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Abstract: Recently, immunotherapies that target the interactions of programmed cell death 
1 (PD-1) with its major ligands, programmed death ligand 1 (PD-L1) and programmed death 
ligand 2 (PD-L2), have achieved significant success. To date, several immune checkpoint 
inhibitors targeting the PD-1/PD-L1 pathway have been developed to treat melanoma, non- 
small cell lung cancer, head and neck cancer, renal cell carcinoma, and urothelial carcinoma. 
Despite promising outcomes with immunotherapy, there are many limitations to several 
current immune biomarkers for predicting immune benefits and to traditional imaging for 
evaluating the efficacy and prognosis of immunotherapy and monitoring adverse reactions. In 
this review, we recommend a novel imaging method, molecular imaging. This paper reviews 
the application and prospects of molecular imaging in the context of current immunothera
pies in regard to the following aspects: 1) detecting the expression of PD-1/PD-L1; 2) 
evaluating the efficacy of immunotherapy; 3) assessing patient prognosis with immunother
apy; 4) monitoring the toxicity of immunotherapy; and 5) other targets imaging. 
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Introduction
Despite therapies expanding, cancer remains one of the primary causes of mortality 
worldwide. Recently, immunotherapies that targets the interactions of programmed cell 
death 1 (PD-1) with its major ligands, programmed death ligand 1 (PD-L1) and pro
grammed death ligand 2 (PD-L2), have achieved significant success.1 PD-1 is expressed 
on the surface of activated T cells, B cells and natural killer cells.1–3 PD-L1 is a surface 
glycoprotein ligand of PD-1. By binding to PD-1, PD-L1 leads to T cell response 
inhibition and cytotoxic T cell dysfunction. Through this mechanism, cancer cells can 
escape immune surveillance.4,5 In 2014, the first anti-PD-1 antibody (Ab) was approved 
by the Food and Drug Administration (FDA) for advanced melanoma, and to date, 
several immune checkpoint inhibitors targeting the PD-1/PD-L1 pathway have been 
developed to treat melanoma, non-small cell lung cancer (NSCLC), head and neck 
cancer, renal cell carcinoma, and urothelial carcinoma.6–8

Despite the promise of immunotherapy, new problems have emerged in immu
notherapy. 1) Immunotherapy is not only expensive but also only 2040% patients 
show durable responses.9 2) Even though PD-L1, the tumor mutational burden 
(TMB), microsatellite instability (MSI) and deficient mismatch repair (dMMR) 
have been applied independently in the clinic,10–12 due to the diversity of detection 
means, heterogeneity and dynamics,13–23 some patients with high expression do not 
benefit from immunotherapy, whereas some patients with low expression may have 
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sustained response.24,25 3) Traditional imaging is not accu
rate in evaluating immune efficacy due to 
pseudoprogression26 or hyperprogressive disease.27,28 4) 
Immunotherapy can result in a range of adverse effects, 
such as myocarditis, enterocolitis, and pneumonitis,29 

even leading to death. However, to date, there is no effective 
way to monitor these adverse reactions. Thus, there is an 
urgent need to identify a novel method to identify people 
who have a sustained response to immunotherapy, evaluate 
immunotherapeutic efficacy and prognosis, and monitor 
immunotoxicity. Molecular imaging has shown good poten
tial in these areas. This paper reviews the application and 

prospects of molecular imaging in the context of current 
immunotherapies in regard to the following aspects: 1) 
detecting the expression of PD-1/PD-L1; 2) evaluating the 
efficacy of immunotherapy; 3) assessing the prognosis of 
immunotherapy; and 4) monitoring the toxicity of immu
notherapy; and 5) other targets imaging.

Detection of the Expression of PD-1/PD-L1
Although it has been shown in clinical trials that patients 
with high PD-L1 expression have a sustained clinical 
response to immunotherapy,10 there are many limitations. 
On the one hand, immunohistochemistry as the main 

Figure 1 Targeted molecular imaging of immune checkpoints from preclinical to clinical studies. Using radionuclide, fluorescent dye, or magnetic agent to label monoclonal 
antibodies as anti-PD-L1, anti-PD-1, anti-CTLA4 et al to form tracers. Injecting the tracer into the body of mice or patients for PET, SPECT, MRI, or optical imaging.
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detection method of this biomarker has a variety of dis
advantages, such as invasiveness, difficulty in collecting 
samples and inconsistency in positive criteria.13–15 On the 
other hand, this expression is highly dynamic and 
heterogeneous.16–18 Thus, some patients with positive 
expression do not benefit from immunotherapy; similarly, 
some patients with negative expression have a sustained 
clinical response.24,25 Therefore, we need a noninvasive 
but more accurate detection method. Recently, many pre
clinical and clinical studies have demonstrated important 
advantages of positron emission tomography (PET), sin
gle-photon emission computed tomography (SPECT), 
Magnetic Resonance Imaging (MRI) and Optical imaging 
over immunohistochemistry in the detection of PD-1/PD- 
L1 expression.

PET Imaging
In 2015, Natarajan et al developed the novel tracer 64Cu- 
DOTA-PD-1 to detect PD-1 expression in transgenic mouse 
models of melanoma. This was the first report to show 
detection of the expression of PD-1 by PET imaging 
in vivo. The tracer showed obvious specificity for the 
tumor and related lymphoid organs: the tracer uptakes by 
tumor-infiltrating lymphocytes (TILs) in nonblocked and 
blocked mice were 7.4 ± 0.71% and 4.51 ± 0.26% (mean 
% ID/g ± SD), respectively. The tracer uptake in clearance 
organs such as the liver and kidneys were 16.09 ± 3.72% 
and 5.61 ± 3.37% (% ID/g ± SD), respectively, at 48 h.17 In 
the same year, Maute et al used HAC-PD1 to develop a new 
tracer, 64Cu-DOTA-HAC-PD1, which could be rapidly and 
specifically taken up by an hPD-L1 tumor. The study found 
higher uptake of the tracer in hPD-L1-positive cells (80.5 ± 
1.9% ID/g) than in control hPD-L1-negative cells (8.3 ± 
0.1% ID/g).30 In 2016, Michael Hettich et al first attempted 
to use two tracers, 64Cu-NOTA-PD-1 and 64Cu-NOTA-PD- 
L1, for noninvasive imaging of both PD-1 and PD-L1 after 
immunotherapy combined with radiotherapy (RT). The 
results were consistent with the results of Natarajan et al; 
the expression of PD-1 and PD-L1 was mainly localized in 
the secondary lymphoid organs (spleen and lymph nodes).31 

