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A B S T R A C T

Molecular medicine requires a more precise treatment directed at molecular aberrations detected in tumors on
an individual patient level. Immunotherapies empower the body's own immune system to confront tumor cells;
however, their efficacy is often affected by tumor heterogeneity. Numerous noninvasive imaging techniques are
available to monitor changes in tumor function reflecting therapeutic response, including immunotherapy, and
to realize personalized response evaluation. For immunotherapy, strategies for using noninvasive imaging as a
prognostic biomarker to identify patients who could benefit from targeted immunotherapy and predict early
responders/nonresponders may ultimately lead to improved clinical management, individualized therapy regi-
mens, and better prediction of patient outcomes. Herein, we summarize the recent progress in noninvasive
imaging of immunotherapeutic targets such as immune cells, immune checkpoint inhibitors, immune vaccines,
and T-cell therapy with chimeric antigen receptor, and review the clinical application of noninvasive imaging in
immunotherapy. Finally, we describe the application of multimodal/multispectral imaging and radiomics, which
may offer future direction for precision imaging in immunotherapy. With further progress of noninvasive
imaging, guiding cancer immunotherapy into the era of precision medicine would be a promising option.

1. Introduction

From the emergence of imatinib, the first generation of targeted
drugs against tumors, to the Precision Medicine Initiative, started by
President Barack Obama in 2016, cancer research has entered the era of
personalized identification and intervention [1]. Precision oncology
calls for personalized interventions matched to suit patient require-
ments. Although conventional cancer treatments, including surgery,
radiotherapy, and chemotherapy, are becoming more refined and sys-
tematic, novel cancer therapies that depend on signaling mechanisms
and subcellular structure achieve clinical translation and obtain certain
therapeutic effects [2]. Immunotherapy, using our own immune system

to fight cancer, is considered as a revolutionary therapy relative to
other systemic therapeutic strategies. The principles of immunotherapy
involve enhancing immunotherapy to increase immune response and
normalizing immunotherapy to restore a lost immune response. The
enhancement strategies have generally been grouped in two: the first
approach is to use effector cells/molecules of the immune system to
directly attack tumor cells, which is called “passive” immunotherapy.
The second approach is to enhance immune system activation through
the modulation of endogenous regulatory and/or activating immune
responses, which is called “active” immunotherapy. Normalization
strategies aim to break the block or defects of the immune responses to
reset a natural antitumor immune capacity [3,4].
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The success of immune checkpoint inhibitors (ICIs) and adoptive T-
cell therapy with chimeric antigen receptor (CAR) are two revolu-
tionary examples of immunotherapy that are changing the clinical
management of cancer [5]. Pembrolizumab, an inhibitory antibody
targeting the immune checkpoint receptor programmed cell death
protein 1 (PD-1) approved by the Food and Drug Administration (FDA)
in May 2017, is recommended for the treatment of unresectable or
metastatic solid tumors with mismatch repair-deficient (dMMR) or
microsatellite instability-high (MSI-H) [6]. In addition, Tisagenle-
cleucel, a cell-based gene therapy modified to a new gene that contains
a CAR directing autologous T-cell immunotherapy approved by the FDA
in May 2017, is recommended for the treatment of acute lymphoblastic

leukemia [7]. However, the following three main challenges limit the
further application of immunotherapy [8,9]. First, 50%–80% of cancer
patients do not benefit from ICIs; second, traditional imaging methods
only provide anatomic information, but do not define the concrete re-
presentation of response or progression, especially pseudo-progression
owing to tumor infiltrating lymphocytes (TILs); and third, toxicities are
a potential concern for the wide application of immunotherapy, which
is associated with adverse events of the skin and spleen interacting with
immune cells, antibodies, or cytokines. Hence, an accurate and re-
producible imaging approach is urgently required to identify the po-
pulation of patients most or least likely to respond to immunotherapy.

