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Real-time monitoring of the immune response can be used to evaluate the immune status of the body and
to distinguish immune responders and non-responders, so as to better guide immunotherapy. Through
direct labelling of immune cells and imaging specific biomarkers of different cells, the activation status of
Received 20th June 2022 . N di . tat £t It be visualized. The i th ti
Accepted 5th October 2022 immune cells and immunosuppressive status of tumor cells can be visualized. The immunotherapeutic
regimen can then be adjusted accordingly in a timely manner to improve the efficacy of immunotherapy.

DO 10.1035/d25c03446h In this review, various imaging methods, immune-related imaging probes, current challenges and
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1. Introduction

Tumor immunotherapy has opened a new era of cancer
therapy, offering new hope to many cancer patients, espe-
cially those achieving poor responses to traditional treat-
ments."™ The body's immune system is the most effective
weapon to defend against invasion by pathogens. Cancer
vaccine, immune checkpoint blockade therapy (such as the
PD-1/PD-L1 antibody and CTLA-4 antibody) and adoptive cell
immunotherapy (such as CAR-T cell therapy), as the main
means of immunotherapy, have attracted significant atten-
tion.>” These immunotherapeutic methods have been
successfully applied in tumor therapy. However, there are
many frustrating experiences, which are caused by several
reasons. Cancer cells may establish a defense network
against the immune system.®** They will reduce the antigen
expression to avoid being recognized by immune cells.”” The
complexity of immune cell composition and heterogeneity of
tumor antigens have reduced the universality of immuno-
therapy.'*** Immune-related adverse events also hinder the
clinical application of immunotherapy.*>*® Moreover, drug
resistance’ and the failure of T lymphocyte infiltration®
need to be addressed. Given a series of problems of immu-
notherapy, it is important to assess the immune response in
real-time.

Immunological assessment is to monitor and evaluate the
immune status of the body before and after immunotherapy
using invasive or non-invasive methods.**"** The level and status
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opportunities are summarized and discussed.

of immune cells in each person are different. Real-time
immunological assessment can fully reflect the current status
of immune function.>* Before treatment, the basic immune
status of patients should be evaluated to comprehensively
understand the level of PD-L1, NK cells, killing T cells and other
immune cells in the body, so as to master the immune reserve
and response. Immunological assessment can help distinguish
immune responders and non-responders.”***® On this basis,
the types and programs of cell therapy can be more accurate and
effective. After treatment, the immune reconstitution status of
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Fig.1 Factors associated with immune cells and cancer cells that can
be used in immune-related imaging.
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the patients needs to be regularly evaluated to determine
whether the patients are relieved from immunosuppression.

Various drugs have diverse effects on different tumor cell
lines. Applying real-time immunosurveillance can be used to
screen drugs in preclinical models. It is significant to horizon-
tally and vertically evaluate the effects of different drugs on
tumors.”**® In addition, immunoimaging technology can also
provide insight into the pharmacokinetic physiological and
pathological mechanisms of immunotherapeutic drugs, which
could provide certain support for the formulation of strategies
and timely adjustment of drugs.

Many imaging strategies have been developed to predict or
track the immune response, providing a basis for the
implementation of immunotherapy.?®** The immune
response can be evaluated by immune markers secreted or
expressed by immune cells in activated or suppressed
status.*”** Appropriate labelling strategies can track the
dynamic changes of immune cells in real time.***” This
review introduces different imaging modalities and summa-
rizes the designs of probes according to the different cell
types (Fig. 1 and Table 1). The current problems and the
future development direction of immune-related imaging are
also discussed.

2. Immune-related imaging strategies

2.1. Imaging methods

2.1.1. Optical imaging (OI). Immune-related OI involves
specifically imaging immune cells or immune markers using
molecular fluorescent probes or nanoprobes. OI has high
spatiotemporal resolution and sensitivity.***° In order to better
monitor the process of immune activation, activatable fluores-
cent probes have been designed to enhance the correlation
between fluorescence and the immune status. Fluorescence will
be recovered only in the presence of specific markers. OI is an
effective tool to track the active states of immune cells or the
immunosuppressive states of tumor cells.

