-L1 Aptamer on a streptavidin sensor 
chip, achieving label-free detection of exosomal 
PD-L1 based on surface plasmon resonance 
(SPR-ExoPD-L1). In addition, they used iodixanol 
density gradient centrifugation for the isolation and 
purification of exosomes before the assay. This PD-L1 
assay has the advantage of using iodixanol density 
gradient centrifugation to exclude major non-vesicu-
lar components and large extracellular vesicles, and 
the Aptamer can more easily penetrate the 
glycosylated PD-L1 protein of exosomes, which 
increases the sensitivity of detection. The method can 
distinguish not only tumor exosomes from normal 
exosomes but also exosomes with different PD-L1 
expression levels [112]. Cu-TCPP 2D MOF was added 
to the experiment by Wang et al. to increase the 
sensitivity of exosomal PD-L1 detection (Fig. 8). With 
2D MOF-modified gold chips, the refractive index 
sensitivity, detection precision, and quality factor all 
showed considerable improvements. The LOD of the 
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SPR sensor was 16.7 particles.mL-1. Analysis of 
exosomal PD-L1 in human serum samples served to 

further establish its validity and applicability [113]. 

 

 
Figure 6. (A) Schematic diagram of MNOM@AgNCs-Apt PD-L1 magneto-optical nanocomplex with enhanced sensitivity to detect PD-L1. (B) 2D AFM images e of 
MNOM@AgNCs. (C) TEM image of MNOM@AgNCs. (Cited from reference [107], with permission by Elsevier.) 

 
Figure 7. (A) Setup of compact SPR biosensor (left) and the photo and schematic diagram of the biochip (right). (B) Sensing mechanism of compact SPR biosensor. (C) 
Representative real-time response curve of compact SPR biosensor detecting exosomal PD-L1 in serum sample from a Stage III lung cancer patient. (D) Expression of exosomal 
PD-L1 in serum samples measured by compact SPR biosensor. ELISA was not able to detect exosomal PD-L1 levels in serum samples. (Cited from reference [111], with 
permission by ACS.) 
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Figure 8. Schematic diagram of 2D MOF-based SPR biosensor for simple and ultra-sensitive detection of PD-L1 exosomes. (Cited from reference [113], with permission by 
Elsevier.) 

 

4.3.2. Localized surface plasmon resonance 
immunoassay 

In the past few decades, localized surface 
plasmon resonance (LSPR) sensors have attracted 
significant attention in the biological, chemical, and 
environmental monitoring fields because of their high 
sensitivity to the surrounding refractive index 
[114,115]. In contrast to SPR on a single substrate (e.g., 
a thin metal film), the plasma of LSPR is generated on 
metal nanoparticles [116]. The LSPR effect can be 
induced by exciting the surface of metal nanoscale 
particles with incoming light. It produces a locally 
increased light field, and the plasma is confined to 
nearby nanostructures. Therefore, LSPR technology is 
more localized and permits detection processes at the 
interface of the platform. Simultaneously, it has 
greater spatial sensitivity than standard SPR 
biosensors [117]. LSPR for detecting PD-L1 content 
has comparatively few reports compared to SPR; 
however, it offers promising research opportunities 
due to its advantages. 

During transverse LSPR (t-LSPR) and 
longitudinal LSPR (l-LSPR), gold nanorods (AuNRs) 
form two absorption bands. The l-LSPR band is 
currently the dominant absorption band, and its 
position can be changed by modulating the aspect 

