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ABSTRACT
Cancer immunotherapy has emerged as one of the most 
powerful anticancer therapies. However, the details 
on the interaction between tumors and the immune 
system are complicated and still poorly understood. 
Optical fluorescence imaging is a technique that allows 
for the visualization of fluorescence- labeled immune 
cells and monitoring of the immune response during 
immunotherapy. To this end, near- infrared (NIR) light has 
been adapted for optical fluorescence imaging because 
it is relatively safe and simple without hazardous ionizing 
radiation and has relatively deeper tissue penetration 
into living organisms than visible fluorescence light. 
In this review, we discuss state- of- the- art NIR optical 
imaging techniques in cancer immunotherapy to observe 
the dynamics, efficacy, and responses of the immune 
components in living organisms. The use of bioimaging 
labeling techniques will give us an understanding of how 
the immune system is primed and ultimately developed.

INTRODUCTION
Cancer immunotherapy has emerged as 
one of the most powerful anti- cancer thera-
pies. However, the details on the interaction 
between tumors and the immune system are 
complicated and still poorly understood.1 In 
this respect, current cancer immunotherapy is 
only effective for a relatively small number of 
patients. To overcome this limitation, under-
standing how the immune system combats 
cancer along with elucidating the mechanism 
of action is of significant importance. Thus, 
bioimaging of the proliferation, migration, 
differentiation, and activation of immune 
cells can serve as a powerful tool for visual-
izing various biological entities of immuno-
logical diseases and monitoring the progress 
of pathological conditions.2 Among many 
bioimaging modalities, optical fluorescence 
imaging in the near- infrared (NIR) window 
(650–1700 nm) has frequently been used in 
preclinical and clinical applications because it 
is relatively safe and simple without hazardous 
ionizing radiation and has relatively deeper 
tissue penetration into living organisms than 
visible fluorescence (figure 1A). Particularly, 
NIR fluorescence imaging in the second 
NIR window (NIR- II; >1000 nm) has recently 

captured the attention of many researchers in 
molecular cancer imaging due to the signifi-
cant reduction in autofluorescence and tissue 
scattering, allowing deeper and higher reso-
lution intraoperative imaging.3 These unique 
features permit the non- invasive imaging and 
tracking of immune cells in living organisms.

In cancer immunotherapy, optical fluo-
rescence imaging is used to visualize 
fluorescence- labeled immune cells and/or 
monitor immune responses under reflectance- 
based imaging and/or microscopic imaging 
systems. As illustrated in figure 1B, an NIR 
fluorescence imaging system requires exci-
tation light sources, appropriate absorbance/
emission filters, and sensitive charge- coupled 
device cameras.3 In addition, since cell- based 
treatment can be applied anywhere in the 
body, we frequently need to approach the 
macroscopic level of the area of interest to 
collect an image exclusively. To this end, 
optical fiber- based minimally invasive fluo-
rescence imaging systems and light delivery 
methods should be considered (figure 1C).4 5

There are two categories in immunotherapy 
for which we can use optical imaging: tracking 
and monitoring of immune cells (figure 1D). 
For tracking purposes, immune cells can be 
labeled with small- molecule fluorophores 
or nanoparticles (NPs) in either ex vivo or 
in vivo situations to observe the behavior of 
immune components. Ex vivo labeling is not 
limited to therapeutic cells but can be appli-
cable to any type of cells and immunological 
agents including vaccines. The fluorophores 
chemically and/or physically bind to the 
membrane proteins of isolated cells or are 
transported into the isolated cell by diffusion, 
endocytosis, or active transport.6 In contrast 
to ex vivo labeling, in vivo labeling should use 
specific targetability of exogenously admin-
istered fluorophores that can target specific 
surface receptors or membrane transporters 
of cells. To monitor and assess immune 
responses further, activatable fluorophores 
have also been explored. The diminished 
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fluorescence signal of activatable fluorophores at normal 
conditions can be recovered (turned- on) via biological 
reactions such as enzymatic cleavage and oxidation.7 This 
strategy can minimize the background signals resulting in 
increased signal- to- background ratio as well as high speci-
ficity and sensitivity. This article provides a comprehensive 
review of state- of- the- art NIR optical imaging techniques 
used in cancer immunotherapy to monitor immune 
components and accompanying immune responses.