2.1.2. Positron emission tomography imaging (PETI). The
basic principle of PETT is to label compounds that can participate
in the physiological and biochemical metabolism of the body
with radionuclides (such as ''C, *N, 0, and '®F).** Positron
nuclides are carried into the cellular metabolic activities of
human tissues and organs during physiological and pathological
processes.*” The amount of tracer uptake by the diseased organ
can be used to estimate the metabolism of the lesion, which can
provide the accurate assessment of the disease. PETI possesses
high sensitivity and can penetrate deep tissue.**** Moreover,
whole body images can be obtained with PETI.

2.1.3. Magnetic resonance imaging (MRI). According to the
changes in attenuation of the energy released in different struc-
tural environments inside the material, the position and type of
the nucleus can be determined by detecting the electromagnetic
wave emitted by the external gradient magnetic field.*** The
internal structure of the object can be obtained based on this
principle. MRI enables high resolution imaging of deep tissue.
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2.2. Imaging strategies based on different cells

2.2.1. Natural killer (NK) cell-related imaging strategies.
NK cells, as a type innate immune cell, can damage tumor cells
without the sensitization of tumor antigens.” NK cells can
target tumor cells lacking the major histocompatibility complex
(MHC) and induce apoptosis by releasing cytotoxic perforin and
granzyme B.***¢ Furthermore, NK cells can also secrete a series
of cytokines, such as interferon-gamma (IFN-y) and tumor
necrosis factor (TNF) to regulate the immune response and
indirectly kill tumor cells.””*® Therefore, NK cells have great
potential in antitumor immune cell therapy. In NK cell-based
treatments, the focus is on enhancing the toxicity and persis-
tence of NK cells in vivo.*® Imaging strategies that can monitor
and reflect the activity of adoptive NK cells can help to further
modify NK cells to enhance the therapeutic efficacy of NK cell-
based immunotherapies.

2.2.1.1. Labelling NK cells. For the direct labelling of NK
cells, a magnetic nanocomposite (denoted as HAPF) consisting
of hyaluronic acid (HA), protamine (P), and ferumoxtol (F) was
developed by Kim et al., which achieved effective treatment of
MRI-guided adoptive NK cell therapy.** Under a magnetic field,
HAPF-labelled NK cells were activated and cell lysis was
enhanced. Furthermore, MRI was used to monitor NK cell
transport and aggregation in tumor tissue, providing an effec-
tive tool for controlling NK cell infusion. Song et al. employed
a ratiometric imaging method to monitor the status of NK cells
in adoptive cell immunotherapy.® The ROS-sensitive dye IR786s
and F127 were coated on down-conversion nanoparticles
(DCNP) to form the nanoprobes (denoted as DCNP@786s)
(Fig. 2A). They were used to directly mark NK cells and track the
viability of NK cells in real time. Excessive ROS could be
produced by NK cells during the process of cell death, which
resulted in the degradation of IR786s. The fluorescent signal at
1550 nm of the dye excited by an 808 nm laser was increased,
while the signal of DNCP excited by a 980 nm laser remained
unchanged. Therefore, the signal ratio of F1550g;,,980g/
F1550m,808g, could convey information about NK cell activity.
Under experimental conditions, the nanoprobe was non-toxic to
NK cells and had no effect on cell phenotype. In vitro experi-
ments demonstrated that various ROS could stimulate different
degrees of near-infrared region II (NIR-II) fluorescence recovery
under laser irradiation at 808 nm, while the fluorescent signal
under 980 nm showed no obvious change (Fig. 2B). Under
a series of harsh conditions, the level of ROS in NK cells
increased significantly. These results demonstrated that the
nanoprobe could assess the activity of NK cells by monitoring
the changes of ROS. With the imaging of this nanoprobe, the
ratio increased with the simultaneous treatment of NK cells
with different cytokines, suggesting the effectiveness of the
cytokine-assisted NK cell immunotherapy in the HCC tumor-
bearing mice.