ratio of AuNRs [118]. Using AuNR, Wang et al. 
quantified exosomal sPD-L1 content. This method 
functionalized the gold-silver core-shell nano-
materials with anti-PD-L1 antibodies, which was the 
main trapping layer in the sandwich structure. 
Binding with exosomal sPD-L1 in the loaded sample 
increases the redshift and scattering intensity of the 
plasmon resonance wave, resulting in a primary LSPR 
signal. In addition, AuNRs demonstrated robust 
scattering during dark-field imaging, resulting in a 
secondary LSPR signal (Fig. 9 A–D). In contrast to 
existing assays, this technique not only achieves a 
highly sensitive assessment of exosomal sPD-L1 
content but also permits subtype typing of exosomes 
using different optical correspondences of primary 
and secondary signals. It can differentiate exosomes 
with varying levels of PD-L1 expression—PD-L1low, 
PD-L1high, and PD-L1mousen—and has been verified in 
MDA-MN-231 human breast cancer cells by 
comparison with flow cytometry typing [119] (Fig. 9 
E). For LSPR immunoassays of PD-L1 content, large 
gold nanoshells (160 nm in diameter) were also 
utilized. Luo et al. built an ExTFG-LSPR biosensing 
platform. This study utilized anti-sPD-L1 mAb to 
functionalize the sensor for the label-free, fast, and 
selective detection of sPD-L1. The immunosensor was 
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highly selective for sPD-L1 and could recognize 
sPD-L1 at low concentrations, with an LOD of around 
1 pg.mL-1 (0.04 pM) for the target sPD-L1 molecule. In 
addition, the sensitivity of the sensor could be 
enhanced by lowering the core/cladding diameter of 
the ExTFG to fulfill the significantly lower LOD 
requirement [120].  

4.4. Nuclear medicine imaging 
The expression of PD-L1 molecules in tumors is 

very dynamic and has some spatial and temporal 
heterogeneity. Standard methods, such as IHC and 
ELISA, are often insufficient to accurately and 
comprehensively assess PD-L1 expression. Nuclear 
medicine imaging appears to be a promising 
approach to address this problem by achieving 
accurate, comprehensive, and dynamic detection of 
PD-L1 expression levels in tumors in a non-invasive 
manner. Both primary tumors and metastases can be 
evaluated by a uniform noninvasive whole-body 
imaging procedure, thus avoiding sampling errors in 
the presence of PD-L1 expression heterogeneity. In 
addition, nuclear medicine imaging allows for a more 
accurate quantitative measurement of total PD-L1 
expression in individual patients, which can be used 
to determine appropriate therapeutic approaches and 
dosages for anti-PD-L1 therapies [121]. Currently, 
nuclear medicine imaging relies mostly on positron 
emission tomography (PET) and single photon 
emission computed tomography (SPECT). In the 
detection of PD-L1 using nuclear medicine imaging, 
research is mainly focused on the development of new 
tracers, which are composed of two parts: a 

radionuclide, and a PD-L1 ligand (Fig. 10). 
Numerous radionuclides have been utilized in 

the labeling of ligands for the production of various 
tracers. Each radionuclide has a different half-life: 
68Ga has a half-life of 68 min, 18F has a half-life of 109.8 
min, 99mTc has a half-life of 6 h, 64Cu has a half-life of 
12.7 h, 111In has a half-life of 2.8 d, 89Zr has a half-life of 
3.27 d, 124I has a half-life of 4.18 d, and 125I has a 
half-life of 60.1 d. Long half-life radionuclides such as 
111In and 89Zr, which have similar half-lives to the 
biological half-lives of mAbs, are beneficial for 
imaging; however, long half-life radionuclides have 
drawbacks, such as delayed clearance, long imaging 
times, and excessive radiation doses to healthy organs 
[122]. Consequently, it is essential to choose the 
proper radionuclide when manufacturing tracers. 
Among PET-based and SPECT-based tracer 
constructs, 18F is commonly utilized in PET, whereas 
99mTc is used more frequently in SPECT. 

4.4.1. Monoclonal antibodies 
mAbs have proven to be highly reliable PD-L1 

ligands because of their high specificity, high affinity, 
and availability. In 2015, Natarajan et al. reported the 
first study using PET imaging of PD-1 expression in 
living subjects with tracers. They developed a tracer 
based on an anti-mouse PD-1 mAb, 64Cu-DOTA-PD-1, 
to detect PD-1 expression in a transgenic mouse 
model of melanoma. They discovered that mice 
receiving the anti-PD-1 tracer exhibited high 
radiolucency signals in lymphoid organs and tumors. 
However, when binding was blocked by unlabeled 
antibodies, the radiation signal was reduced by a 

 