LABELING TOOLS FOR NIR FLUORESCENCE IMAGING
NIR fluorescence imaging offers the desired spatial reso-
lution required for the observation of immune compo-
nents in a real- time setting. However, a selection of 

fluorophores is often crucial because the performance of 
labeling agents depends strongly on their physicochem-
ical and optical properties (ie, hydrodynamic diameter 
(HD), molecular weight (MW), absorption/emission 
wavelengths, surface charges, pKa, hydrophobicity, 
plasma protein binding, and photostability).8–10 The 
ideal imaging probe for labeling the immune compo-
nents of interest should have the following important 
properties: (1) high imaging specificity for tracking the 
desired immune components, (2) high imaging sensi-
tivity for detection (reducing non- specific uptake), (3) 
non- immunogenicity, and (4) minimal toxicity.11

Currently available optical fluorescence probes for 
use in cell- based therapy are summarized in table 1. 

Figure 1 Near- infrared (NIR) immunofluorescence imaging. (A) The biological window for optical fluorescence imaging. The 
NIR region has low absorption, scattering, and autofluorescence in tissue. Adapted from Ref. 39 with permission from Elsevier. 
(B) Schematic illustration of an optical imaging system and (C) light delivery method for minimal invasive optical imaging and 
photoimmunotherapy. Adapted from Refs 4 and 5 with permission from Springer Nature. LP, longpass; BP, bandpass; ROI, 
region of interest; RF, radio frequency; LED, light emitting diode. (D) Schematic representation of the tracking and monitoring of 
immune components. The tracking method is divided into ex vivo and in vivo labeling. Figures were created with Biorender.com.
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Transfection of cells with fluorescent proteins, such as 
biological green fluorescent protein, allows for longi-
tudinal tracking of in vivo cell proliferation.12 However, 
it can be difficult to reach enough fluorescence density 
in a short period of time after injection, and the use of 
virus infection limits their transition to the clinic. Here, 
for this reason, we limit our discussion to small mole-
cule and nanosized fluorophores along with their phys-
icochemical characteristics and biomedical applications. 
Further detailed labeling mechanisms and strategies will 
be discussed in NIR Fluorescence Imaging of Immune 
System section.

Small-molecule fluorophores
Small- molecule fluorophores (a.k.a., fluorescence dyes 
or organic dyes) have several advantages such as a well- 
established synthetic route, well- defined molecular 
structure, good biocompatibility, and easy metabolism.13 
Small- molecule fluorophores including polymethine 
cyanines, porphyrin analogs, xanthene- based dyes, and 
squaraine derivatives have been designed to visualize key 
components of immune systems in cell- based therapy. 
There are commercially available fluorescence dyes for 
ex vivo cell labeling, including chloromethyl fluorescein 
diacetate (CMFDA and CellTracker) and long alkyl chain 
cyanine dyes (lipophilic tracers: DiI, DiO, DiD, DiA, and 
DiR).14 The cell labeling mechanism with fluorophores is 
known to be based on a strong interaction with cellular 
components such as the insertion of fluorophores into 
bulk lipid membranes or covalent bonding on the cell 
membrane. However, the addition of cell tracking dyes 
can change cellular mechanical properties such as rigidity 
and adhesion due to the increases in the lateral interac-
tion among phospholipid chains and amphiphilic dye 

molecules, which might interfere with cellular mobility 
and immunogenicity.15

Recently, simple cyanine- based fluorophores have 
been developed to target cells, organs, and tumors.16–18 
The newly designed fluorophores have a native cellular 
targeting property resulting in no need for further 
chemical conjugation of targeting moieties, called the 
‘structure- inherent targeting (SIT)’ strategy. The SIT 
fluorophores have been applied for longitudinal moni-
toring of cell proliferation and differentiation,2 real- time 
tracking of ex vivo expanded natural killer (NK) cells,19 
and tumor- associated macrophage targeting.20 In addi-
tion, in vivo imaging is possible with cells labeled with 
fluorophores which have absorption/emission in the NIR 
window due to NIR light’s ability to overcome the pene-
tration limitation, which is exhibited by light from the 
visible region.

For non- invasive imaging, the current focus is geared 
towards the development of NIR- II fluorophores, which 
yield high contrast to background ratios due to minimal 
tissue scattering and autofluorescence.21 22 Several types of 
NIR- II fluorophores including FD- 1080,23 Flav7,24 25 and 
donor–acceptor–donor (D- A- D) structures with a benzo-
thiadiazole core26 27 have been explored. The D- A- D 
structure expands semiconducting polymers, which can 
form self- assembling NPs with amphiphilic polymers. In 
addition to NIR- II fluorophores, the long non- negligible 
emission tail of existing NIR- I dyes (eg, indocyanine 
green, ICG) allows them to be repurposed for NIR- II 
fluorescence imaging, which yields even higher signal 
intensities than commercially available NIR- II dyes (eg, 
IR- E1050).28–30 In this way, the clinically approved fluo-
rophore ICG has been demonstrated for NIR- II imaging 