Then, Lesniak et al used the tracer [64Cu] atezolizumab for 
PET imaging in SUM149 tumors, MDAMB231 tumors and 
CHO-hPD-L1 tumors. The results showed that tracer 
uptake increased from SUM149 tumors to MDAMB231 
tumors and then CHO-hPD-L1 tumors (8.2 ± 0.26 and 9.4 
± 2.3 VS 10.8 ± 0.4 and 17.2 ± 2.1 VS 39.8 ±2.8 and 40.6 ± 
6.9% ID/g at 24 h and 48 h, respectively), which was 
consistent with immunohistochemical results for the three 

kinds of tumors (PD-L1 staining intensity increased accord
ing to the same pattern).32 The study proved that [64 Cu] 
atezolizumab could be used to detect PD-L1 expression in 
different tumor types. In 2017, England CG et al used the 
tracer 89Zr-Df-pembrolizumab for PET imaging in 
a humanized mouse model. The study showed that the tracer 
accumulated in the liver and spleen (8.48 ± 0.79% ID/g and 
6.20 ± 0.31% ID/g, respectively). This was the first study to 
investigate the pharmacokinetics, biodistribution, and dosi
metry of radiolabeled pembrolizumab in vivo. The study 
shows that 89Zr-Df-pembrolizumab is appropriate for track
ing the fate of pembrolizumab in vivo. Notably, PBL mice 
displayed high uptake in the salivary glands (11.13 ± 0.82% 
ID/g at 168 h).33 Then, Chatterjee et al evaluated the highly 
specific PD-L1-binding peptide [64Cu] WL12 in in vivo and 
in vitro experiments and found that it could rapidly and 
specifically detect tumor expression of PD-L1.34 Next, 
Mayer et al developed 3 radioactive tracer variants of HAC- 
PD-1 and used them for preclinical imaging and biological 
distribution studies to evaluate their ability to detect the 
expression of human PD-L1 in vivo. Among these, 64Cu- 
NOTA-HAC-PD1 was best for detecting the expression of 
PD-L1 in vivo (region of interest (ROI) 3.3±0.85% ID/g). 
Notably, all HAC-PD1 radiotracer variants in this study 
enabled earlier detection of human PD-L1 expression than 
that previously reported.35 The study showed that small, 
high-affinity engineered proteins such as HAC-PD1 have 
great potential in the clinical monitoring of PD-1 and PD- 
L1 expression to predict immune prognosis. In addition, 
Radiotherapy (RT) can induce upregulation of PD-L1 
expression on tumor cells, which may affect the impact of 
PD-L1-based immunotherapy.36 PD-L1 upregulation dur
ing radiotherapy is a dynamic process that has been difficult 
to monitor during treatment. In B16F10 tumor-bearing 
mice, Kikuchi et al used an 89Zr-labeled anti-PD-L1 mono
clonal antibody to monitor radiotherapy-induced PD-L1 
upregulation. PET imaging showed that significant uptake 
of this tracer could be detected in neck tumors (irradiated, 
IR) relative to flank tumors (nonirradiated) (SUVmean 1.5 
±0.18 VS 1.0 ± 0.12, p < 0.05).37 After, Kikuchi et al first 
used 89Zr-nivolumab for PET imaging of nonhuman pri
mates. The results indicated a specific biodistribution in the 
spleen. The success of this approach adds to the body of 
knowledge on the biological distributions of immunother
apeutic drugs in vivo.38 In the same year, González Trotter 
et al radiolabeled the PD-L1-binding affibody molecule 
NOTA-ZPD-L1 1 with 18F for PET imaging in PD-L1- 
positive, PD-L1-negative and mixed tumor-bearing mice. 
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PET imaging demonstrated high uptake of the tracer in the 
PD-L1-positive tumors but little tracer retention in the PD- 
L1-negative tumors. The kidneys (313±8% injected dose 
per gram of tissue (ID/g)) and liver (0.98±0.10% ID/g) in 
the PD-L1-positive tumor-bearing mice also showed high 
uptake of the tracer.39 In 2018, Natarajan et al attempted to 
combine Cu with pembrolizumab for PET imaging in two 
different mouse models, one expressing hPD-1 in tumor 
cells (NSG/293 T/hPD-1) and the other lacking hPD-1 
expression in tumor cells but containing some infiltrating 
TILs with hPD-1 expression (hNSG/A375). The study 
found that the uptake of the tracer was increased signifi
cantly in the tumors with high expression of PD-1. In addi
tion, the PET signal in the TILs expressing hPD-1 was well 
contrasted with the PET signal in organs and background 
tissue removal.40 At the same time, Charles Truillet et al 
developed a novel tracer 89Zr-C4 for PET imaging to detect 
PD-L1 expression in vivo of male mice bearing H1975 
xenografts (a PD-L1 positive model of human non-small- 
cell lung cancer bearing oncogenic EGFR L858R/T790M). 
The uptake of 89Zr-C4 in the tumor was 5% ID/g and also 
10-fold higher than the activity observed in blood pool, 
muscle, and bone, underscoring. The result showed 
a novel tracer 89Zr-C4 can detect PD-L1 expression by 
PET imaging.41 Then, Donnelly et al developed the 
18F-BMS-9,886,192 tracer for PET imaging in mice bearing 
bilateral PD-L1-negative and PD-L1-positive subcutaneous 
tumors. High uptake (3.5-fold) was observed in the PD-L1- 
positive subcutaneous tumors than in the PD-L1-negative 
tumors (2.41 ± 0.29 VS 0.82 ± 0.11% ID/g, p < 0.0001).42 