Molecular imaging, combined with disease-specific imaging probes,

Abbreviations

CAR chimeric antigen receptor
PD-1 programmed cell death protein 1
MSI-H microsatellite instability-high
MMR-D mismatch repair-deficient
TIL tumor infiltrating lymphocyte
ICI immune checkpoint inhibitor
TME tumor microenvironment
Treg regulatory T lymphocyte
NK natural killer
DCs dendritic cells
CTL cytotoxic T lymphocyte
TCR T cell receptor
PET positron emission tomography

MRI magnetic resonance imaging
BLI bioluminescence imaging
NIRF near-infrared fluorescence
NIR-II second near-infrared window
QDs quantum dots
TAMs tumor associated macrophages
mAb monoclonal antibody
MDSCs myeloid-derived suppressor cells
SPIONs superparamagnetic iron oxide particles
CTLA-4 cytotoxic T-lymphocyte-associated protein 4
PD-L1 anti-programmed death ligand 1
CT computed tomography
NSCLC non-small cell lung cancer
PAI photoacoustic imaging
irAE immune-related adverse event

Fig. 1. Precision imaging of cancer immunotherapy targets. The non-invasive molecular imaging of immune cells, immune checkpoint inhibitors, tumor vac-
cines, and CAR-T.
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can provide non-invasive, early and dynamic information about effects
of immune cells or other cells in the tumor microenvironment (TME), as
well as the target expression and the biodistribution of im-
munomodulatory drugs in the body, thereby allowing clinicians to
predict which patients are most likely to benefit from immunotherapy
[10]. In addition, combining immunotherapy with molecular imaging
may realize the precision of cancer immunotherapy. Immunotherapies
can be generally grouped into four major categories: (1) immune cell-
based therapies, (2) ICIs, (3) tumor vaccines, and (4) CAR-T cell
therapy. In this review, we focus on the advances in noninvasive mo-
lecular imaging of cancer immunotherapy, including immune cells,
ICIs, tumor vaccines, and CAR-T (Fig. 1).

2. Imaging of immune cells and tumor microenvironment

Recently, more attention has been focused on immune cell-based
therapies with the understanding of the complex interaction between
immune cells and tumor cells in the TME [11]. In addition to tumor
cells, TILs such as T cells, B cells, and natural killer (NK) cells, as well as
macrophages and dendritic cells (DCs), are recruited to the TME and
play important roles in regulating tumor growth and influencing anti-
tumor therapeutic effects [12] (Fig. 2).

2.1. Imaging of immune T cells

Although some T cell subgroups such as regulatory T lymphocytes
(Treg) inhibit tumor immunity, some T cell subgroups play a critical
role in anti-tumor immunotherapy by activating cytotoxic T lympho-
cytes (CTLs). Thus far, the cancer immunotherapy response was pri-
marily achieved through the T cell immune pathway, and the me-
chanisms are as follows. CTLs recognize an antigen–major
histocompatibility complex (MHC) on a target cell through its T cell
receptor (TCR). CTLs release the FAS ligand that engages FAS at the
target cell membrane, which leads to apoptosis through FAS-associated
death domain protein; next, CTLs release perforin and granzymes after
recognizing cancer cells. Perforin opens a channel in the cancer cell
membrane, allowing for granzymes to enter the cytoplasm of cancer
cells, leading to their apoptosis [13].

Noninvasive imaging methods for tracking the homing and in-
filtrating T cells are mainly based on indirect cell labeling methods,
including labeling with intact antibodies [14] or antibody fragments
[15], cell metabolism-based labeling [16], and reporter gene-based
labeling [17]. For example, Lehmann et al. developed a T-cell bispecific
antibody (TCB)-carcinoembryonic antigen (CEA) by combining CD3
with CEA on tumor cells. They studied the pharmacokinetics of CEA
TCB by using fluorescence imaging (FMI) in a mouse tumor model. The
results showed that CEA TCB had the potential for the treatment of solid
tumors [18]. OX40, also called CD134, is expressed in activated T cells.
Additionally, Alam et al. developed and validated an anti-OX40 Ab-
based PET imaging agent for specific and noninvasive detection of ac-
tivated T cells with in situ administration of vaccine adjuvant -CpG
oligonucleotide in A20 lymphoma bearing mice. The results showed
that immuno-PET imaging integrating machine-learning approaches
could be more accurate than anatomic imaging or a blood biomarker to
predict a response to in situ cancer vaccines at earlier time points [19].
Direct cell labeling involves the isolation of immune cells ex vivo from
the host and incubating them with the specific imaging tracer, and then
transferring them back to the host for in vivo imaging. Stanton et al.
utilized SPECT/PET-CT imaging to track the T cells labeled with In-
dium-111 homing to breast cancer and bone metastasis over 48 h [20].

2.2. Imaging of B cells

Studies relevant to the molecular imaging of B cells are rarely re-
ported. Gonzalez et al. showed that CD40-positive B cells from luci-
ferase- or GFP-transgenic mice homed to secondary lymphoid organs to
activate CTL responses by acting as antigen presenting cells (APCs) in
C57BL/6 mice [21]. This finding refined the potential of B cell-based
cancer immunotherapy approaches.