Table 1 Representative NIR fluorophores for ex vivo and in vivo labeling

Class Name Type Targets Labeling mechanism Reference(s)

Small- molecule 
fluorophores

DiX series Heptamethine cyanine Cell membrane Membrane insertion 14 50

CIR38M Heptamethine cyanine Amine group on cell 
membrane protein

NHS ester amine 
reaction

55

IRDye800CW Heptamethine cyanine Biomarker PD- L1 Antibody affinity 74

ESNF13 Pentamethine cyanine Mitochondria Structure inherent 
targeting

2 19

SH1 Heptamethine cyanine Monocyte in bone 
marrow

Structure inherent 
targeting

20

CTNF126 Heptamethine cyanine Lysosome Structure inherent 
targeting

52

CDg16 Aminoacridine Activated macrophage 
(M2)

Structure inherent 
targeting

78

CDnir7 Heptamethine cyanine Macrophage Structure inherent 
targeting

76

Nanoparticles Quantum dot Semiconductor crystal Biomarker protein Antibody affinity 41

Rare- earth 
nanoparticle

Rare- earth atoms Biomarker protein Antibody affinity 79

NHS, N- hydroxysuccinimide; NIR, near- infrared; PD- L1, programmed cell death ligand- 1.
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in preclinical and clinical settings.31 32 Recently, Kang 
et al repurposed heptamethine fluorophores to NIR- II 
tail imaging and demonstrated the ability to target 
tumor- associated immune cells with high sensitivity and 
accuracy.20

Fluorescent nanoparticles
In contrast to small- molecule fluorophores, NPs hold 
great promise to overcome the low sensitivity, chemical 
degradation, and photobleaching/quenching of organic 
fluorophores in cell labeling. NPs can be further tuned in 
their optical, electrical, magnetic, and biological proper-
ties and carry large payloads along with contrast agents.33 
Although this approach has several notable disadvantages 
including the complexity of their design, high cost, diffi-
culty in large- scale production, and, most importantly, 
the unknown long- term toxicity to biological systems,34 
NPs are generally more amenable to broader approaches 
for bioimaging and tissue targetability compared with 
small molecules.35 Ex vivo labeling with NPs mostly relies 
on naturally high endocytosis activity of cells, especially 
macrophages.36 In addition to endocytosis, several tech-
niques such as electroporation, microinjection, and trans-
fection have been developed.37 38

For in vivo labeling, NPs often need to be conjugated 
with specific targeting moieties such as antibodies, 
peptides, aptamers, and so on, to label immune cells 
selectively after administration. Despite many NPs having 
been described, they often have different in vivo behav-
iors and biological properties which are caused by the 
complexity of biological environments and the diversity 
of NPs. Thus, the physicochemical properties of NPs, 
such as HD, MW, shape, composition, hydrophilicity/
lipophilicity, and surface characteristics, should be 
considered when selecting NPs for in vivo labeling.9 Addi-
tionally, the photophysical properties of NPs, including 
absorption/emission spectra, extinction coefficient, 
quantum yield, plasma protein binding, and photosta-
bility, can be another important factor for the selection of 
the right fluorophores.39 40

As such, fluorescent quantum dots (QDs) have been 
widely used for biomedical assays, imaging, and lymphatic 
mapping because they have shown superior optical prop-
erties and stability, and tunable wavelengths by size.41 
However, the potential toxicity of heavy metal- cored QDs 
by disruption of mitochondrial function can lead to DNA 
damage, which presents a major obstacle to their clinical 
translation.42 On the other hand, semiconducting poly-
mers are emerging fluorescent organic nanomaterials 
with photoconversion properties that allow for not only 
photodynamic therapy (PDT) and photothermal therapy 
(PTT) but also to serve as optical transducers for remote 
regulation of biological actions in living animals.43 In 
addition, hydrophobic small- molecule fluorophores can 
also form NPs with semiconducting polymers via self- 
assembly or chemical conjugation to improve the water 
solubility and prolong the blood circulation time of semi-
conducting polymers.44

NIR FLUORESCENCE IMAGING OF IMMUNE SYSTEM
NIR fluorescence imaging in cancer immunotherapy is 
majorly focused on the visualization of fluorescence- 
labeled immune cells or immunological agents such as 
vaccines to track and/or monitor them. In this section, 
we discuss the real- time tracking method of immune cells 
and vaccines by labeling with selected NIR fluorophores 
in either ex vivo or in vivo.