Next, Li et al used KN035 to develop the immuno-PET 
probe 89Zr-Df-KN035. In the study, 89Zr-Df-KN035 uptake 
mainly occurred in mouse tumor tissue (18.08 ± 2.34% ID/g 
at 24 h) compared with other tissues, which was confirmed 
by pretreatment with unlabeled KN035.43 In the same year, 
De Silva et al used a peptide-based imaging agent, [68Ga] 
WL12, to noninvasively detect PD-L1 expression in tumors 
by PET. Biodistribution studies showed a greater than 
9-fold increase in [68Ga] WL12 accumulation in hPD-L1 
tumors compared to control CHO tumors at all time points 
tested. The % ID/g values for hPD-L1 tumors were 19.4 
±3.3, 11.56±3.18 and 9.89 ±1.72 at 15, 60 and 120 min after 
injection, respectively. In contrast, control CHO tumors 
showed <1.33 ± 0.21% ID/g uptake of [68Ga] WL12 at the 
same time points.44 The study revealed the specificity of 
[68Ga] WL12 for detecting the expression of PD-L1. 
Subsequently, Moroz et al conducted a preclinical study 
that confirmed the feasibility of accurately measuring PD- 

L1 expression in the tumor microenvironment using 89Zr- 
atezolizumab.45 Meanwhile, Anna Moroz et al found that 
accumulation of 89Zr-atezolizumab and 89Zr-C4 was 
equivalent in B16 F10 tumors (13.92 ± 1.0 VS 13.83 ± 0.5 
ID/g), while uptake of 89Zr-atezolizumab was significantly 
lower for PET imaging. The result showed using 89Zr-C4 
tracer by PET imaging may be simpler to measure PD-L1 
expression.45 Then, Niemeijer et al performed PET imaging 
with 89Zr-nivolumab in patients with NSCLC. The study 
showed that the tracer could feasibly detect PD-1 expres
sion: 89Zr-nivolumab uptake was higher in patients whose 
tumor biopsy (s) showed aggregates of PD-1-positive 
tumor-infiltrating immune cells than in those whose biopsy 
(s) lacked aggregates (median SUVpeak 7.0 vs 2.7, 
p = 0.03, Mann–Whitney U-test). They used the 
18F-BMS-9,886,192 tracer as well as to perform PET ima
ging in patients with NSCLC. Increased 18F-BMS-986,192 
uptake was observed in the biopsied tumor lesion of patients 
with a response compared with that of patients without 
a response (median standardized uptake value (SUV) 
peak: 4.3 VS 2.2). The results showed the feasibility of 
the tracer: tumor uptake was quantified. More importantly, 
the authors observed significant differences in tracer uptake 
among patients and among different tumor lesions within 
a patient. The tracer may be used to measure the hetero
geneity of PD-L1 expression.46 Later, Bensch et al per
formed molecular imaging in 25 patients with locally 
advanced or metastatic bladder cancer, NSCLC, or triple- 
negative breast cancer (TNBC). This was the first time that 
89Zr-atezolizumab was evaluated in humans. The imaging 
signal was found to be consistent with the expression of PD- 
L1 in inflamed sites and various normal lymphoid tissues.47 

In 2019, Li et al used 89Zr-Df-KN035 for PET imaging. 
They observed the downregulation of PD-L1 expression in 
a mouse model of NSCLC following gefitinib administra
tion (4.73 ± 1.58 and 0.73 ± 0.71% ID/g in the tumor before 
and after therapy, respectively).48 Meanwhile, Ehlerding 
et al used by PET imaging to observe an increase in the 
expression of PD-L1 in H460 tumors following 
in vivo fractionated radiotherapy: the tumor uptake at 
24 h postinjection was 2.10 ± 0.52% ID/g in nonirradiated 
mice VS 4.44 ± 1.52% ID/g in mice treated with 2 Gy x 5 
fractions (p<0.05, n=45).49 In 2020, Lv et al designed and 
developed a novel 68Ga-labeled nanometer tracer, 68Ga- 
NOTA-Nb109, for specific noninvasive imaging to detect 
PD-L1 expression in melanoma-bearing mouse models. 
The study result is consistent with that of De Silva et al, 
who found that the uptake of 68Ga-NOTA-Nb109 by PD-L1 
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-positive cells was far greater than that by PD-L1-negative 
cells within 2 h (6.3 ± 0.31 VS 1.3 ± 0.44% ID/g).50 Next, 
Camilla Christensen et al developed the tracer 89Zr-DFO 
-6E11. In this study, the authors used this novel tracer to 
perform PET imaging of CT26 tumor-bearing mice treated 
with external irradiation (XRT) combined with PD-L1 
blockade. The results showed that PET imaging could 
detect the dynamic expression of PD-L1: the tumor uptake 
increased from 0.35 ± 0.04% ID/g in mice receiving no 
codose to 3.07 ± 0.15% ID/g in mice receiving a 500 μg 
codose.51

The study indicates that molecular imaging technology 
can dynamically monitor the expression of PD-L1 in the 
context of radiotherapy combined with immunotherapy, 
which would be helpful for choosing the right times to add 
immunotherapy and evaluate the efficacy of immunization.

SPECT Imaging
In 2015, Heskamp et al observed the uptake of 111In-PD-L1. 
3.1 in 5 breast cancer xenografts with different PD-L1 
expression levels. The study showed that efficient uptake of 
111In-PD-L1.3.1 was observed in tumors with high PD-L1 
expression (mda-mb-231 25.2 ± 2.9% ID/g at 3 days, sk-br-3 
22.0 ± 5.1% ID/g at 3 days), while no efficient accumulation 
was observed in tumors with undetectable PD-L1 expression 
(SUM149 8.4 ± 0.2% ID/g at 3 days, BT474, McF-7 10.0 ± 
0.7% ID/g at 3 days).52 This study was the first to demon
strate the feasibility of detecting PD-L1 expression in human 
xenograft tumors in immunodeficient mice using SPECT. In 
2016, Josefsson et al developed a new tracer, 111In-DTPA- 
anti-PD-L1, for imaging and biodistribution studies in an 
immunocompetent mouse model of breast cancer. 111In- 
DTPA-anti-PD-L1 showed high signal intensity in tumors, 
the spleen and the thymus by SPECT imaging (29.5±7.4, 
63.9±12.2 and 11.8±2.0% ID/g).53 Next, García et al labeled 
HYNIC tetrazine with 99mTc, developing the tracer tri-99mTc- 
HYNIC-TZ. The authors observed high uptake of the tracer 
by SPECT imaging. However, this tracer also accumulated in 
large quantities in normal tissues, such as the liver (14.15 ± 
0.43% ID/g), intestines (5.62 ± 0.59% ID/g), and kidneys 
(7.84 ±1.63% ID/g), at 1 h post injection.54 In 2017, Nedrow 
et al developed a new tracer, 111In-DTPA-anti-PD-L1-BC, 
which not only further confirmed the conclusion of Josefsson 
et al, namely, that there was significant uptake of the tracer in 
the tumor and spleen (12 ± 3.0 and 17 ± 1.8% ID/g at 24 h), 
but also determined an optimal imaging dose (3 mg/kg) in 
a mouse model of melanoma.55 In 2019, Heskamp et al again 
performed SPECT imaging in a variety of tumor models after 