2.3. Imaging of NK cells

Tumor cells are recognized and killed by NK cells without the need
for antigen exposure or other prior treatment. The low expression of
MHC-I and the high expression of inducible ligands on tumor cells can
trigger NK cell activation, which directly induces tumor cell apoptosis

Fig. 2. Different strategies for molecular ima-
ging of immune cells. (A) 89Zr-Df-anti-PD-1 mAb
targeting extracellular epitopes on the surface of T
cells in vivo enables noninvasive PET imaging of T
cells in A549 tumor-bearing human peripheral
blood lymphocyte-severe combined im-
munodeficiency (PBL) and NSG mice. SG: salivary
gland; H: heart; L: liver; S: Spleen; T: A549 tumor.
Reproduced from Ref. [14]. (B) 89Zr-malDFO-GK1.5
cys-diabody (anti-mouse CD4 antibody fragment)
targeting extracellular epitopes at the surface of
CD4+ T cells enables in vivo noninvasive PET ima-
ging of T cells in C57BL/6 with different doses of
tracers. CLN: cervical lymphatic node (LN); ALN:
axillary LN; Sp: spleen; Li: liver; K: kidney; ILN:
inguinal LN; B: bone; PLN: popliteal LN. Re-
produced from Ref. [15]. (C) Enhanced firefly luci-
ferase (Effluc) gene was transduced into DC2.4 cells
via retrovirus vectors. The in vivo bioluminescence
imaging 1 and 3 d after administration of DC2.4/
Effluc. Reproduced from Ref. [17]. (D) T cells were
incubated with green fluorescent protein and gold
nanoparticles ex vivo, and then the cells were in-
jected into mice and tracked using CT and fluores-
cence imaging. The images show T cells accumu-
lated at the tumor site. Reproduced from Ref. [42].
(For interpretation of the references to color in this
figure legend, the reader is referred to the Web
version of this article.)
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via the perforin−granzymes pathway or expression of the FAS ligand, a
death-receptor ligand [22]. Therefore, NK cell-based immunotherapies
have remarkable potential for cancer treatment.

Molecular imaging strategies such as optical imaging (biolumines-
cence and fluorescence imaging), positron emission tomography (PET),
and magnetic resonance imaging (MRI) were applied for in vivo NK cell
tracking. NK-92MI cells were transfected with the luciferase gene, and
bioluminescence imaging (BLI) was performed to dynamically track the
bio-distribution of NK cells in vivo. The results showed that NK cells
primarily accumulated in the lung and spleen at 1 h post-injection, and
then gradually migrated to the tumor area 24 h post-injection [23].
Near-infrared fluorescence imaging (NIRF) is another safe, highly sen-
sitive and non-invasive optical imaging method. ESNF13, an NIR
fluorophore, was used to label NK cells. In non-tumor-bearing mice, NK
cells localized primarily to the lungs immediately after injection, and
then increased in the kidneys after 4 h. However, NK cells migrated to
the tumor and metastasis area 4 h post-injection in MDA-MB-231
tumor-bearing NSG mice [24]. In another study, a fluorescence imaging
in the second near-infrared window (NIR-II) was programmed to vi-
sualize the behaviors of two Ag2Se quantum dots (QDs) loaded with
chemotherapy and labeling NK cells in vivo. Researchers first adminis-
tered QDs (λEm=1350 nm) loaded with stromal-cell-derived factor-
1α (SDF-1α) and chemotherapy doxorubicin to the tumor site. Sec-
ondly, intravenously injected NK-92 cells labeled with another QD
(λEm=1050 nm) were localized to the tumor by the chemotaxis of
SDF-1α. The approaches of chemotherapy and immunotherapy result in
inhibition against a mouse model of human breast cancer and were
evaluated by the imaging in NIR-II [25]. Intravital fluorescence mi-
croscopy was used to visualize the dynamic immune activity of NK
cells. Deguine et al. utilized intravital fluorescence microscopy to
monitor the short contact durations between GFP+ endogenous NK
cells and tumor cells. These results may offer new directions for the
design of cancer immunotherapy [26]. PET imaging was used to trace
NK cells directly labeled with radioisotopes or the biomolecules with
radioisotopes targeting NK cells. Malviya et al. isolated and radi-
olabeled NK cells with 111In-oxine to evaluate its biodistribution in the
orthotopic human lung cancer mouse model. NK cells were found to
accumulate mainly in the spleen and liver in SCID mice at 24 h post-
injection. The mice bearing the orthotopic A549 human lung tumor
showed higher lung uptake than the mice without lung tumors at 24 h