2.2.1.2. Imaging specific biomarkers of NK cells. Regarding
monitoring the specific biomarkers of NK cells, Vendrell et al.
used a granzyme B-elicited chemiluminescence probe to assess
the activity of NK cells.®* The peptide substrate (Ile-Glu-Pro-Asp)
of granzyme B was connected to the phenoxydioxetane moiety

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Immunological monitoring strategies based on various immune cells and cancer cells

Labelling cells or

Cell type imaging markers Imaging method Designs
NK cells Labelling NK cells MRI A magnetic nanocomposite including hyaluronic acid (HA),
protamine (P), and ferumoxtol (F)*®

ROS (o)1 Down-conversion nanoparticles (DCNPs) coated with a ROS-sensitive
dyeS()

Granzyme B ol Granzyme B-elicited chemiluminescence probes®'

Macrophages Labelling macrophages PETI 4Cu-labelled polyglucose nanoparticles”®
8F-labelled macrophages””
MRI Mannose-modified iron oxide nanoparticles (IONPs)”
o1 Dextran modified by ICG”®
Aggregation-induced emission (AIE) molecules encapsulated in
glucan particles®
OI/MRI MARCO antibody-conjugated upconversion nanoparticles (UCNPs)*°
ROS (o)1 NO imaging probes encapsulated in liposomes®®
Dendritic cell Labelling dendritic cells PETI The nanoprobe formed by PPa-conjugated short-chain PEG and
FITC-modified Trp2 peptide antigens®
T lymphocyte Labelling T lymphocyte ~ PETI %4Cu-labelled OVA-CTLs*”
897r-PEGylated anti-CD8 VHH®"
%MTc-labelled CD4 monoclonal antibodies®
(o)1 NIR fluorescent dye-labelled OX40 antibody for imaging T
lymphocytes®”
OI/PETI NIR dye and *Zr dual-labelled silica nanoparticles®®

Granzyme B PETI Granzyme B-cleavable peptide chain conjugated with a chelating

agent containing **Ga*
%Cu-chelated and membrane-anchored probes*®*

(o)1 NIR dye-conjugated peptide substrate of granzyme B>’
Semiconducting polymer (SP) conjugated with IR800-labelled
granzyme B-cleavable peptides'®®
Polymer-loaded peptide substrates simultaneously linked with
fluorophores and quench groups'®?

Granzyme B-responsive platform transformed from molecules to
nanoparticles'®*

0, (0] The nanoprobe constructed with an O, -activable
chemiluminescence substrate, SP, and triblock polymer via a nano-
precipitation method'®®

ca* CT/Ol G5 PAMAM dendrimers loaded with the indicator of Ca®*and Au
NPSlOS

Tumor cells CTLA4 PETI 4Cu-labelled ipilimumab for specifically binding to CTLA-4
expressed in human non-small cell lung cancer cells'"

PD-L1 PETI 4Cu-labelled oPD-L1 Fab incorporated with one UAA, p-
azidophenylalanine (pAzF)'"

%8Ga-NOTA-Nb109 (a nonblocking single-domain antibody)*®

o1 PD-L1 mAb connected with NIR-II fluorophores™*®
PD-L1-functionalized ErNPs with NIR-IIb luminescence properties'®
NIR-II nanoprobe based on a boron-dipyrromethene (BDP)
photosensitizer encapsulated in nanomicelles"”

Simultaneously labelling internal and external antigens for
multispectral fluorescence imaging to track the programmed delivery
of combined nanovaccines'"®

Tracking immune — oI 4-[*®Flfluoro-1-naphthol ([**F]4FN)"*°

vaccine

Tracking specific High-energy free PET/CT 89Zr-anti-IFNy'*?

cytokine markers radicals

IFN PET

via a self-eliminating linker (Fig. 3A). In the presence of gran-
zyme B, a bright chemiluminescence signal with a higher
signal-to-noise ratio (SNR) was recovered as a signal of immune
activation. In the tumor-bearing mice model for adoptive NK

© 2022 The Author(s). Published by the Royal Society of Chemistry

cell transfer, the chemiluminescence signal was only collected
from the tumor that had been injected with NK cells (Fig. 3B).

Adoptive NK cell immunotherapy has broad prospects for
improving treatment of malignant tumors. Therefore, imaging
adoptive NK cells is conducive to visualizing the activities and
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(A) The preparation of DCNP@786s and the schematic diagram of labelling and ratiometrically imaging NK cells in the NIR-II window. (B)

Fluorescence images of DCNP@786s treated with various ROS. Reproduced from ref. 60 with permission from Wiley-VCH GmbH, Copyright

2021

immune status of NK cells, which will provide a basis for further
improvement of adoptive NK cells. The efficiency of in vitro
labelling and its effect on NK cell activity should be fully eval-
uated to ensure nondestructive labelling.