successful imaging on 5 breast cancer xenografts with dif
ferent PD-L1 expression levels in 2015. The study demon
strated the feasibility of SPECT imaging in detecting changes 
in PD-L1 expression during tumor radiotherapy: they 
observed significantly increased uptake of 111In-anti-mPD- 
L1 in irradiated CT26 tumors compared with nonirradiated 
tumors (26.3±2.0 VS 17.1±3.1% ID/g, p=0.003). A similar 
effect, although less pronounced, was observed for LLC1 
cells (15.7±1.8 VS 12.3±1.7% ID/g, p = 0.033).56 Then the 
study by Qiu et al found better pharmacokinetics. They 
performed SPECT imaging experiments with [99mTc] 
HYNIC-peg11-tz in H1975 and A549 tumor-bearing mice. 
Using this tracer for SPECT imaging could delineate H1975 
tumors from normal tissue to produce high-contrast 
images.57 In view of the feasibility of SPECT imaging with 
99mTc in preclinical studies, Xing et al followed conducting 
the first relevant early clinical study. They labeled anti-PD- 
L1-sdab with 99mTc and performed SPECT/computed tomo
graphy (CT) imaging in NSCLC patients. A good biological 
distribution and image characteristics were observed in the 
NSCLC patients and proved that the tracer is feasible: 
2-h primary T:BP ratios correlated with PD-L1 immunohis
tochemistry results (r=0.68, p=0.014). The 2-h T:BP ratio 
was lower in tumors with ≤1% PD-L1 expression than in 
those with high PD-L1 expression (1.89 VS 2.49, 
p=0.048).58 These results show that SPECT imaging has 
strong potential to select the patients who are most likely to 
respond to immunotherapy. We can choose the right time to 
add immunotherapy by monitoring changes in PD-L1 
expression during tumor radiotherapy.

Optical Imaging
Optical imaging is promising approach to study the phy
siological changes at the molecular, cellular, and tissue 
levels. Optical imaging can be mainly divided into fluor
escence imaging (FLI) and photoacoustic imaging (PAI). 
In 2016, Samit et al developed an imaging probe NIR-PD- 
L1-mAb to detect PD-L1 expression. They found higher 
fluorescence signal intensities with NIR-PD-L1-mAb in 
MDA-MB-231 tumors compared to SUM149 tumors 
(27% VS 0.1% PD-L1-positive cells). In addition, 
increased fluorescence intensity was observed in liver 
and lungs. The study demonstrated that using NIR-PD- 
L1-mAb can specificity to detect PD-L1 expression by 
fluorescent imaging.59 In 2017, Du et al revealed the 
imaging probe PD-1-IRDye800CW exhibited a specific 
accumulation at the tumor region, 1.7-fold higher than 
the IgG control. The result further demonstrated the 
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feasibility that using PD-1-IRDye800CW to detect PD-L1 
expression by fluorescence optical imaging.60 PAI is 
usually used for local tissue imaging due to the higher 
resolution and tissue penetration depth. Liposome-based 
probes for PAI had be proven the feasibility to guide 
image tumors.61 This emerging imaging method could be 
considered to applicate to detect response of immunother
apy in the future.

Optical and MRI Dual-Modality Imaging
Combinations may enhance sensitivity and specificity in 
term of each imaging modality has specific merits and 
limitations. Du et al developed a novel theranostic nanop
robe PD-L1-PCI-Gd by dual-modality MRI and optical 
fluorescence imaging to detect PD-L1 expression in 4T1 
and CT26 tumors. The study found that fluorescence at 
tumor sites was constantly 2.16-fold higher in PD-L1- 
targeted nanoparticles than the non-targeted control group 
at 4–48 h in 4T1tumors. Similar trends were observed by in 
CT26 tumors that the ratio was around 1.98-fold higher 
from 6 h to 48 h. The study also found that images obtained 
pre-contrast exhibited significantly increased 24h post- 
injection of PD-L1-PCI-Gd by MRI imaging in 4T1 and 
CT26 tumors compared with the non-targeted control 
group, around 1.50 and 1.61-fold respectively. This is the 
first report of cerasomes targeted to PD-L1 as agents for 
dual modality imaging and antitumor therapy. The study 
showed that using PD-L1-PCI-Gd for MRI/NIRF dual- 
mode imaging may help detect PD-L1 expression.62

Compared with PET/CT, SPECT/CT has better reso
lution, and SPECT imaging is less expensive and more 
common in the preclinical setting. However, in clinical 
applications, the resolution, sensitivity, and quantification 
of PET/CT are superior to those of SPECT/CT. In these 
two imaging approaches, many radioisotopes have been 
used to label ligands to form various tracers. However, 
the half-life of each radionuclide is different: 18F has 
a half-life of 109 m, 64Cu has a half-life of 12.7 h, 
68Ga has a half-life of 1.1 h, 89Zr has a half-life of 78.4 
h, and 99mTc has a half-life of 6 h. Now, commonly used 
tracers, on the one hand, are formed by using 
a radionuclide to label antibodies. The tracers need to 
use an isotope with a long half-life, such as 111In, 89Zr, or 
64Cu, for labelling. The isotype can match the antibody 
imaging time required and allow high-contrast imaging. 
However, isotopes with a long half-life have many dis
advantages, such as a slowed clearance rate, long ima
ging time and high radiation dose to healthy organs. 