post-injection [27]. In another study, the anti-CD56 monoclonal anti-
body radiolabeled with 99mTc was utilized to indirectly target NK cells.
The study revealed that the 99mTc-anti-CD56 antibody physiologically
accumulated in the liver and kidneys. 99mTc-anti-CD56 could be used to
image NK cells accumulated in anaplastic thyroid cancer in CD1 nude
mice 3 h post-injection [28]. Clinically applied heparin-protamine-fer-
umoxytol was also used to track NK cells during MRI. Results showed
that labeled NK cells delivered via intraportal vein transcatheter or
intravenous injection accumulated in the liver tissues after 0.5 h and
migrated to liver tumor after 12 h [29].

2.4. Imaging of tumor-associated macrophages

A certain population of immuno-suppressive cells infiltrating into
the TME to promote tumor growth is called tumor-associated macro-
phages (TAMs). Different phenotypic activation states of TAMs exist
between tumoricidal M1 and pro-tumoral M2, depending on the in-
teraction between TAMs and tumor cells [30]. TAMs tend to differ-
entiate into the M2 phenotype by acquiring an immunosuppressive
phenotype, and thus promote tumor growth and invasion [31].

Recently, many researchers studied the roles of TAMs in TME and
traced their activity by using imaging. Arlauckas et al. used intravital
fluorescence microscopy to trace a fluorescence-labeled anti-PD-1
monoclonal antibody (mAb). They showed that anti-PD-1 mAb effec-
tively binds to CD8+ T cells at early time-points, and is then captured
by PD-1− TAMs within minutes depending on the PD-1 mAb Fc. They
further blocked the Fc domain in vivo before anti-PD-1 mAb adminis-
tration, which prolonged the binding time to CD8+ T cells and en-
hanced the immunotherapeutic effect [32]. Additionally, Aghighi et al.
attempted to detect TAMs using ferumoxytol-enhanced MRI in lym-
phomas and bone sarcomas. They found that the T2* signal on en-
hanced MR images significantly correlated with the number of TAMs
[33]. Therefore, clinically applicable MRI may be effective at stratifing
patients for immunotherapies and monitor therapeutic effects.

2.5. Imaging of myeloid-derived suppressor cells

Myeloid-derived suppressor cells (MDSCs) are another population of
immuno-suppressed cells in the TME. MDSCs usually express CD11b
and Gr-1 markers and are divided into polymorphonuclear MDSCs

Fig. 3. Immuno-PET of ICIs. PET/CT imaging of PD-1-Liposome-DOX-64Cu/IRDye800CW in mice bearing breast tumor, 89Zr labeled anti-PD-L1 domain antibody in
nude mice bearing LN229 xenografts and 64Cu-DOTA-CTLA-4 in mice bearing non-small cell lung cancer. Reproduced from Refs. [51,57,63].

Y. Du, et al. Cancer Letters 466 (2019) 13–22

16



(PMN-MDSCs) and monocytic MDSCs (M-MDSCs) [34]. Specific nega-
tive regulatory functions have been described for MDSCs in immune
responses: (1) immune suppression by inhibiting the function of T cells
and NK cells as well as by inducing the expansion of Treg [35]; (2)
increasing the resistance of patients to immune checkpoint inhibition
[36]; and (3) promoting tumor invasion/metastasis and tumor angio-
genesis [37].

The known characteristics of MDSCs allow molecular imaging to be
used to trace the activity of MDSCs. Optical imaging was used to ob-
serve the recruitment and localization of fluorescently labeled MDSCs
in breast tumor-bearing mice. The results revealed the influence of
specific organs and TME on MDSC fate and function [38]. The MRI
tracking of immune cells can be used to monitor the im-
munotherapeutic response and provide insight into the mechanism of
activity. Tremblay et al. utilized superparamagnetic iron oxide particles
(SPIONs) to label MDSCs and showed that the final tumor volumes were
positively correlated with MDSC recruitment in immunotherapy [39].
In addition, Yu et al. developed MDSC membrane-coated SPIONs to
achieve the function of immune evasion, active targeting, MRI, and
photothermal therapy-induced tumor killing [40]. SPECT was also used
to target MDSCs in colon cancer by using a Tc99m-labeled anti-CD11b
antibody, which facilitated the early detection of colon tumors in the
inflammatory TME [41].