2.2.2. Macrophage-related imaging strategies.
phages, as multifunctional immune cells, have played a vital
role in inflammatory diseases and tumor development.®**
Macrophages are equipped with plasticity that can be influ-
enced by various cytokines in a tumor microenvironment.* In
cancer development, M1 macrophages are considered as the
antitumor phenotype and M2 macrophages are considered as
the protumor phenotype.®®® Furthermore, M2 macrophages
represent up to 50% of tumor tissue, which greatly promotes
tumor growth.®** Inducing macrophage polarization to M1
phenotype is an effective strategy to inhibit tumor growth. M1
macrophages can secrete pro-inflammatory cytokines, such as
TNF, IL-12 and nitric oxide (NO). They also express several
makers, such as CD80, CD86 and TLR4, while M2 macrophages
express arginase 1 (Argl) and CD206.”” The diversity between
two phenotypes can be utilized to image the effect of treatment
on the polarization of macrophages. Otherwise, the localization
imaging of macrophages can also determine their dynamic
migration during the course of disease.

2.2.2.1. Labelling macrophages. To directly label macro-
phages, multiple imaging methods have been used to track the
accumulation of macrophages in tumor tissue and specifically
image the changes of a specific type of macrophage. For PET
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imaging of macrophages, the °®‘Cu-containing radioactive
chelating agent was linked to the biodegradable polyglucose
nanoparticles (Macrin) via 1-lysine to quantify tumor-associated
macrophages (TAMs) in tumor tissue.” Compared to other
cells, Macrin could be selectively taken up by macrophages.
From the imaging results, enhanced permeability and retention
effect could be found in the tumor tissue due to the massive
accumulation of macrophages. Macrin could help to select
suitable nanomaterials for tumor therapy and predict the
immune properties of drugs. In the strategy designed by Kim
et al., macrophages were tracked by PET imaging using a bio-
rthogonal reaction (Fig. 4).”* First, dibenzocyclooctyne (DBCO)-
modified mesoporous silica nanoparticles (MSNs) were
prepared and used to incubate with RAW 264.7 cells. Modified
macrophages were injected into mice and then the "®F-labelled
azide was used to react with DBCO to real-timely locate RAW
264.7 cells in tumor-bearing and ApoE-/- mouse models. By
means of the migration property of macrophages to tumor
tissue and atherosclerosis, PET images of tumor tissue and
atherosclerosis were obtained. This system was expected to be
used for other cell-tracking experiments with the in vivo alkyne-
azide cycloaddition.

In the strategy designed by Mao et al.,”> specific MRI was
performed for M2 macrophages (Fig. 5A). Magnetic iron oxide
nanoparticles (IONPs) were coated with the polyethylene glycol-
block-allyl glycidyl ether (PEG-b-AGE) polymer to prevent
nonspecific adsorption. Then mannose was modified on the

Chemiluminescence (ph s")
x
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(A) Structure of the granzyme B-activated chemiluminescence probe and the mechanism of fluorescence recovery. (B) In vivo imaging

and quantification of the chemiluminescence signal of tumors with or without NK-92 cell transfer. Reproduced from ref. 61 with permission from

Wiley-VCH GmbH, Copyright 2021.
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(A) The preparation of mannose-modified IONPs with a reduced nonspecific adsorption effect. (B) MRI imaging and the quantification of

T, signals in tumor tissue before and after the injection of IONPs with or without mannose modification. Reproduced from ref. 72 with permission

from American Chemical Society, Copyright 2020.