Therefore, they are not suitable for clinical application. 
On the other hand, some scholars have turned their atten
tion toward smaller radionuclide-tagged ligands, such as 
connection proteins in fluid molecules and peptides. The 
radionuclide labels these small molecular ligands to form 
tracers. These tracers have the characteristics of a fast 
clearance rate, strong specificity, high stability and fast 
tumor absorption, which are more conducive to clinical 
application. If we consider HAC-PD1 as an example, 
although changes in the metal from copper to gallium 
may alter the binding affinity, the uptake of 64Cu-NOTA- 
HAC-PD1 and 68Ga-NOTA-HAC-PD1 in almost identi
cal hPD-L1 tumors shows similar affinities (ROI 3.3 
±0.85 VS 3.8±1.6% ID/g). However, compared with 
that of 64Cu, the liver signal of 68Ga is significantly 
reduced (17.0 ± 5.9 VS 8.1 ± 0.2% ID/g).35 68Ga is 
easy to produce and less expensive than 64Cu. 
Similarly, WL12 can be combined with copper or gallium 
to form tracers and shows similar affinities for uptake in 
an hPD-L1 tumor model.34,44,50

However, these tracers are currently applied only in the 
preclinical setting, but it is undeniable that the tracers have 
good application prospects to detect PD1/PD-L1 expres
sion in clinical practice. And optical imaging (FLI and 
PAI) is relatively safer and sensitivity than nuclear ima
ging as an emerging approach to detect PD1/PD-L1 
expression. Based on each imaging modality has specific 
merits and limitations, combinations may have better pro
spects such as PD-L1-PCI-Gd for MRI/NIRF dual-mode 
imaging.62 In addition, Du et al showed the potential for 
the diagnosis and treatment of breast tumors of 
IRDye800CW and 64Cu-labeled anti-PD-1 mAb-targeted 
Liposome-DOX by fluorescence and PET imaging.63

Evaluation of the Efficacy of 
Immunotherapy
In terms of evaluating the efficacy of immunotherapy, 
Tazdait et al found that conventional Response Evaluation 
Criteria in Solid Tumors (RECIST) 1.1 underestimated the 
benefit of PD-1 or PD-L1 inhibitor therapy in approxi
mately 11% of the evaluated population.64 Wolchok et al 
first proposed the new immune-related response criteria 
iRECIST in 2009.65 Even though the new standards 
improved accuracy by 4–8%,66–68 they were still based on 
changes in tumor size seen with anatomical imaging mod
alities to evaluate the efficacy of immunotherapy.69–71 

Thus, these criteria still underestimated the immune 
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benefits due to the presence of atypical responses, such as 
pseudoprogression26 and hyperprogressive disease.27,28

In the sequence of complex metabolic and functional 
processes that occur during and after treatment, evaluating 
the efficacy of immunotherapy by monitoring tumor size 
changes is one approach. However, 18F-FDG PET, as an 
indicator for intracellular glucose metabolism, is a modality 
that can be used to detect metabolic changes before anato
mical changes occur. Therefore, Wall et al proposed PET 
Response Criteria in Solid Tumors version 1.0 (PERCIST) 
instead of RECIST to assess the treatment response.72 

A prospective study by Beer et al found that two patients 
(5%) among 42 patients treated with a PD-1/PD-L1 inhibi
tor were classified as having pseudoprogression by 
18F-FDG PET/CT. Interestingly, the sum of diameters 
increased by 2040% at the first follow-up compared with 
the baseline, and the SUV normalized by lean body mass 
(SUL) peaks of both lesions decreased by 13% and 16%, 
respectively, at the first follow-up, followed by complete 
resolution.73 Kaira et al performed the first prospective 
study to investigate the clinical significance of 18F-FDG 
accumulation on PET/CT scans in patients with advanced 
NSCLC who received nivolumab. They found that the pre
dictive probabilities of a partial response (PR; 100% VS 
28.6%, p = 0.021) and progressive disease (PD; 100% VS 
22.2%, p = 0.002) confirmed with RECIST at 1 month after 
nivolumab initiation were significantly higher in total lesion 
glycolysis (TLG) by PET imaging than by CT imaging.74 

A prospective study by Cho et al used 18F-FDG PET/CT to 
evaluate the effect of immunotherapy on twenty patients 
with advanced melanoma receiving immunotherapy. They 
found that the optimal PERCIST and European 
Organisation for Research and Treatment of Cancer 
(EORTC) threshold values predictive of the best overall 
response were >15.5% and >14.7%, respectively, indicating 
that increased FDG tumor uptake between 21 and 28 days 
on therapy may correlate with eventual clinical benefit.75 In 
addition, Higuchi et al found decreased FDG uptake in each 
recurrent lesion of a 75-year-old man with metastatic 
NSCLC on six courses of nivolumab treatment; in particu
lar, the SUVmax of the supraclavicular lymph node and 
disseminated lesions before and after immunotherapy 
decreased from 9.8 to no accumulation and 5.9 to 3.4, 
respectively.76 These results suggest the potential value of 
FDG PET in monitoring the response to this immunother
apy. 18F-FDG PET imaging could be helpful in distinguish
ing between patients with true PD and those with a transient 
increase in tumor volume followed by a response to therapy.

The study confirmed that as PD1/PD-L1 expression in 
patients increased, the probability of benefitting from 
immunotherapy became higher.10 A large number of pre
clinical studies have shown that the uptake of tracers 
formed by using a radioactive nuclide to label an antibody 
is high in tumors with high PD-1/PD-L1 expression. This 
possibly allows researchers to use longitudinal observation 
of tracer uptake to evaluate immune efficacy.