“Ex vivo” labeling for immune cells
To better understand the function and underlying mech-
anisms of immune responses, real- time in vivo moni-
toring and localization of fluorescence- labeled immune 
cells of interest have been actively investigated. The 
effector cells include T lymphocytes (ie, CD4+ and CD8+ 
T cells), NK cells, and dendritic cells (DCs).45 As a cancer 
treatment, effector cells can be amplified and modified 
to recognize tumor antigens ex vivo before transfusion 
back into the host to kill tumor cells selectively.46 Most 
studies focus on evaluating the migration and function of 
cytotoxic T lymphocytes in a model of adoptive transfer 
immunotherapy or Chimeric antigen receptor (CAR) T 
cell therapy, and the effector cells are detected by flow 
cytometry and microscopy days after labeling.47

The exogenous labeling is generally performed by 
incubating cells with lipophilic fluorophores.48 There 
are two primary mechanisms of entry into the cell: (1) 
direct fusion with the plasma membrane and (2) endo-
cytosis.6 The choice of labeling method can be deter-
mined based on the final goal of the study. For example, 
commercially available lipophilic tracers (eg, DiI, DiO, 
DiD, DiA, and DiR) contain two long alkyl chains which 
can be easily captured by the phospholipid bilayer of the 
plasma membrane in an aqueous medium.49 Therefore, 
this method is frequently used for T cell tracking in the 
context of cancer immunotherapy in preclinical models. 
As shown in figure 2A, DiR- labeled OT- I T cells accumu-
lated specifically in tumorous tissues 24 hours after the 
adoptive transfer of T cells, which peaked on day 4 and 
persisted up to day 21 in mice.50

Of note, tagging the cell membrane can interfere with 
cellular mobility, while staining mitochondria can affect 
the membrane potential.15 51 To minimize such poten-
tial alterations of cellular activities, Choi and Henary 
designed lysosome- targeted NIR fluorophores including 
CTNF126 by adding a primary amine docking moiety on 
the heptamethine core (figure 2B).52 The primary amine 
linker can be ionized to a cation which allows cellular 
membrane permeation, after which the dye is rapidly 
sequestered by efficient intracellular fixations via a reduc-
tive amination reaction by formalin.52 CTNF126- labeled 
human prostate cancer cells (PC3) were administered to 
mice, and their fluorescence was observed longitudinally 
in living organisms.52–54 CTNF126 has a high extinction 
coefficient, quantum yield, and photostability, which is 
useful for sequential cell tracking in the body or under 
microscopy. Another labeling technique is to make a 
covalent bond to the cell membrane using the active 
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Figure 2 Ex vivo labeling for immune cells and vaccines. (A) Fluorescence imaging from DiR- labeled OT- I T cell injected 
mice (left panel). Representative fluorescence signals from DiR- labeled cells relative to background fluorescence signals (right 
panel). Reproduced from Ref. 50 under (CC BY 4.0). (B) Longitudinal cell tracking process of near- infrared (NIR) fluorophores 
and lysosomal sequestration of CTNF126. Reproduced from Ref. 52 with permission from John Wiley and Sons. (C) Long- term 
longitudinal tracking of CIR38M- labeled CD4+ T cells in vivo. Reproduced from Ref. 55 under (CC BY 3.0). (D) Preparation of 
model vaccines using NIR fluorescent ZW800- 1C and quantitative image analysis of vaccine trafficking in the draining lymph 
nodes. Reproduced from Ref. 66 with permission from John Wiley and Sons.
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NHS ester form of fluorophores. Mellanby et al designed 
a tricarbocyanine N- triazole- based NIR fluorophore 
CIR38M as a non- transferable marker to monitor the fate 
of therapeutic T cells non- invasively in vivo (figure 2C).55 
CIR38M, which exhibits improved brightness and photo-
stability, can label small populations of T cells with high 
sensitivity (around 4000 cells), extending the detectability 
of cells in vivo to over 7 days post- transfer. No functional 
alterations were observed in T cells with this method.