surface to specifically target M2 macrophages. Confocal
imaging experiments showed that mannose-modified magnetic
nanoparticles could be effectively taken up by M2-type macro-
phages, and the uptake was significantly reduced after CD206
was blocked, which demonstrated that CD206 mediated the
uptake of the probe by M2-type macrophages. In vivo imaging
experiments (Fig. 5B) demonstrated that the T, signal was
significantly reduced in the tumor tissue injected with
mannose-modified nanoparticles, while no significant change
was observed in the nontargeted group. The potent M2
macrophage-targeting property enables the nanoprobe to be
used for indicating changes in M2 macrophages, providing an
effective evaluation tool for the development of M2 macro-
phage-related drugs.
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For optical imaging, fluorescent dyes in the NIR II region
(1000-1700 nm) with a deeper penetration depth have better
spatial resolution and can greatly reduce light damage to bio-
logical tissues.””* Sheng et al. designed a probe with NIR II
emission property to image macrophages in deep tumor tissue
(~0.5 cm).”” Dextran was cross-linked with lysine to obtain the
amino-functionalized dextran. The carboxylated ICG was then
connected to synthesize the final nanoprobe (DN-ICG) with
biocompatible and metabolizable properties (Fig. 6A). The
interaction between dextran and specific ICAM-3-grabbing
nonintegrin related 1 (SIGN-R1) mediated nanoprobe uptake
by macrophages. High signal-to-background ratio (SBR)
imaging was observed in the NIR II region, suggesting the
potential of this probe to image macrophages in tumor tissue

(A) Schematic diagram of the mechanism and synthesis of DN-ICG. (B) NIR-II fluorescence images of macrophages in tumor tissue after

treatment with X-ray and zoledronic acid. (C) Flow cytometric analysis of the number of macrophages in tumor tissue. Reproduced from ref. 75

with permission from American Chemical Society, Copyright 2021.
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encapsulation of CSF1R inhibiting amphiphile and NO imaging probes in liposomes. (B) Fluorescence images of the mice with different treat-
ments. Tumor tissues were marked by circles. Reproduced from ref. 30 with permission from WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim,

Copyright 2020.

with high quality. Subsequently, the probe was applied to
measure the macrophage-related response after different
treatments. The increased fluorescence intensity in the low dose
X-ray-treated group and the decreased intensity in the zole-
dronic acid-treated group (Fig. 6B) were consistent with the
results of the characterization of macrophage number using
a flow cytometer (Fig. 6C), which demonstrated the potential of
this probe for macrophage-related imaging. The immune
detection of macrophages can also be applied in the post-
operative evaluation of transplantation. Extensive macrophage
infiltration will damage the transplanted organ and cause
a strong immune rejection response.”® Therefore, monitoring
macrophages after transplantation can provide the status of
transplantation in a timely manner. Fluorescent molecules with
aggregation-induced emission (AIE) properties possess a large
Stokes shift and excellent optical stability.”””® AIE molecules can
solve the aggregation-induced fluorescence quenching of
traditional fluorescence dyes.”® The AIE material is regarded
as a potential contrast agent. In the design of Xie et al., AIE
molecules were encapsulated in glucan nanoparticles to trace
the infiltration of macrophages after transplantation.®® This
nanoprobe could be selectively internalized by macrophages via
mimicking the intestinal infection behavior of yeast and could
be retained in macrophages for a prolonged period. No obvious
innate immune response was elicited with this nanoparticle,
suggesting that this system was compatible with trans-
plantation. In the skin graft model, fluorescence imaging
results showed that the macrophages gradually gathered at the
skin graft site with time, and the fluorescence intensity was
higher in the xenograft than in the allograft model. This was
consistent with the in vitro validation of macrophage infiltra-
tion, which confirmed the feasibility of this nanoprobe for
detecting the immune response after transplantation.

12962 | Chem. Sci,, 2022, 13, 12957-12970

Combining multiple imaging methods is mutually comple-
mentary for directly locating cells. Changes of activated M1-type
macrophages can reflect the plaque progression in atheroscle-
rosis. Therefore, imaging M1-type macrophages can provide
a basis for the diagnosis of atherosclerosis. Gao et al. designed
and synthesized a Gd-doped and MARCO antibody-conjugated
upconversion nanoparticle (UCNP) system to image M1-type
macrophages in an atherosclerotic mice model.** MARCO
antibody enabled the probe to actively target M1 macrophages.
UCNPs transmitted the fluorescence signal, and the Gd element
achieved MRI. The fluorescence imaging results showed that
the nanoparticles could actively target M1 macrophages and
foam macrophages, and preferentially accumulate in vulnerable
plaques of the carotid artery. The same phenomenon could also
be seen in the MRI results. The dual-mode imaging capability of
the nanoprobe could be used for the diagnosis of vulnerable
plaques.