 
Figure 9. (A) Detection procedure of the nanoplasmonic sandwich immunoassay. (B–D) Quantification and subclass identification of exosomes based on the generated 
primary (red curves) and secondary (green curves) LSPR signals. (E) Regime map for exosome subtyping and unknown sample detection. (Cited from reference [119], with 
permission by ACS.) 
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factor of two. The strategy achieved the first 
successful detection of PD-1 by PET imaging in vivo 
[123]. In the same year, Heskamp et al. for the first 
time, showed PD-L1 expression in tumors using 
SPECT/CT imaging. They injected PD-L1.3.1, an 
anti-PD-L1 antibody labeled with Indium-111 (111In), 
into a xenograft mouse model, and then used 
SPECT/CT imaging to analyze PD-L1 expression in 
the mouse tumors. They discovered that non-invasive 
detection of PD-L1 in cancer lesions is possible in mice 
using SPECT/CT imaging with 111In-PD-L1.3.1 [124]. 
In 2018, Bensch et al. conducted a first-in-human 
study designed to assess the feasibility of PET 
imaging with zirconium-89-labeled atezolizumab 
(anti-PD-L1) and examined the potential of this 
approach to predict the PD-L1 blockade response. 
Preliminary results suggested that assessment of 
PD-L1 status using molecular PET imaging could 
better predict clinical response in patients compared 
to predictive biomarkers of immunohistochemistry or 
RNA sequences. This finding encouraged further 
research and development of molecular PET imaging 
techniques to better assess PD-L1 status and treatment 
response in oncology patients [125]. Later, several 
novel 89Zr-labeled tracers emerged, including 
[89Zr]Zr-DFO-PD-L1 mAb [126], 89Zr-DFO-6E11 [127], 
and [89Zr]DFO-Anti-PDL1[128], demonstrating that 
89Zr-labeled mAb-based tracers have some clinical 
translation potential. In addition, Li et al. reported a 
humanized full-length anti-PD-L1 mAb probe labeled 
with 124/125I: 124/125I-CS1001, and their results 
demonstrated the feasibility of its use for monitoring 
and assessing PD-L1 expression in tumors [129]. As 
demonstrated above, mAbs have distinct benefits in 

the construction of radiotracers. Nevertheless, due to 
drawbacks, such as their large molecular size and 
extended half-life, as well as the slow production of 
high-contrast pictures, an increasing number of 
studies are looking for tracers with low molecular 
weight, rapid clearance, and high tumor uptake. The 
non-mAb PD-L1 ligands currently under 
investigation are monodomain antibodies (sdAb), 
Adnectins, Affibodies, peptides, small molecules, 
small proteins, and antibody fragments. 

4.4.2. Single-domain antibodies 
Single-domain antibodies are a promising class 

of imaging agents because of their small size, ease of 
engineering, and high binding power to target 
proteins [130]. Broos et al. developed a small (15 kDa) 
single-domain antibody with high specificity and 
affinity for PD-L1, named sdAb K2. They found that 
injecting 99mTc-labeled sdAb K2 into mice produced 
SPECT/CT images with a high signal-to-noise ratio 
within 1 h at the earliest. Notably, they also found that 
sdAb K2 could antagonize the interaction between 
PD-1 and PD-L1, showing potential therapeutic value 
[131]. In another study, Xing et al. conducted the first 
human study with a 99mTc-labeled anti-PD-L1 
single-domain antibody (NM-01), and they indicated 
that SPECT/CT imaging was safe using this probe 
[132]. In recent years, Zhang et al. designed an 
immune SPECT probe named [99mTc]Tc-HYNIC- 
KN035 for the assessment of PD-L1 expression. The 
probe was made by conjugating a nanoantibody, 
KN035, which has high specificity and affinity for 
PD-L1, to the chelator succinyl 6-hydrazinonicotinate, 
and then labeling it with the radionuclide 99mTc. Their 

 