NIR- fluorescent NPs have also been investigated for 
ex vivo cell labeling, mainly relying on endocytosis as 
the labeling technique. Fuller et al proved that silica 
NPs coated with cationic polymers enabled them to 
escape from the endosomes and enter the cytoplasm 
of the subject cells.56 Zhao et al labeled bone marrow- 
derived macrophages (BMMs) with NIR light- activated 
phthalocyanine- loaded lipid NPs, with no impairment in 
cellular functioning.57 Engineered BMMs were observed 
to efficiently home to primary and bone metastatic tumors 
by NIR fluorescence imaging. In addition, chemothera-
peutic agents inside engineered BMMs underwent NIR- 
triggered release, then effectively killed primary tumors 
via chemotherapy and induced immunogenic cancer cell 
death. Heo et al synthesized poly(lactic- co- glycolic acid) 
(PLGA) NPs containing tumor model antigen ovalbumin 
(OVA) and ICG to deliver tumor antigen- specific infor-
mation to DCs ex vivo and track the migration of DCs in 
vivo.58 PLGA NP- treated DCs were identified similarly to 
prime CD8+ T cells via cross- presentation by cotreating 
them with another PLGA NP containing small interfering 
RNA and an immune modifier R837. The migration of 
DCs to lymph nodes was detected by in vivo NIR imaging 
for 48 hours. In addition, Xiang et al demonstrated that 
tumor antigen- presenting DCs labeled with upconversion 
nanoparticles emit high- energy photons in the draining 
lymph nodes.59 In a similar study, Lim and colleagues 
labeled human NK cells with antibody- coated QDs to 
show the therapeutic effect of intratumorally injected NK 
cells using NIR imaging.41

“Ex vivo” labeling for vaccines
Vaccines have been a successful and effective medical 
intervention, representing one of the most important 
applications of immunology to prevent infectious 
diseases.60 61 The same strategy has been used to enhance 
immune responses against cancer. Cancer vaccines are 
designed to train the immune system to recognize cancer, 
thereby treating active cancer or preventing future 
cancer.62 63 However, the dynamics, efficacy, and responses 
of many vaccines are not fully characterized due to a lack 
of an optimal imaging tool. Therefore, longitudinal, 
non- invasive, and reliable imaging methods are urgently 
needed.

Lindsay et al directly labeled the yellow fever prME 
mRNA as a model vaccine with an orthogonal dual posi-
tron emission tomography (PET)- NIR probe (DOTA- Cu64 
DyLight 680) and observed the dynamics of the mRNA 
vaccine at the injection site and in the draining lymph 

nodes using PET- CT and NIR imaging after intramuscular 
administration to monkeys.64 The mRNA- positive lymph 
node was able to be selectively extracted during necropsy 
with a portable NIR camera at 28 hours postinjection. 
This approach may reveal spatiotemporal determinants 
of vaccine efficacy in preclinical and translational studies 
employing large mammals.

Separately, model antigen OVA- conjugated ICG was 
investigated as a photosensitizing molecule, where ICG- 
OVA nanovaccines appeared in the inguinal lymph 
node at 0.5 hour post- intradermal injection and accu-
mulated over time up to 9- hour postinjection.65 Kata-
giri et al reported a real- time trafficking method of a 
model vaccine labeled with zwitterionic NIR fluorophore 
ZW800- 1C, which enabled the determination of the longi-
tudinal fate of vaccines after intradermal administration 
(figure 2D).66 Of note, zwitterionic NIR fluorophores 
show minimal interactions with biological tissues and do 
not interfere with the interactions between vaccines and 
immune cells due to their non- sticky properties resulting 
from their balanced charges and hydrophilicity.67–72 This 
combination of zwitterionic NIR fluorophores and NIR 
imaging can be useful for the optimization of vaccine 
design as well as the safety evaluation of clinical vaccine 
candidates. Optical imaging techniques will be increas-
ingly used to uncover how immune systems and vaccine 
molecules interact, resulting in the development of more 
effective cancer vaccines.

“In vivo” labeling for immune cells
In the current state of technology, the ex vivo labeling of 
lymphocytes (eg, CAR- T cells) from isolated cells is prev-
alent for NIR imaging.73 There are, however, significant 
limitations to this method as the isolation and labeling 
procedures have an unfavorable effect on lymphocytes. 
Therefore, a new methodology is highly desired to indi-
rectly label sensitive immune cells including T and B cells 
in vivo with an injectable probe.35 Chatterjee et al labeled 
anti- programmed cell death ligand- 1 (anti- PD- L1) anti-
body MPDL3280A (atezolizumab) with IRDye800CW or 
the radioactive isotope indium- 111 (111In).74 Imaging 
PD- L1 expression was validated in orthotopic and subcu-
taneous triple- negative breast cancer and non- small cell 
lung cancer- bearing xenografts with varying levels of 
expression of PD- L1. The results were consistent between 
data from optical imaging and single- photon emission 
computed tomography (SPECT)/CT regarding tissue 
antibody deposits. It is theoretically possible to label any 
monoclonal antibodies (mAbs) or peptides with a fluores-
cent agent for immune cell imaging. However, according 
to Connor et al, IRDye800CW labeling via NHS chem-
istry results in significantly altered pharmacokinetics 
and tissue distribution of the fluorophore- labeled mAb 
compared with conventional radiolabeling.75