Assessing the Prognosis of 
Immunotherapy
In an article by Sachpekidis et al, 18F-FDG PET was used 
to evaluate tumor response after ipilimumab treatment 
administration for more than one cycle according to the 
EORTC 1999 criteria. Patients were divided into two 
groups by SUV changes. An increase in the SUV >25% 
was deemed to indicate progressive metabolic disease 
(PMD), and an increase in the SUV <25% or a decrease 
in the SUV <15% was considered to indicate stable meta
bolic disease (SMD). The study found that the progres
sion-free survival (PFS) of the patients with SMD was 
significantly longer than that of the patients who were 
deemed to have PMD (9.8 VS 3.6 months, P < 0.001).77 

Kaira et al found that all patients achieving a partial 
metabolic response (PMR) by TLG were able to continue 
nivolumab treatment for more than 5 months without 
recurrence, whereas those with PMD by TLG acquired 
resistance to nivolumab within approximately 3.5 
months.74 Cho et al suggested the use of PET/CT 
Criteria for early prediction of Response to Immune 
checkpoint inhibitor Therapy (PECRIT), a combination 
of functional and anatomical parameters obtained by 
PET/CT 3 to 4 weeks after therapy onset for early pre
diction of an eventual response to immunotherapy. 
According to the study, in patients with stable disease 
(SD) by RECIST1.1 at 3 to 4 weeks, an increase > 15.5% 
in the SUL peak of the hottest lesion by 18F-FDG PET/ 
CT was associated with eventual clinical benefit (a PR or 
complete response (CR) at 4 months or SD ≥ 6 months).75 

Tan et al performed 18F-FDG PET imaging in metastatic 
melanoma patients treated with anti-PD-1 therapy. They 
found that in 78 complete metabolic response (CMR) 
patients, 78% had discontinued treatment, but almost all 
these patients remained progression free at 1 year.78 Ito 
et al found that in responders and nonresponders receiv
ing ipilimumab therapy, the two-year overall survival 
(OS) rate was 66% VS 29% for imPERCIST5 
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(p=0.003). The authors also compared the prognosis of 
patients with PMD and SMD (and responders with non
responders). PFS was significantly longer for the patients 
with disease stabilization (9.8 months VS 3.6 months, p < 
0.001).79 They also found that when the 18F-FDG PET/ 
CT parameter wMTV was higher than the cut-off value of 
27 cm3, 142 consecutive patients with melanoma treated 
with single-agent ipilimumab therapy had a significantly 
shortened median OS time (26 months VS 10.8 
months).80 Similarly, Giovanni Rossi et al found that 15 
to 23% of PMR patients receiving nivolumab therapy 
were defined as having SD or even PD by RECIST or 
immune-related response criteria (irRC) but all these 
patients were still alive at 12 months. Compared with CT- 
based evaluation criteria, the evaluation criteria for 
immunity based on PET showed better OS.81 Next, 
Annovazzi et al conducted a retrospective study that 
involved 18F-FDG PET/CT imaging in fifty-seven 
patients with metastatic melanoma treated with ipilimu
mab (n = 25; group 1) or with PD-1 inhibitors (n = 32; 
group 2). They found a high PFS rate at 1 year in respon
ders identified by MTV and TLG (group 1, 9080% of 
patients were progression free at 1 year; group 2, 
100100%).82 Dercle et al found a significantly increased 
18F-FDG uptake SUVmax in the spleen of responders 
receiving anti-PD1 treatment. This shows that increased 
uptake may be associated with a favorable prognosis.83 

Here, we confirmed the prognostic value of 18F-FDG 
PET/CT, opening a new prognostic window for patients 
treated with immunotherapy.

In addition, Lim et al found that relatively high NaF 
SUVmax values were associated with worse OS in patients 
with advanced genitourinary malignancies treated with 
cabozantinib and nivolumab with or without ipilimumab.84

In terms of tracers created with other elements, Bensch 
et al found that uptake of the tracer 89Zr-atezolizumab 
appeared to be a strong predictor of response to atezolizu
mab therapy, including prolonged PFS and OS. They found 
that patients with below-median uptake (SUVmax geom. 
mean < 9.0) were more likely to progress or die than those 
with above-median uptake (SUVmax geom. mean ≥ 9.0).47

These results fully demonstrated the potential of molecu
lar imaging for assessing the prognosis of immunotherapy.

Monitoring the Toxicity of Immunotherapy
Immunotherapy, which affects not only the cancer being 
targeted but also any sensitive healthy tissue, can have 
a range of adverse effects, such as maculopapular rash, 

enterocolitis, dysthyroidism, pneumonitis, and hepatitis.29 

Although most adverse effects are low intensity, approxi
mately 10% of patients treated with immune checkpoint 
inhibitors will develop severe adverse effects85 that can 
even be life-threatening. A meta-analysis by Daniel 
Y. Wang showed that the toxicity-related fatality rates 
were 0.36% (anti-PD-1 therapy), 0.38% (anti-PD-L1 ther
apy), 1.08% (anti-CTLA-4 therapy), and 1.23% (anti-PD 
-1/PD-L1 plus anti-CTLA-4 therapy) in 19,217 patients in 
112 trials.86 Therefore, immunotoxicity should be fully 
considered. However, there are still great limitations in 
detecting immunotoxicity. 1) Due to the continuous emer
gence and development of the concept of adverse reac
tions, clinicians may lack a good understanding of the 
concept of immune-related adverse reactions. 2) In addi
tion, many fatal complications have occurred in the early 
stage of treatment, and different treatment plans are 
needed for different complications, which requires clini
cians to identify these complications as early as possible 
and address them in a timely manner. 3) Furthermore, 
adverse effects include various entities and involve differ
ent organs, which leads to the need for different imaging 
methods to detect these adverse reactions.87 4) Finally, 
adverse reactions can masquerade as a variety of condi
tions. For example, Jeffrey S Weber et al found that 
inflammation in target lesions might be misinterpreted as 
progression when a so-called tumor flare reaction 
appears.88 These complications can be delayed: adverse 
effects may occur during treatment, at the time of discon
tinuation, or even months after immunotherapy.27 

Misdiagnosis of adverse events, such as infection or pro
gression of disease, may very well turn a potentially easily 
treatable condition into a life-threatening complication.