 
Figure 10. This framework describes the main radionuclides and PD-L1 ligands for the detection of PD-L1 in PET/SPECT imaging. 
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results showed that [99mTc]Tc-HYNIC-KN035 had a 
high binding affinity for PD-L1 (KD = 31.04 nM), and 
its uptake by H1975 cells (high PD-L1 expression) was 
higher than that of A549 cells (low PD-L1 expression) 
at all time points. SPECT/CT imaging results showed 
that [99mTc]Tc HYNIC-KN035 accumulated signifi-
cantly more in H1975 tumors than in control A549 
tumors (Fig. 11 A). Furthermore, [99mTc]Tc-HYNIC- 
KN035 exhibited consistently high tumor uptake and 
a satisfactory target-to-background ratio compared 
with the 99mTc-NM-01 tracer reported by Xing et al. 
[132]. From these results, [99mTc]Tc-HYNIC-KN035 is 
expected to achieve clinical translation in the future 
[133] (Fig. 11 B–D). Another single-domain antibody, 
Nb109 (14 kDa), also has a high specific affinity for 
PD-L1. Chen et al. used a site-specific conjugation 
strategy to prepare a tracer based on Nb109: 
68Ga-NODA-CDV-Nb109. Compared to their 
previously reported 68Ga-NOTA-Nb109 [121,134], 
68Ga-NODA-CDV-Nb109 is a homogeneous structure 
that is more suitable for use in clinical settings. 
Notably, their results showed that 68Ga-NODA- 
CDV-Nb109 PET imaging could sensitively monitor 
the upregulation of PD-L1 expression induced by 
chemotherapeutic agents (Doxorubicin), which 
facilitated timely interventional therapy. It is 
important to consider that Doxorubicin treatment 

may induce systemic toxicity, so it is expected that a 
less toxic therapy for non-target tissues will be 
selected in the future to further evaluate whether 
68Ga-NODA-CDV-Nb109 is suitable for the dynamic 
monitoring of changes in PD-L1 expression levels in 
cancer [135]. 

4.4.3. Adnectins 
Adnectins are a family of proteins based on 

10Fn3—the 10th human fibronectin type III structural 
domain. This domain has the same high binding 
affinity and specificity as intact antibodies, and it is 
small in size (~10 kDa) and easily genetically 
manipulated [136]. Donnelly et al. developed a tracer 
using an Adnectin molecule (BMS-986192) with a high 
binding affinity for PD-L1, 18F-BMS- 986192, which 
was deemed feasible for the detection of PD-L1 
expression in animal tumor models using 18F-BMS- 
986192 PET [137]. Later, Nienhuis et al. explored the 
relationship between lesion uptake of 18F-BMS986192 
and tumor response by using 18F-BMS-986192 PET to 
detect PD-L1 expression in patients with metastatic 
melanoma (Fig. 12 A). In this study, four patients 
underwent whole-body 18F-BMS-986192 PET/CT 
scans before starting immune checkpoint inhibition 
treatment. Six weeks after treatment, it was found that 
the increased uptake of 18F-BMS-986192 was 

 

 
Figure 11. (A) SPECT/CT images of H1975, A549, and H1975 blocking tumor-bearing mice at 4, 8, 12, 18, and 24 h administered with [99mTc]Tc-HYNIC-KN035. (B) Tumor 
uptake of [99mTc]Tc-HYNIC-KN035 in H1975, A549, and H1975 blocking groups. The tumor/blood ratio (C) and tumor/muscle ratio (D) in H1975, A549, and H1975 blocking 
groups. (Cited from reference [133], with permission by ACS.) 
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significantly associated with increased tumor size at 
response assessment compared to baseline scans (Fig. 
12 B and C). In addition, they found that 
18F-BMS-986192 PET could detect treatment-induced 
toxicity at an early stage before the appearance of 
clinical symptoms. Based on their findings, 
18F-BMS-986192 PET imaging has great potential 
clinical value and deserves further investigation [138]. 
However, the process of labeling BMS-986192 with 18F 
is complicated; thus, Robu et al. used 68Ga to label 
BMS-986192 and showed that 68Ga-BMS-986192 
exhibited comparable PD-L1 targeting specificity and 
rapid blood clearance to 18F-BMS-986192. In 
comparison to 18F-BMS-986192, the synthesis of 
68Ga-BMS-986192 is significantly simpler and more 
easily automated [139]. In addition, Zhou et al. 
designed an optimized Adnectin-based tracer against 
hPD-L1 using 1,4,7-triazacyclononane, 1-glutaric 
acid-4,7-acetic acid (NODAGA) as a radionuclide 
chelator (68Ga-NODAGA-BMS986192). In comparison 
to 68Ga-NODA-BMS986192 [139], they found that the 
68Ga-NODAGA-BMS986192 tracer with the improved 
labeling method had higher stability [140]. 