3. Imaging of ICIs

The success of ICI therapies have changed the treatment paradigm
in oncology. The immune checkpoint pathway protects against self-
tissue injury during immune responses; however, cancer cells can uti-
lize it to escape an immune system attack [43]. ICIs such as anti-cyto-
toxic T-lymphocyte-associated protein-4 (CTLA-4) mAb, anti-PD-1
mAb, and anti-programmed death ligand-1 (PD-L1) mAb can exert anti-
tumor immunity and induce durable cancer regression in pre-clinical
trials [44](Fig. 3). Immune checkpoint blockade therapies are now
approved by the FDA for the treatment of melanoma, renal cell carci-
noma, non–small cell lung cancer (NSCLC), urothelial carcinoma, and
other MSI-H or dMMR solid tumors [45].

3.1. Imaging of PD-1

PD-1, expressed on the surface of T cells and NK cells, acts as a
negative regulator of cytotoxic immune cells. PD-L1, expressed on the
surface of APCs or tumor cells, is an endogenous ligand that inhibits the
activation of T-cells [46]. Despite its successful application in clinical
trials, the therapeutic efficacy and responsiveness of anti-PD-1 agents
vary remarkably among individual patients. Therefore, the develop-
ment of new probes and tracers for identifying PD-1 expression is im-
portant to identify the population of patients that is likely to respond to
immunotherapy [47].

Fluorescence optical imaging could be used to monitor probe bio-
distribution. Du et al. revealed the success of an IRDye800CW-labeled

anti-PD-1 mAb probe for image-guided surgery in 4T1 breast tumors as
well as in reducing tumor recurrences and metastases [48]. Recently,
PET imaging was used to either evaluate the pharmacokinetics and
biodistribution of anti-PD-1 Ab labeled with 89zirconium (Zr) [49] or
examine anti-PD-1 mAb labeled with 89Zr or 64Cu expression on TILs in
mouse models [50]. PET imaging or fluorescence imaging has the ad-
vantages of bimodal imaging and could complement its own limita-
tions. Du et al. showed that IRDye800CW and 64Cu-labeled anti-PD-1
mAb-targeted Liposome-DOX had the potential for the diagnosis and
treatment of breast tumors [51].

3.2. Imaging of PD-L1

PD-L1 is naturally expressed on the surface of several cells such as
tumor cells, APCs, and T and B cells. PD-L1 blockade leads to enhanced
activity of T cells and causes immune-mediated tumor inhibition [52].
The progress on three-dimensional optical imaging offers a quantitative
method with cellular resolution. Lee et al. developed transparent tissue
tomography to track the distribution of fluorescently labeled anti-PD-L1
Abs in whole tumors [53]. Computed tomography (CT) is applied for
improving the treatment design by early identification of potential re-
sponders and nonresponders treated with the anti-PD-L1 antibody
therapy. The anti-PD-L1 antibody-coated gold nanoparticles combined
with CT imaging were developed as a powerful tool for predicting the
therapeutic response [54]. Dual-modality imaging of NIRF and MRI
were used by Du et al. to detect breast and colorectal tumors with
theranostic cerasomes labeled with anti-PD-L1 antibodies [55]
(Fig. 4A). Nuclear imaging plays a major role in detecting PD-L1 ex-
pression in tumors and the pharmacokinetics of an anti-PD-L1 Ab-
conjugated agent with high sensitivity and functionality. The radi-
olabeled agents include 111In-diethylenetriaminepentaacetic acid
(DTPA)-anti-PD-L1 for SPECT imaging [56], 89Zr-labeled anti-PD-L1 Ab
domain antibody [57], 64Cu-fibronectin type-3 domain-anti-PD-L1 Ab
[58], and 18F-labeled anti-PD-L1-Ab-binding molecule NOTA-ZPD-L1_1
for PET imaging [59].

3.3. Imaging of CTLA-4

The binding of CD28 and CD80/CD86 provides a co-stimulatory
signal required for T cell activation. CTLA-4, an inhibitory receptor for
CD80/CD86, is expressed on activated T lymphocytes. CD80/CD86
expressed on APCs can interact with CTLA-4 to inhibit the activity of T-
cells via downregulation of CD28-mediated costimulatory signals [60].
The CTLA-4 blockade can effectively limit this interaction, thereby
stimulating the production of active effector T cells. This strategy could
possibly be exploited for the treatment of several cancers. PET has been
used to visualize the CTLA-4 expression and biodistribution in Balb/c
mice bearing CT26 tumors [61]. Recently, researchers have also iden-
tified CTLA-4 expression in NSCLC through PET imaging [62]. Eh-
lerding et al. utilized PET to investigate the accumulation of 64Cu-
DOTA-ipilimumab in NSCLC bearing mice [63].