In a retrospective case series study, high uptake of F-18 
FDG observed by PET-CT imaging was found in the pan
creas, ascending colon, pituitary gland and thyroid gland of 
four patients with melanoma treated with ipilimumab. 
Ultimately, one patient had confirmed immune-mediated 
pancreatitis, one had colitis, one had hypophysitis, and 
one had confirmed thyroiditis.89 Similarly, Dercle et al 
found that by 18F-FDG PET imaging, 37% of patients had 
new nontumor lesions related to immune side effects during 
anti-PD1 treatment (one confirmed colitis case, two inter
stitial pneumonitis cases and one confirmed pancreatitis 
case).75 In addition, we mentioned that colitis is 
a common side effect of immunotherapy. In the colon, PD- 
L1 upregulation is involved in the regulation of chronic 
inflammation in the colonic mucosa.90 Therefore, when 
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we use immunotherapy, we can monitor the expression of 
PD-L1 through molecular imaging to avoid the occurrence 
of irreversible colitis.

These studies indicate the feasibility of molecular imaging 
in detecting and even predicting adverse immune reactions.

Other Targets Imaging
CTLA-4
As a transmembrane inhibitory receptor, cytotoxic 
T lymphocyte-associated antigen-4 (CTLA-4) is expressed 
on activated T lymphocytes, including activated T-cells, 
memory T-cells, and T reg -cells.91 CTLA-4 suppressed 
T cell-mediated immune responses. Through this mechan
ism, CTLA-4 can lead to the development of Tumors.4 In 
2011, ipilimumab, an anti-CTLA-4, was approved by the 
FDA for the treatment of melanoma.

Initially, Higashikawa et al developed a molecular ima
ging probe 64Cu-DOTA-anti-CTLA-4 mAb for imaging 
CTLA-4-expressing TILs in CT26 tumors. The study found 
that 64Cu-DOTA-anti-CTLA-4 mAb showed higher accumu
lation than control groups in the tumors (SUV-max:2.65 
±0.01 VS 2.06±0.32).92 In 2017, Ehlerding et al evaluated 
the biodistribution of 64 Cu-DOTA-ipilimumab using PET 
imaging in CTLA-4 expressing lung cancer xenografts mice 
bearing. High accumulation of 64Cu-DOTA-Ipilimumab was 
found in CTLA-4-expressing tumor cells (A549 cells 9.5 ± 
2.4%, H460 cells 7.6 ± 1.2% and the H358 cells 4.6± 1.3% 
ID/g). Ipilimumab was found to bind to the CTLA-4-expres
sing lung cancer xenografts cells.93 In 2019, Ehlerding et al 
developed two tracers 64Cu-NOTA-ipilimumab and 64Cu- 
NOTA-ipilimumab-F(ab’)2 by PET imaging, providing 
a means to to localize CTLA-4+ T-cells in humanized 
mouse models. The highest accumulation of 64Cu-NOTA- 
ipilimumab was observed, peaking at 7.00 ± 2.19%ID/g in 
the salivary glands of PBL mice. In contrast, 64Cu-NOTA- 
ipilimumab-F(ab’) 2 uptake was 2.40 ± 0.86%ID/g at the 
same time point. However, the F(ab’) 2 agent cleared from 
circulation more quickly than 64Cu-NOTA-ipilimumab, pro
viding higher salivary gland-to-blood ratios (1.78 ± 0.72 VS 
1.19 ± 0.49 at 48 h). The study showed using 64Cu-NOTA- 
ipilimumab and 64Cu-NOTA-ipilimumab-F(ab’) 2 for PET 
imaging was able to noninvasively track CTLA-4+ tissues. 
These tracers may help elucidate the response of CTLA- 
4-targeted checkpoint in immunotherapy treatments.94

Granzyme B
Granzyme B is a serine protease by active tumoral cyto
toxic T cells releasing. The immune synapses bind to the 

tumor cells and release granzymes, perforins, granulysins 
to the synaptic cleft. Through this mechanism, Granzymes 
and perforins result in the apoptosis of tumor cells.95

Larimer et al provided a preclinical proof of concept that 
granzyme B as a reliable early-response biomarker, the 
expression of which is high in immunotherapy. They devel
oped a human probe 68Ga-NOTA-GZP by PET imaging to 
detect granzyme B expression in CT26 tumor. They found 
that the highest uptake of 68Ga-NOTA-GZP in tumor with 
combination treatment of anti-CTLA-4 and anti-PD-1 anti
bodies, compared to mono immune checkpoint therapy and 
untreated mice (TBR = 1.83±0.18 VS 1.29±0.12 VS 0.96 
±0.11). The study proved that the 68Ga-NOTA-GZP for 
PET imaging may serve as a noninvasive imaging means 
to Identify the responders for immunotherapy.96

IFN-Gamma
The cytokine interferon-γ (IFN-γ) is predominantly 
produced by activated skewed CD4 T cells and cyto
toxic CD8 T cells which contribute to antigen-specific 
tumor cell recognition and destruction in immunother
apy (100–103).97–100 IFN-γ signaling can upregulate 
the Fas/FasL and MHC molecules to kill tumor cell 
(104,105)101,102 and regulate tumor expression of PD- 
L1 to quell immune activation.

In 2018, Gibson et al developed the tracer 89Zr-anti- 
IFN-γ for PET imaging in BALB/c mice. They found that 
high tracer uptake in the tumor compared with liver and 
blood at 72 h by PET imaging. And a nearly two-fold 
increase in tumor uptake was observed in vaccinated com
pared with control mice (10.07 ±1.50% VS 5.97 ± 0.61% 
ID/g, p=0.0001). It showed the feasibility of the tracer as 
a non-invasive measure to identify production and func
tion of IFN-γ in immunotherapy.103

CD4 and CD8
Increasing evidence suggests that the CD4 + and CD8 + 
lymphocytes in the tumor microenvironment of patients 
are important for initiating and mediating a response to 
immunotherapy.104–109 Therefore, the ability to non- 
invasively visualize CD4+ and CD8+ T cells in vivo 
would play a critical role during immunotherapy.