4.4.4. Affibodies 
Affibodies are a class of engineered affinity 

proteins with a small size (6.5 kDa), high affinity, and 
high specificity that can be obtained by phage display 
techniques; they can also be labeled with a variety of 
radionuclides. From these properties, it is clear that 
Affibodies have great potential for molecular imaging 
[141]. González Trotter et al. developed an Affibody- 
based tracer, [18F]AlF-NOTA-ZPD-L1_1, which was 
imaged by PET to detect PD-L1 expression within the 
tumor. ZPD-L1_1 in tracers refers to Affibody molecules 
that bind to PD-L1. They achieved the binding of the 
[18F] radionuclide to Affibodies by maleimide 
coupling of NOTA with a unique cysteine residue and 
chelation of 18F-AlF. They injected the tracer into 
immunodeficient mice, and after 90 min, the in vitro 
biodistribution measurements showed that [18F]AlF- 
NOTA-ZPD-L1_1 uptake was much higher in LOX 
(malignant melanoma cell line, PD-L1+) tumors than 
in SUDHL6 (lymphoma cell line, PD-L1-) tumors. This 
suggests that the Affibody molecule ZPD-L1_1 has high 
targeting specificity for PD-L1 expressed in xenograft 
tumors. Furthermore, they found that the abnormally 

 

 
Figure 12. (A) Examples of a brain lesion (top) and a lung lesion (bottom). Fused PET/CT transverse images (left) and PET sagittal images (right) are shown. Semiquantitative 
measurements are reported underneath images. (B) 18F-BMS986192 uptake for brain and lung lesions at baseline and follow-up (4 patients, 16 lesions). Tracer uptake is reported 
as TBR. (C) Association between change in lesion size and change in TBR of follow-up 18F-BMS986192 scan compared with baseline (4 patients, 14 lesions). (Cited from reference 
[138], this research was originally published in JNM.) 
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fast clearance of [18F]AlF-NOTA-ZPD-L1_1 from the 
blood may be responsible for the low uptake in the 
target tissue [142]. Their team later improved the 
Affibody by replacing NOTA-ZPD-L1_1 (KD = 1 nM) 
with the higher affinity NOTA-ZPD-L1_4 (KD = 0.07 nM) 
to create two new tracers, [18F]AlF-NOTA-ZPD-L1_4 and 
[68Ga]NOTA-ZPD-L1_4. They evaluated both tracers in 
mouse tumor models with PET, and the in vitro 
biodistribution measurements showed that both 
tracers accumulated 925-fold higher in LOX (PD-L1+) 
tumors than in SUDHL6 (PD-L1-) tumors; the lower 
affinity tracer [18F]AlF-NOTA-ZPD-L1_1 only showed 
8-fold higher accumulation. Notably, PD-L1- 
expressing lymph nodes in Rhesus monkeys were 
visible in the PET images of both tracers, reflecting 
good PD-L1 targeting [143]. In addition, Liang et al. 
prepared a new 99mTc-labeled PD-L1 Affibody 
molecular probe (99mTc-PDA), which was imaged by 
SPECT to assess the expression of PD-L1 in tumors. 
Their results showed that 99mTc-PDA had a high 
affinity for MC38-B7H1 cells, with a KD value of about 
10.02 nM. Based on their experimental results, they 
proposed an optimal imaging time of 1–2 h after 
injection [144]. Thus, Affibody-based probes have 
good affinity and targeting capabilities; however, 
their uptake is high in the kidney, which limits the 
uptake at the tumor site and reduces sensitivity in 
low-expression lesions. Therefore, Affibody probes 
need to be further investigated to optimize their 
structure and reduce their uptake in the kidneys. 