Since no chemical conjugation of targeting moieties is 
needed, “structure- inherent targeting (SIT)” is gaining 
more attention since it was first introduced in 2015.17 The 
SIT strategy suggests that bone- marrow- derived and/or 
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tissue- resident and tumor- associated immune cells can 
be targeted using heptamethine cyanine- based fluoro-
phores without further modification and/or conjugation 
of targeting moieties (figure 3A).20 Kang et al reported 
immune cell targeting in bone marrow with NIR- II fluo-
rophore SH1 as an SIT fluorophore without targeting 
ligands. SH1 provides ubiquitous tumor targetability in 
pancreatic, breast, and lung cancer models with a high 
tumor- to- background ratio (TBR) via a tumor- associated 
immune cell- mediated targeting mechanism.

Moreover, Chang and coworkers have explored a 
diversity- oriented fluorescence library (DOFL) approach 
to find macrophage- targeted NIR fluorophores.76–78 
Using DOFL screening, CDnir7 based on heptamethine 
was discovered to selectively detect macrophages and visu-
alize inflammation in vivo using the IVIS spectrum. They 
also discovered an activated macrophage probe CDg16 
having a selective cellularization mechanism through 
the SLC18B1 transporter. The CDg16 staining effectively 
and selectively visualizes inflammatory atherosclerotic 

Figure 3 In vivo labeling for immune cells. (A) Tumor- associated immune cell‐mediated orthotopic tumor imaging with SH1 
NIR fluorophores. Reproduced from Ref. 20 with permission from John Wiley and Sons. (B) Activated macrophage staining 
with CDg16 for the detection of atherosclerotic plaques. Reproduced from Ref. 78 under (CC BY 4.0). (C) In vivo duplex NIR- II 
imaging of immune responses using ErNPs- aPDL1 (green color) and PbS- aCD8 (red color). AA, abdominal aorta; He, heart; Lu, 
lung; NIR, near- infrared; RAA, the root of aorta arch; RtB; right brachiocephalic artery; TA, thoracic aorta; TM, tunica intima. 
aPDL1, anti- programmed cell death- ligand 1; ErNPs, erbium- based nanoparticles; PbS, lead sulfide. Reproduced from Ref. 79 
with permission from Springer Nature.
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plaques ex vivo (figure 3B). However, CDg16 emits green 
fluorescence light, which is not viable for in vivo imaging 
due to the high tissue absorption and scattering as well as 
elevated autofluorescence.7

Antibody- nanoparticle conjugates have been demon-
strated for the in vivo labeling of immune cells. Dai and 
colleagues demonstrated duplex imaging of PD- L1 and 
cytotoxic T lymphocytes by using two biocompatible NPs, 
anti- PD- L1 antibody- conjugated rare- earth erbium- based 
NPs (ErNPs) and anti- CD8α conjugated lead sulfide QDs, 
respectively (figure 3C).79 ErNPs exhibiting downconver-
sion luminescence at ~1600 nm achieved an improved 
TBR. They demonstrated that in vivo NIR- IIb molecular 
imaging of PD- L1 and CD8 revealed the activation of 
cytotoxic CD8+ T lymphocytes in the tumor microenvi-
ronment in response to immunotherapy.

MONITORING IMMUNE RESPONSE WITH ACTIVATABLE PROBES
In most applications, “always- on” imaging probes have 
been used to monitor the interaction of immune cells. 
However, the detected signals from these fluorophores 
do not correlate well with biomarker expression levels 
relevant to immunotherapeutic responses. Activatable 
probes that can only activate in the intended biomark-
er’s presence have a minimal background and increased 
specificity compared with always- on probes.80 This means 
that activatable probes can be used as real- time in vivo 
imaging agents for monitoring immunotherapeutic 
responses. To monitor immune response with activatable 
probes, internal microenvironment stimuli such as pH, 
enzymes, redox potential, and oxidative stress have been 
considered.9

Cancer immunotherapy entails activating and differ-
entiating naive T cells, which are then differentiated in 
the body to cytotoxic T- lymphocytes (CTLs) after contact 
with antigen- presenting cells. Granzyme B (GranB) can 
be used as a biomarker for immune activation because it 
is released mainly by the CTLs to kill cancer cells. Pu and 
colleagues synthesized two NIR macromolecular reporters 
caged by two different peptide substrates: CyGbPF and 
CyGbPP, containing N- acetyl- Ile- Glu- Phe- Asp (IEFD) and 
N- acetyl- IleGlu- Pro- Asp (IEPD), respectively, which are 
responsive to GranB for real- time in vivo evaluation of 
immunotherapy (figure 4A).81 The reporters are initially 
non- fluorescent due to the diminished electron- donating 
ability of the oxygen atom in CyOH. However, on cleavage 
of the peptide- caged moiety by GranB released from CTLs 
in the tumor microenvironment, CyGbPF or CyGbPP are 
converted into CyOHP which exhibits an enhanced NIR 
fluorescence signal. In this way, turn- on signal intensity 
was linked to the level of GranB expression, which allows 
for in situ assessment of immunotherapeutic response in 
living animals.