Fig. 4. Noninvasive imaging of ICIs in the
preclinical and clinical phases and future
directions. (A) In vivo IRDye800CW-fluores-
cence, Gd-MRI and 64Cu-PET/CT imaging of PD-
L1 in tumor-bearing mice. Reproduced from
Refs. [55,59]. (B) PET/CT imaging with 89Zr-
atezolizumab biodistribution in tumor tissue and
89Zr-labeled Nivolumab in the whole bodies of
cancer patients. Reproduced from Refs.
[108,109]. (C) A CT-based radiomics model was
utilized to assess tumor-infiltrating CD8+ T cells
and predict clinical outcomes in patients treated
with anti-PD-1 antibody or anti-PD-L1 antibody
immunotherapy. Reproduced from Ref. [120].
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4. Imaging of cancer vaccines

Tumor immune surveillance is characterized by the dynamic inter-
action between tumor cells and the immune system. Cancer immunity is
characterized by specificity, which decreases off-target effects and in-
creases immunological memory that controls tumor recurrence. These
characteristics boost the development of cancer vaccines [64]. Cancer
vaccines consist primarily of long peptide vaccines, viral vector vac-
cines, as well as RNA, DNA, engineered bacteria, and antigen-loaded DC
vaccines. These vaccines have been used in both preclinical and clinical
oncology studies [65] (Table 1).

MRI has been utilized to evaluate the differences in clearance effi-
cacy between several different delivery systems of peptide-based cancer
vaccines [81]. Verbeke et al. utilized fluorescence imaging with a li-
pophilic DiR fluorescent dye to visualize the biodistribution of nu-
cleoside-modified mRNA vaccine [68]. 64Cu-NOTA chelator was radi-
olabeled to DNA/RNA/peptide triple-co-delivery nanovaccines and
imaging using PET technology to evaluate the delivery and im-
munostimulation of iDR-NCs on APCs in lymph nodes [78]. PET ima-
ging with 124I has been successfully used to monitor the therapeutic
response of a virus vaccine (GLV-1h153) in pancreatic cancer xeno-
grafts [70]. Chen et al. engineered attenuated bacterial vector vaccine-
magnetic nanoparticles to ablate tumors via photothermal therapy
(PTT) under the guidance of MRI. In vivo MRI showed a 25% decrease
T2 signal intensity and a clear boundary at the tumor site [71].

4.1. Imaging of dendritic cell (DC) vaccines

The presentation and maturation of DC, a type of APC, is mandatory
for the activation of T cells [82]. In tumor immunotherapy, DCs present
tumor antigens to CD8+ T cells via MHC-I. Mature DCs and pro-in-
flammatory cytokines provide costimulatory signals to CD8+ T cells,
which leads to anti-tumor responses by CTLs [83]. Therefore, DC vac-
cines are more efficient than other anticancer vaccines because they
simultaneously integrate several signals to activate T cells.

Molecular imaging of DCs is important for evaluating their biodis-
tribution [84], visualizing their activation [85], and determining the
interactions between DCs and other immune cells [86], which may
guide cancer immunotherapy in a precise manner [87]. The methods
for labeling DCs can be divided into direct and indirect labeling. Crisci
utilized SPIOs to label monocyte-derived DCs directly and MRI was
utilized to monitor the migration and biodistribution of DCs in domestic
pigs [88]. Liposome-coated gold nanocages loaded with adjuvant MPLA
and specific anti-CD11c antibodies indirectly targeted DCs in vivo and
stimulated the activation and maturation of DCs. These processes were
monitored by fluorescence and photoacoustic imaging (PAI) [89]. The

migration and biodistribution of DCs were also monitored by a radio-
tracer with nuclear imaging [90], quantum dots with near infrared
imaging [73], and upconverting nanoparticles with upconversion lu-
minescence imaging [91].

Molecular imaging allows for the precise visualization of the me-
tabolism or fate of all therapeutic vaccines. It facilitates researchers to
understand the activity and mechanism of vaccines, contributing to the
formulation of key strategies in precision oncology for future vaccine
development.

5. Imaging of CAR-T

CARs consist of an extracellular antigen-recognition domain and an
intracellular signaling domain. They are transduced into T-cells via
retroviral or lentiviral vectors [92]. The extracellular domains in CAR-T
cells permit the recognition of a specific antigen, followed by the sti-
mulation of T cell proliferation and cytokine secretion by the in-
tracellular domains, leading to the attack of target cells [93]. CAR-T cell
therapy has achieved progress in the treatment of CD19+ hematologic
malignancies,however, not in solid malignancies [7].