2.2.2.2. Imaging specific biomarker of macrophage.
imaging macrophage-related marker to reflect the immune

For

status, Kulkarni et al.*® constructed a platform for monitoring
M1 macrophages by OI. Considering that NO can be seen as
a marker of antitumoral M1 macrophages, NO imaging probes
were encapsulated in liposomes as the nanoreporter (Fig. 7A).
In the 4T1 tumor-bearing mice model, macrophage activation
was successfully imaged in mice treated with different drugs
with this nanoprobe. Experimental results demonstrated that
the most significant and prolonged optimal activation signal
was observed in the group with liposomes simultaneously
encapsulating CSF1R inhibiting amphiphile and the NO
imaging reagent (Fig. 7B). The excellent tumor inhibition rate
and relatively high content of M1 macrophages in this group
were consistent with the fluorescence imaging results, demon-
strating that this NO nanoreporter could potentially be a tool for

© 2022 The Author(s). Published by the Royal Society of Chemistry
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detecting the immune response of M1 macrophages with
various treatments.

Macrophages can not only directly engulf pathogens but also
act as antigen-presenting cells to participate in the cellular
immune response.®>*® Imaging macrophages can help distin-
guish the phenotypes in the tumor tissue and further stimulate
the change of cellular phenotype according to the requirements
of treatment. In addition, it is significant to fully verify and
improve the relationship between macrophage phenotype and
the development of disease.

2.2.3. Dendritic cell-related imaging strategies. Dendritic
cells, the most potent antigen-presenting cells, can migrate to
the draining lymph nodes and present antigens to T lympho-
cytes when stimulated by antigens and further become mature
cells.*** This is a key intermediate step for the activation of
immune response. Tracking dendritic cells can effectively
provide information on whether a vaccine has successfully
stimulated dendritic cell maturation.

In studies by Gao et al., short-chain PEG was conjugated with
photosensitizer PPa, and then the FITC-modified Trp2 peptide
antigen was self-assembled with this conjugate to form the
nanoprobe.*® No significant cytotoxicity to dendritic cells was
detected. The tetrapyrrole ring of PPa can be labelled with **Cu
for PET imaging of the migration of dendritic cells. The in vivo
PET imaging result demonstrated that the signal gradually
migrated from the injection site toward draining lymph nodes.

2.2.4. T lymphocyte-related imaging strategies. T lympho-
cytes are the main force of adaptive cellular immunity.*>*°
Cellular immunity eventually mediates the T lymphocyte

© 2022 The Author(s). Published by the Royal Society of Chemistry
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activation. Toxic T lymphocytes can infiltrate into tumor tissue
and produce toxicant against tumor cells. Therefore, imaging
the T lymphocyte activation can be utilized to judge the immune
efficacy of drug treatments. Many platforms that could directly
label T lymphocytes or reflect the T cell activation by imaging
the active substances have been developed.

2.2.4.1. Labelling T lymphocytes. Liu et al. used PETI to
record the accumulation of adoptive T cells in tumor tissues to
further evaluate the therapeutic effects of adoptive T cell
therapy. They used metabolic glycoengineering to label azide
groups on the surface of OVA-specific cytotoxic T lymphocytes
(OVA-CTLs) (Fig. 8A).*” Then ®'Cu was successfully labelled on
CTLs by the reaction between DBCO and azide groups to non-
invasively track OVA-CTLs. PET imaging results demonstrated
that **Cu-labelled OVA-CTLs accumulated more in tumor tissue
than ®Cu-labelled control-CTLs in B16-OVA tumor-bearing
mice (Fig. 8B). Moreover, an increased accumulation of *Cu-
labelled OVA-CTLs could be detected in PET images after the
treatment of PLGA-FAKi (focal adhesion kinase inhibitor)
nanoparticles. The excellent antitumor efficiency of OVA-CTLs
plus the PLGA-FAKi group also confirmed the PET imaging
results. Ploegh et al. designed *°Zr-labelled PEGylated single-
domain antibody fragments (nanobodies or VHHS) to evaluate
the therapeutic effect of PD-1 blockade.”* The immuno-PET
imaging mediated by the **Zr-PEGylated anti-CD8 VHH probe
demonstrated that more CD8" T cells infiltrated into the tumor
tissue in responders. In addition, **Zr-labelled PEGylated anti-
CD11b VHH was utilized to study the changes of the CD11b"
population. The results showed that CD11b" cells were already
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present in the tumor tissue before treatment and were more
evenly distributed in tumor tissue after anti-PD-1 treatment.
CD4+ T lymphocytes are the main T lymphocytes that
mediate the acute rejection (AR) after heart transplantation
(HT).** Therefore, the specific imaging of CD4+ T lymphocytes
can provide an accurate diagnostic tool for AR. Xie et al
developed a radionuclide °°™Tc-labelled CD4 monoclonal
antibody (mAbCD4) as the imaging probe (denoted as °*™Tc-
HYNIC-mADbCD4) to bind with CD4+ T lymphocytes and accu-
mulate in the graft heart (Fig. 8C).* In the allograft (ALL) model,
the clear position of graft heart could be visualized at 1 h after
injection with this probe. Compared with the other three