Separately, Fernandez et al demonstrated the discrim-
ination of subpopulations of macrophages (ie, proin-
flammatory M1 vs anti- inflammatory M2 macrophages) 
(figure 4B).82 A BODIPY fluorophore was conjugated 

with prodrug (doxorubicin, DOX) through an acid- 
labile hydrazone bond. Under physiological conditions, 
fluorophore- prodrug conjugates display a relatively weak 
fluorescence intensity, but in mildly acidic environments 
(pH 4.5–6.5), the vulnerable hydrazone linkage is hydro-
lyzed, resulting in the release of cytotoxic DOX and the 
turning on of pH- dependent BODIPY fluorescence. 
Among the different subpopulations of macrophages, M1 
macrophages contain intracellular acidic phagosomes 
which present pH values between 4.5 (late phagosomes) 
and 6.5 (early phagosomes). Thus, fluorophore- prodrug 
exhibits dose- dependent turn- on fluorescence response 
and cytotoxicity in lipopolysaccharide- induced proin-
flammatory M1 macrophages, while no response is 
observed in anti- inflammatory M2 macrophages. This 
result suggested that fluorogenic reaction- based prodrug 
conjugates allow for the real- time monitoring of targeted 
therapies such as prodrug activation and intracellular 
trafficking.83

Cui et al reported a series of superoxide anion (O2•−) 
activatable NIR chemiluminescent reporters (SPNRs) to 
detect O2•− for real- time in vivo NIR imaging of drug- 
induced cancer immune activation (figure 4C).84 SPNRs 
consist of a semiconducting polymer with emission 
at ~700 nm and a dioxetane derivative as an O2•− respon-
sive chemiluminescence substrate. On specific reaction 
with O2•−, the sulfonate ester of caged dioxetanes within 
SPNRs was specifically cleaved to induce the deprotec-
tion of trifluoromethanesulfonate groups, resulting 
in the formation of highly energetic and unstable 
phenolate- dioxetane derivatives. Subsequently, intrapar-
ticle chemiluminescence resonance energy transfer from 
the unstable derivatives to the semiconducting polymer 
occurs, leading to the generation of chemiluminescence 
signals at 700 nm. Since cytotoxic T cells have higher 
endogenous O2•− level than cancer and normal cells, 
SPNR was able to turn on the chemiluminescence signals 
to report the O2•− level depending on the populations of 
activated cytotoxic T cells and helper T cells during the 
cancer immunotherapy.

POTENTIAL APPLICATIONS OF IMMUNE CELL-TARGETED 
IMAGING IN CANCER IMMUNOTHERAPY
NIR fluorophores for immune cell- targeted imaging 
could be used for a theranostic approach. An ideal cancer 
therapy would directly destroy cancer cells and activate 
the local host immune response to eliminate remaining 
cancer cells.85 To this end, many efforts have been made 
to minimize off- target effects in the immune system. One 
of such therapeutic modalities includes PDT, in which a 
photosensitive agent is activated through light.86 In addi-
tion to its own targetability, delivering light to a targeted 
tumor adds an additional layer of specificity which prevents 
normal cells from being severely damaged. However, PDT 
predominantly induces apoptosis of cancer cells which 
could negatively result in tolerogenic cell death and toler-
ance to these cells.87 On the other hand, PTT converts 
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Figure 4 Monitoring immune response with activatable probes. (A) Fluorescence imaging mechanism of granzyme B 
activatable probe. Reproduced from Ref. 81 with permission from American Chemical Society. (B) Cell tracking mechanism 
based on BODIPY−prodrug M1 activatable conjugate. Reproduced from 82 under (CC- BY). (C) Illustration of the mechanism 
of superoxide anion (O2•−) activated chemiluminescence SPNR for imaging of immune activation. Reproduced from Ref. 84 
with permission from John Wiley and Sons. CTL, cytotoxic T- lymphocyte; MHC, major histocompatability complex; NIR, near- 
infrared; SPNR, superoxide anion activatable NIR chemiluminescent reporter; TCR, T- cell receptor; BEC, S- (2- boronoethyl)- L- 
cysteine; TAM, tumor- associated macrophage.
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light energy into heat to induce direct cancer cell death 
at the target site and has proven effective in both preclin-
ical and clinical settings.4 Both PDT and PTT modalities 
target cancer cells, not the immune system.