4.4.5. Peptides and small molecules 
WL12 is a cyclic peptide consisting of 14 amino 

acids that have a high binding affinity for PD-L1. 
Several studies have used WL12 to construct tracers to 
assess PD-L1 expression, including [64Cu]WL12 
[145,146], [68Ga]WL12 [147], and [18F]FPy-WL12 [148]. 
All of these studies demonstrated the feasibility of 
WL12 as a tracer ligand involved in PD-L1 imaging. 
Liu et al. constructed a tracer for the detection of 
PD-L1 using a small cyclic peptide (SETSKSF) 
consisting of seven amino acid residues targeting 
PD-L1, namely 68Ga-DOTA-SETSKSF. They indicated 
that 68Ga-DOTA-SETSKSF had high specificity and 
tumor-to-background ratio (Fig. 13), and that, 
compared to NOTA-WL12, DOTA-SETSKSF was 
easier to synthesize [149]. In addition, Lv et al. 
designed a direct [18F]FDG-labeled BMS scaffold- 
based small molecule tracer [18F]LG-1 to assess PD-L1 
expression in tumors. The [18F]LG-1 PET images 
clearly showed A375-hPD-L1 tumors in vivo, and they 
measured the tumor uptake of this tracer at 60 min to 
be 3.98 ± 0.21% ID/g. Thus, [18F]LG-1 is expected to be 
a powerful tool for detecting PD-L1 [150]. Recently, 
Mishra et al. designed a peptide-based radiotracer, 
[68Ga]Ga-DK223, which binds specifically to PD-L1 
with high affinity (KD = 1.01 ± 0.83 nmol/L) and 
provides high-contrast PET images of PD-L1- 
expressing mouse tumors within 60 min after 
administration. The [68Ga]Ga-DK223 PET measure-

 

 
Figure 13. (A) PET/CT images of mice with H1975, B16F10, A549 tumors, and mice harboring H1975 tumor with blocking dose at 1 h after the injection. The tumor was 
indicated by a solid arrow. (B) T/B and T/M ratios of H1975, B16F10, and A549 and blocked-H1975 tumor models (n = 3). (Cited from reference [149], with permission by ACS.) 
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ment could be used to quantify not only the total 
PD-L1 levels throughout the body but also the 
accessible PD-L1 levels—those not occupied by 
mAbs—during treatment to understand the target 
engagement of anti-PD-L1 in the tumor; in turn, this 
could be used to guide immune checkpoint treatment. 
The results of this study show promise for clinical 
translation of this radiotracer in humans [151]. In 
addition, Zhou et al. developed a new D-peptide- 
based tracer (18F-NOTA-NF12) and conducted a 
clinical study. They used this tracer for the first time 
to image and quantify PD-L1 expression in humans. It 
was observed that patients with NSCLC and 
esophageal cancer with high PD-L1 expression had a 
higher uptake of 18F-NOTA-NF12 in their tumors 
compared to those with low PD-L1 expression. They 
demonstrated that this tracer is safe for humans and 
that PET imaging can be completed in less than an 
hour. However, it should be noted that the uptake of 
18F-NOTA-NF12 by tumors in animal models and 
patients is relatively low, which may be related to the 
insufficient affinity of 18F-NOTA-NF12 for PD-L1 (KD 
= 85.08 nM) [152]. 