In 2014, Tavaré et al used engineered antibody frag
ments for PET imaging of CD8 + T cells. They found that 
the uptake of 64Cu-NOTA-2.43 Mb by PET imaging was 
higher five to ninefold in the spleen, lymph nodes of the 
antigen-positive B/6 mice compared with antigen-negative 
Lyt2.1 C3H mice (75 ±8.5% VS 15 ± 2.3%ID/g, 27 ±7.9% 
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D/g VS 2.7 ± 0.71%ID/g respectively). The study showed 
the feasibility of using PET imaging to detect CD8 
expression.110 In 2015, Tavaré et al further found that 
CD4 and CD8 T cell populations in vivo were targeted 
and visualized in the spleen and lymph nodes of wild-type 
mice. The study showed potential applications that using 
the 89 Zr-radiolabeled anti-CD4 and -CD8 cDbs by PET to 
monitor response of immune cell subsets in 
immunotherapy.111 In 2016, Tavaré et al used the 89Zr- 
malDFO-169 cDb further validated the feasibility to detect 
changes of CD8 expression in preclinical tumor immu
notherapy models.112 In 2019, Kristensen et al developed 
tracers 89Zr-DFO-CD4/89Zr-DFO-CD8a by PET imaging 
to detect and assess CD4 + and CD8a + status in CT26 
tumor-bearing mice.113 In 2020, Pandit-Taskar et al used 
the 89Zr-IAB22M2C by PET imaging to carry out 
a prospective Phase I, open-label, non-randomized, dose 
escalation imaging study in malignant tumor patients 
receiving immunotherapy. The study found that the nota
bly high uptake of 89Zr-IAB22M2C in targeting CD8+ 
T cell-enriched tissues such as spleen, bone marrow, 
lymph nodes and tumors by directed imaging of CD8+ 
T cells. This was the first-in-human study of 89Zr- 
IAB22M2C by PET imaging. It showed the 89Zr- 
IAB22M2C is safe, feasible, and well tolerated to detect 
the CD8+ T cell accumulation within tumors.114

OX40
CD134, TNFRSF4 (OX40) as a member of the tumor 
necrosis factor (TNF) receptor superfamily, binds the 
ligand CD252, TNFSF4 (OX40L) on activated antigen 
presenting cells (APCs), leading to recruitment of TNF- 
receptor associated factors (TRAFs), formation of a T cell 
receptor (TCR)-independent signaling complex and down
stream activation of NF-kappaB.115 Through this mechan
ism, it can produce cytokines such as IL-2 and IFN-γ to 
promote T cells survival, proliferation and activation.

In 2018, Alam et al showed that the tracer 64Cu-DOTA 
-AbOX40 by PET imaging was used to image OX40 
noninvasively and longitudinally. The pronounced 64Cu- 
DOTA-AbOX40 signal was observed in the TDLN of dual 
A20 lymphoma-tumor bearing mice, receiving either an 
immune stimulant (Cytosine phosphodiester Guanine- 
oligodeoxynucleotides (CpG-ODN), microbial signature 
DNA fragments) or vehicle only intratumorally in one 
tumor, the second tumor was untreated, at 24 hours after 
tracer injection. Furthermore, the tracers were signally 
accumulated in the tumor draining lymph node (TDLN) 

and spleen (247.9%, p<0.0001) at day 9 post treatment. 
The study demonstrated that anti-OX40 Abs were suitable 
for PET imaging of activated T cells in vivo.116

In addition, in 2019, there are many NOD ligands 
having been synthesized in terms of the cytosolic nucleo
tide-binding oligomerization domains 1 and 2 (NOD1 and 
NOD2) receptors. The NOD2 agonists especially showed 
exhibit favorable immunostimulatory and anticancer 
activity.117 Next, Kapp et al developed a novel family of 
L-nucleotide-protected TLR9 agonists EnanDIM which 
had been proven potential in immunotherapy.118 In the 
future, the imaging of nucleotide aspect is something to 
looking forward to.

Challenges and Future Directions
Until now, a lot of immune checkpoint inhibitors have 
been developed and applied for tumor treatment. Despite 
the promise of immunotherapy, Immunotherapy is not only 
expensive but also only 2040% patients show durable 
responses. Although, we have proven molecular imaging 
has shown good potential in screening patients benefici
aries, evaluating the efficacy and prognosis of immu
notherapy. However, we face mang challenges: 1) Only 
a fraction of receptors and ligands inhibiting immune 
responses have been identified and imaged. In the future, 
we need find more targets for imaging by exploring and 
monitoring mechanism and response of immunotherapy. 2) 
Due to disadvantages of existing tracer for molecular 
imaging, in the future, we need to develop a safe, high- 
sensitivity and high-specificity tracer with stable expres
sion in the human body that can distinguish between 
cancer and immune cells in the lymphoid organs and 
also accurately detect targets expression such PD-L1. 3) 
There is a lack of clinical trials. To date, most tracers have 
been evaluated only in preclinical studies, and we lack 
enough clinical data to further confirm the clinical safety 
of molecular imaging technology and the feasibility of 
predicting patients who benefit from immunotherapy and 
monitoring immune efficacy. 4) There is a lack of related 
laboratories. 5) Although, the existing PET and SPECT 
imaging or emerging MRI and optical imaging have 
showed good potential in immunotherapy. However, each 
imaging modality has specific merits and limitations. 
Based on the good prospects of dual-mode imaging for 
the diagnosis and treatment of tumors or detecting PD-L1 
expression et al, combination of imaging technologies may 
be a major direction in the future.
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In conclusion, despite these deficiencies, it is undeni
able that molecular imaging has good application pro
spects in predicting immune benefits, evaluating immune 
efficacy and prognosis and even monitoring 
immunotoxicity.

Conclusion
In this article, due to the many limitations of several 
current immune biomarkers in predicting immune benefits 
and those of traditional imaging in evaluating the efficacy 
and prognosis of immunotherapy and monitoring adverse 
reactions, we recommend a novel imaging method, mole
cular imaging.

This article summarizes the good application prospects 
of molecular imaging in screening patients who benefit 
from immunotherapy, evaluating the efficacy of immu
notherapy, assessing treatment prognosis and monitoring 
adverse immune reactions. However, at present, molecular 
imaging technology has not been widely applied in clinical 
practice due to the difficulty of developing suitable tracers, 
the absence of clinical trials and the limitations of the 
current state of the technology. However, molecular ima
ging is undeniably a hotspot for future research. As this 
series of problems is solved, molecular imaging will even
tually become an effective means for predicting patients 
who benefit from immunotherapy, evaluating the efficacy 
and prognosis of immunotherapy, and even monitoring 
immunotoxicity.
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