12964 | Chem. Sci,, 2022, 13, 12957-12970

groups, relatively high radioactivity occurred in the heart of the
ALL group with SPECT/CT imaging (Fig. 8D). Western blotting
evaluating the expression of CD4 (Fig. 8E) further confirmed
that CD4+ T lymphocytes were significantly increased in the AR
after HT and this probe could effectively reflect the expression
of CD4+ T lymphocytes.

0X40 is expressed primarily on the surface of activated T
cells and can induce the expression of proteins with anti-
apoptotic and cell cycle progression properties.”**® Further-
more, OX40 can counteract the inhibitory effect of other factors
on immune cells and directly stimulate effector T cells. In the
design of Shan et al., targeted OX40 imaging was used to predict

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the early immune response triggered by the vaccine.”” The NIR
fluorescent dye was connected to the OX40 antibody to form the
imaging probe (denoted as IRDye800-AbOX40). The experi-
mental results showed that probe uptake in the CpG-treated
tumor was significantly increased compared to the control
group. In addition, the intensity of the fluorescence signal in
vivo showed a strong correlation with the expression of 0X40.
The IRDye800-AbOX40 probe had excellent performance in
predicting the early immune response of hepatocellular
carcinoma.

Aras et al. applied NIR dye and *°Zr dual-labelled silica
nanoparticles as the tracer agents for monitoring the dynamics
of immune cells in adoptive cell transfer therapy.”® The NIRF/
PET nanotag-labelled human carcinoembryonic antigen
(hCEA)-redirected CAR T cells were studied in the peritoneal
carcinomatosis model. As shown in the fluorescence imaging
result, the signal of cancer cells rapidly overlapped with the
double signal of CART cells, achieving the real-time tracing of
CAR T cells.

2.2.4.2. Imaging specific biomarkers of T lymphocytes. T
lymphocytes can release perforin and granzyme B to mediate
the killing of tumor cells.*>'*® The activation of T cells involves
the cooperation of many cytokines. Thus, imaging specific
biomarkers can reflect the activation status of T lymphocytes
and provide support for the diagnosis of diseases.

Many strategies have been applied to the imaging of gran-
zyme B to assess the immune activation of T lymphocytes.
Mahmood et al. have confirmed that granzyme B could be an
early biomarker of immune activation using a PETI probe.** The
granzyme B-cleavable peptide chain was modified to achieve
irreversible connection and then conjugated with a chelating
agent containing ®®*Ga to form a probe for PETL The PETI results
showed that significantly increased probe uptake was observed
in the tumor regression group after treatment, while there was
a relatively low uptake rate in nonresponsive tumors. For the
analysis of biopsy specimens from melanoma patients,
responders and non-responders showed significant differences
in the expression of granzyme B and could be distinguished
with this probe. The results demonstrated that PETI for
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granzyme B could serve as a quantitative and useful predictive
method to evaluate immunotherapy. Craik et al. designed
a ®*Cu-chelated tracer for PETI to explore the secretion and
biochemical activity of granzyme B in vivo.'** The peptide which
can bind tightly to the phospholipid bilayer was incorporated
with the radioactive element. The peptide masking domain was
linked with the granzyme B-cleavable peptide. Extracellular
granzyme B cleaved the linker and the membrane-binding
peptide inserted into the adjacent cell membrane to fix the
sign for detection. The experimental results demonstrated that
the cut off and tissue uptake changes were driven by immune
cell activation and the secretion of granzyme B. This probe can
be applied for the early detection of the immunotherapeutic
response.