4.4.6. Other 
The small non-antibody protein found in the 

extracellular structural domain of PD-1 has high 
specificity. Maute et al. inserted a mutation at the 
“core” position of the PD-1 extracellular domain to 
acquire a high-affinity ligand, HAC-PD-1, which was 
coupled to DOTA-maleimide to yield DOTA-HAC 
and then radiolabeled with 64Cu to generate the 
hPD-L1-specific radio protein 64Cu-DOTA-HAC. In 
vitro, 64Cu-DOTA-HAC displayed strong immuno-
reactivity, binding to hPD-L1-positive cells (80.5 ± 
1.9%) more readily than to hPD-L1-negative control 
cells (8.3 ± 0.1%). Moreover, it displayed greater 
tumor penetration without triggering peripheral 
effector T cell depletion compared to anti-PD-L1 
mAbs, with exceptional benefits [153]. In addition, it 
has been shown that the F(ab′)2 fragment has a 
comparable affinity and specificity to intact antibodies 
and is cleared more rapidly from the blood [154,155]. 
Cheng et al. obtained the 124I-Durva-F(ab′)2 tracer by 
labeling the F(ab′)2 fragment of Durvalumab (Durva) 
with 124I. They found that 124I-Durva-F(ab′)2 had a high 
affinity for cell lines with high PD-L1 expression (KD = 
1.21 ± 0.24 nM). Notably, they quantitatively 
compared 124I-Durva-F(ab′)2 with 124I-Durva in terms 
of biodistribution and showed that the peak tumor 
uptake of 124I-Durva-F(ab′)2 was similar to that of 

124I-Durva but appeared much earlier (5.29 ± 0.42% 
ID/g for 124I-Durva-F(ab′)2 at 12 h and 5.18 ± 0.73% 
ID/g for 124I-Durva at 48 h). Furthermore, compared 
to 124I-Durva, 124I-Durva-F(ab′)2 had faster blood 

clearance, resulting in a higher tumor-to-background 
ratio and a higher contrast image. In addition, faster 
blood clearance of the tracer facilitated a reduction in 
the radiation dose. Based on the above results, 
124I-Durva-F(ab′)2 is a promising immunoPET tracer 
for assessing PD-L1 expression in NSCLC xenografts 
[156]. 

5. Conclusion 
In summary, tumor immunity has become a 

highly researched area in the field of cancer treatment 
since the discovery of PD-L1. As such, PD-L1 has been 
studied extensively, and its role in cancer treatment 
has become increasingly well-understood. It can 
trigger T cell death, boost the immunosuppressive 
capacity of Tregs, and regulate and promote EMT, 
playing a crucial role in tumor immune evasion. 
Nowadays, PD-L1 is widely used to predict prognosis 
and guide treatment in clinical settings. The expres-
sion of PD-L1 is associated with clinical outcomes, 
and the difference in PD-L1 expression between 
primary tumors and metastases can help with biopsy 
techniques and individualized treatment. Cancer 
immunotherapies represented by anti-PD-1/PD-L1 
antibodies have changed cancer treatment over the 
past decade. Several anti-PD-1/PD-L1 antibodies 
have been approved, and numerous PD-L1 mAb 
combination therapies have been explored in this 
field. However, the high levels of drug resistance and 
severe side effects associated with these antibodies 
have impeded their clinical use, presenting a pressing 
challenge that must be addressed. To overcome the 
limits of anti-PD-L1 mAbs, researchers have started to 
focus on peptide and non-peptide PD-L1 small 
molecule inhibitors as viable substitutes or supple-
ments to anti-PD-L1 mAbs; however, most of these 
studies are preclinical, and there is much work to be 
done before their clinical application. Nevertheless, 
on a promising note, the combination of a cancer 
vaccine with PD-L1 blockers is a novel treatment 
strategy that shows improved OS and PFS and 
deserves further exploration. 

With advances in immunology and molecular 
biotechnology, quantitative detection of PD-L1 has 
become an important tool for predicting prognosis 
and guiding clinical treatment. Traditional immuno-
assay methods, such as IHC, ELISA, and IF, are still 
widely used for PD-L1 detection, but novel immuno-
assays with higher sensitivity, real-time monitoring, 
and less tumor heterogeneity, such as electrochemical 
immunoassay, photochemical immunoassay, and 
nuclear medicine imaging, are emerging trends in this 
field. With advances in microprocessing technology, 
modern detection technology is becoming increa-
singly miniaturized, integrated, and diversified. This 
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will no doubt lead to the development of new, more 
accurate, and efficient immunoassay techniques for 
PD-L1 detection, which will be integral to the era of 
precision cancer therapy. 
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