Therefore, molecular imaging techniques are urgently required to
monitor the homing, distribution, and proliferation of CAR-T cells fol-
lowing adoptive transfer. Labeling methods of CAR-T cells include
passive labeling [94] and reporter gene imaging [95]. PET with 89Zr-
Oxine [96], 111Indium [97], and SPECT/CT with 99mTcO4 [98] are used
to directly label CAR-T cells and quantitatively evaluate their metabo-
lism in vivo. Bajgain et al. used CAR-T cells modified with the tumor
associated antigen to target metastatic breast cancer and BLI to track
eGFP-Luc-CAR-T cells [99]. In the clinic, PET imaging with 9-[4-[18F]
fluoro-3-(hydroxymethyl) butyl] guanine has been performed for CAR-
engineered CTLs transfected with the HSV1-tk reporter gene in nine
recurrent glioma patients [100]. CAR-T therapy is an adoptive cell
transfer therapy, which is a highly personalized therapy; therefore,
molecular imaging may facilitate the precise application of CAR-T
therapy to patients.

6. Clinical precision imaging of immunotherapy

With the successful application of immunotherapy in the clinic,
response evaluation is essential for identifying patients who can benefit
from immunotherapy, monitoring drug pharmacokinetics and phar-
macodynamics, and predicting therapeutic outcomes in patients. For
example, the radiologic pseudoprogression or the inflammatory re-
sponse can be confused with conventional responses in cancer patients
receiving immunotherapy [101–103]. Despite the existence of different
tumor response criteria, including the response evaluation criteria in

Table 1
Noninvasive imaging of cancer vaccines.

Vaccine agent Format Modality Reactivity Stage References

SPIO-DepoVax-R9F antigen peptide MRI mice Pre-clinic [66]
RNA-lipoplexes encoding gp70 RNA PET mice pre-clinic [67]
DiR fluorescent dye- mRNA vaccine RNA FI mice pre-clinic [68]
DNA encoding either tdTomato or luciferase DNA FI mice pre-clinic [69]
124I-GLV-1h153 virus PET mice pre-clinic [70]
Bacterial magnetic nanoparticle Engineered attenuated bacterial vectors MRI mice Pre-clinic [71]
Antigen-loaded iron-labeled DC vaccine DCs MRI mice pre-clinic [72]
SPIO/fluorophore EverGreen-GVAX tumor cell MRI/BLI mice Pre-clinic [73]
NIR-QDs- DCs and tumor cell fused vaccine fused cells NIRF mice pre-clinic [74]
DiR fluorescent dye -ovalbumin loaded pH/redox dual-sensitive micellar vaccine Nano-vaccine FI mice pre-clinic [75]
OVA-zinc-doped iron oxide magnetic nanoparticles Nano-vaccine MRI mice pre-clinic [76]
64Cu-labeled NMEB-Adpgk Nano-vaccine PET mice pre-clinic [77]
64Cu-labeled DNA/RNA/peptide triple-co-delivery nanocarriers Nano-vaccine PET mice pre-clinic [78]
GAA-derived HLA-A*0201-restricted peptides- TetA830 peptide-Seppic peptide MRI patients clinic [79]
Tumor lysate/keyhole limpet hemocyanin-pulsed DC vaccination DCs PET patients clinic [80]

Notes: SPIO: super-paramagnetic iron oxide; MRI: magnetic resonance imaging; PET: positron emission tomography; FI: fluorescence imaging; BLI: bioluminescence
imaging; NIRF: near infrared fluorescence imaging; RNA: ribonucleic acid; DNA: deoxyribonucleic acid; DC: dendritic cell; QDs: quantum dots.
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solid tumors (RECIST) 1.1, immune-related RECIST (irRECIST), iRE-
CIST, and immune-related response criteria, no uniform criteria exist to
evaluate responses after treatment [104]. Molecular imaging can ad-
vance the monitoring of changes in TME and immune status during the
course of immunotherapy. In addition, molecular imaging contributes
to the evaluation of immune-related adverse events caused by a non-
specific response of immunotherapy.