Another significant approach is immunomodula-
tion with an immune cell- targeted imaging probe. An 
important feature of host immune activation induced 
by cancer immunotherapy is the repriming of poly-
clonal CD8+ T cells against various released cancer 
antigens. Therefore, the development of theranostic 
agents which target immune cells is useful for both 
imaging and inducing reproducible priming of T cells 
on NIR irradiation, presenting a new avenue for cancer 
immunotherapy.47 Currently, there is a paucity of ther-
anostic agents for cancer imaging and immunotherapy. 
As reviewed in the “Ex vivo” labeling for immune cells 
section, most current efforts focus on ex vivo labeling of 
innate immune cells including macrophages or DCs with 
NPs. For clinical applications and better efficacy, in vivo 
labeling of a wide array of immune cells and reproduc-
ible control of activation of these cells is desired. Such 
an agent could potentially induce a large enough robust 
immune response to take on the bulk of cancer cells 
within an established tumor and long- term regression to 
resolve the historical issues in cancer therapy.

Immune cell- targeted imaging could further resolve 
one of the crucial issues in cancer immunotherapy, 
named “pseudoprogression.” Pseudoprogression refers 
to an increase in the size of a lesion or the number of 
metastatic lesions observed in MRI or CT scans because 
of infiltration of immune cells, such as T or B lympho-
cytes, although the treatment is actually working and the 
condition is improving.88 For this reason, pseudoprogres-
sion often leads to premature cessation of efficacious 
treatment owing to the false judgment of progression.89 
Even though several methods to diagnose pseudoprogres-
sion after immunotherapy have been introduced, such as 
biopsies of enlarged lesions or new lesions, radiographic 
follow- up, MRI+PET CT, ultrasonography, circulating 
tumor DNA analysis, and serum interleukin 8 level detec-
tion, the diagnostic accuracy is still controversial.90–93 In 
addition, there are many studies on pseudoprogression, 
but there is still no consensus on its exact molecular 
mechanism. The combination of immune cell targeting 
fluorophores and NIR imaging might identify the degree 
of uptake for immune cells, which is a new way to differ-
entiate pseudoprogression from true progression. Such 
differential theranostics might provide more accurate 
diagnosis and treatment plans to physicians, for example, 
avoiding premature discontinuation of immunotherapy 
or allowing for early initiation of other treatments, 
including personalized therapy.

CONCLUSIONS AND PERSPECTIVES
Optical imaging techniques provide high- resolution, 
simple, non- hazardous, and economical advantages 
over the other bioimaging modalities. For these reasons, 

optical imaging is the most widely used molecular and 
cellular imaging technique in preclinical applications.1 In 
particular, NIR imaging designed to monitor anticancer 
immune responses has made significant contributions 
and will continue to provide important insights to cancer 
immunotherapy communities.

Although NIR imaging shows many advantages 
including its non- toxic, low- cost, real- time, and high- 
resolution capabilities, as well as suitability for preclinical 
research, it is limited in human subjects due to low light 
penetration in thick layers of tissue and complications 
related to clinical imaging.48 Specifically, high resolution 
(ie, to the single immune cell level), real- time live imaging 
with deep penetration depth is desirable for longitudinal 
analysis of the dynamics of immune cell interactions. To 
this end, there is a significant interest in the develop-
ment of NIR- II fluorophores for cancer immunotherapy 
as discussed in the “Ex vivo” labeling for immune cells 
section.94 95

Another direction includes afterglow technology, which 
provides ultralong- lived emitting probes after switching 
off the excitation source.96–98 Afterglow probes trap irra-
diated photoenergy and then slowly release the stored 
energy by photonic emission on physical activations. 
These real- time, light- excitation- free ultrasensitive probes 
can circumvent the interference of tissue autofluores-
cence and the limitation of tissue penetration depth (up 
to 5 cm). However, both technologies lack highly sensitive 
and biocompatible imaging probes, which significantly 
impedes their clinical application. The development of 
non- toxic, efficacious agents for NIR- II and afterglow 
imaging is warranted to broaden the application of 
optical imaging in cancer immunotherapy. Alternatively, 
multimodal imaging probes for both optical and nuclear 
or magnetic imaging have also been employed to over-
come the limitations of each imaging modality and may 
be able to advance imaging of the immune system for 
future clinical use.
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