PD-1 is expressed on the majority of TILs and PD-L1 is expressed on
certain tumors. The metabolic parameters of PET imaging are corre-
lated with the tissue expression of immune checkpoints in patients with
NSCLC [105]. SUVmax and SUVmean are semi-quantitative parameters
that have the potential to predict patients who may benefit from
treatment with ICIs [106]. Toyokawa et al. analyzed CT features to
identify PD-L1 expression before surgery in 394 patients with lung
adenocarcinoma [107]. Direct labeling of ICIs has been verified in
humans, providing insights into monitoring drug pharmacokinetics and
treatment responses. Bensch et al. utilized a89Zr-labeled agent to assess
the biodistribution of anti-PD-L1 antibodies in 22 patients with bladder
cancer, NSCLC, or triple-negative breast cancer [108]. Niemeijer et al.
successfully verified that PET imaging with 18F-BMS-986192 and 89Zr-
Nivolumab (anti-PD-1 mAb) could be used to evaluate PD-1 and PD-L1
heterogeneous expression in 13 patients with advanced NSCLC prior to
anti-PD-1 mAb therapy. Results also showed the relationship between
tumor uptake of 18F-BMS-986192 and 89Zr-Nivolumab and response to
anti-PD-1 mAb therapy [109] (Fig. 4B).

Immune-related adverse events (irAEs) caused by immunotherapies
have been observed in different organs and systems. For example,
thyroiditis, pneumonitis, and gastrointestinal irAEs are common.
Therefore, early diagnosis and monitoring of irAEs is crucial for radi-
ologists [110]. Studies have described radiological manifestations and
clinicopathological features of common irAEs [111] and rare irAE such
as nivolumab-related cholangitis [112] and sarcoid-like granulomatosis
[113] in cancer patients with immunotherapy. Mekki et al. evaluated
the rate of irAE detection by 18F-FDG PET/CT, MRI, CT, ultra-
sonography, and X-rays. Results showed that medical imaging could
detect 74% of irAEs in patients undergoing anti-PD1 Ab therapy [114].

Although the initial application of immunotherapy in the clinic has
been successful, the development of more precise noninvasive imaging
markers is needed to effectively personalize immunotherapy of patients
with advanced cancers.

7. Future directions

The development of more precise methods to visualize the complex
interactions between immune and tumor cells in the TME may be one of
the promising future directions for immunotherapy. Multimodal ima-
ging combines the advantages of two or more imaging modalities to
facilitate earlier and more sensitive diagnosis. Multimodal imaging
usually combines anatomical information with high spatial resolution
and molecular biological information with high sensitivity [115]. Mo-
lecular imaging and theranostic nanoparticles can be designed to enable
multimodal imaging via techniques such as NIRF, PET/SPECT, and MRI
[55]. Moreover, multispectral imaging combined with the semi-quan-
titative immunofluorescence technique can simultaneously image the
interactions of different populations of immune cells and tumor cells in
the TME, providing a more precise evaluation of the immunotherapy
[116]. For example, multispectral imaging studies have revealed that
PD-1 is simultaneously expressed on CD4+ T cells, CD8+ T cells, Tregs
and CD20+ B cells in the TME of Merkel cell carcinoma [117]. In the
future, multiplexed photoluminescent sensors based on organic mate-
rials maybe used to visualize the activities of different immune cells in
the TME [118]. With progress in artificial intelligence and big data
analysis, radiomics can be used to extract quantitative imaging features
from clinical CT, PET, or MRI and offer a more comprehensive diag-
nostic approach, via the integration of genomics, molecular pathology,
and clinical data, to uncover underlying cellular and molecular

information [119]. As an illustration of the potential of this application,
Sun et al. developed and validated a radiomic signature based on eight
variables to assess the gene expression features of tumor-infiltrating
CD8+ T cells, immune phenotypes, and immunotherapy responses from
contrast-enhanced CT images in four independent cohorts of patients
with solid tumors [120] (Fig. 4C). In addition, Colen et al. utilized
radiomics to predict patient risk for immunotherapy-induced pneumo-
nitis, and irAEs [121]. Therefore, progress in both multi-modality
imaging and radiomics may offer new directions for precision imaging
in immunotherapy.

In conclusion, molecular imaging presents considerable potential
for patient stratification, response assessment, and follow-up im-
munotherapy for precision oncology. However, specific considerations
including safety evaluation and manufacturing process validation limit
its further clinical translation for immunotherapy. Currently, molecular
imaging has been proven to be feasible and effective for the assessment
of immunotherapy in small patient samples. The forging of collabora-
tive efforts between multi-disciplinary oncology teams has the potential
to overcome the challenges associated with the use of these techniques
and promote their clinical translation. Prospective multicenter clinical
trials should be performed to validate observations and optimize as-
sessment criteria. Only when these recommendations/proposals are
adopted will molecular imaging fulfill its potential clinical application
in precision oncology.
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