The “always on” signals from imaging reagents reflect a poor
correlation with biomarkers related to immune activation. In
view of this, Pu et al.*® designed a granzyme B-activatable NIR
fluorescent probe for the real-time monitoring of immune
activation. The granzyme B-cleavable peptide was linked to
a NIR hemicyanine dye and quenched the NIR fluorescence.
Subsequently, the hydrophilic poly(ethylene glycol) (PEG) chain
was connected to form the macromolecule fluorescence
reporter, which could passively target the tumor tissue (Fig. 9A).
The fluorescence recovery induced by granzyme B had a good
correlation with the level of immune activation, which could
perform immunological assessment in a non-invasive manner.
The probe was used to image the immune-activation level in the
tumor-bearing mice treated with five immune-drugs, respec-
tively. Compared to other groups, a stronger fluorescence signal
emerged in the group treated with S-(2-boronoethyl)-L-cysteine
hydrochloride (BEC) (Fig. 9B). The expression of CD8 antibodies
was also relatively high (Fig. 9C). In another study, a ratiometric
imaging nanoprobe with granzyme B-responsive property was
synthesized to assess the immune activation level of T
lymphocytes.'® Granzyme B-cleavable peptide substrates were
labelled with the NIR dye IR800 and further conjugated on the
semiconducting polymer (SP) (Fig. 10A). IR800 and SP could
produce both NIR fluorescence (NIRF) and photoacoustic (PA)
signals. When encountering granzyme B, the NIRFg,, and PA;,

Day1 Day2 Day3 Day4 Day5 Day6  Day7

(A) The construction of GNRs and the mechanism of granzyme B-mediated fluorescence signal recovery. (B) Establishment of a bilateral

tumor model. (C) Fluorescence imaging of tumor tissue treated with aPDL1-GNRs or lgG-GNRs. Reproduced from ref. 103 with permission from

Science, Copyright 2020.
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signals from IR800 decreased. Meanwhile, these two signals
(740 nm for NIRF and 700 nm for PA) from SP remained
unchanged. In mice treated with BEC, the ratios of NIRF,,o/
NIRFg,, and PA;,0/PAs¢, were higher compared to the control
groups (Fig. 10B and C). These results suggested that this
nanoprobe with high sensitivity and specificity for granzyme B
could be used for in vivo imaging of T lymphocytes.

Kulkarni et al. constructed a nanoreporter (GNR) simulta-
neously carrying therapeutic components and the dye for
imaging granzyme B. The quenching group and the fluorescent
dye are simultaneously attached to the granzyme B-cleaved
peptide substrate. The peptide was then conjugated to the
poly(isobutylene-alt-maleic ~ anhydride) (PIMA) skeleton
(Fig. 11A)."* Due to the high reactivity of the polymer frame-
work, PD-L1 antibodies were conjugated to form an integrated
platform for diagnosis and treatment. The interception of the
PD-1/PD-L1 pathway stimulated the T lymphocyte to release
granzyme B. Granzyme B cleaved the peptide, leading to the
release of the quencher and the recovery of the fluorescence
signal. This nanoreporter could help identify tumors with
a high response or low response to the immunotherapy. A
bilateral tumor model was constructed with a poorly responsive
WT-B16/F10 tumor and highly responsive WT-MC38 colon
adenocarcinoma tumor (Fig. 11B). As shown in Fig. 11C, an
obvious fluorescence signal could be seen in the MC38 tumor
treated with aPDL1-GNR. The experimental results of the flow
cytometry and immunofluorescence staining assay have also
confirmed that a highest level of tumor-infiltrating CD8+ T
lymphocytes and granzyme B could be detected in aPDL1-GNR-
treated MC38 tumors.

In the design of Rao et al., an intelligent platform which
could respond to granzyme B and be transformed from
a molecule to a nanoparticle was developed for imaging the
immune response.'® In the presence of granzyme B and GSH,
the cysteine residues were exposed, and could react with the
aromatic nitrile group to form large aggregates. Labelling with
Cy5 enabled fluorescence imaging of granzyme B, and thus the
efficiencies of CAR T cells and checkpoint blockade therapies
were successfully evaluated with this probe.

Superoxide anion (O, ") plays an important role in T
lymphocyte activation and cytokine secretion, which can also be
regarded as a marker of immune activation.'®® Zhang et al.
synthesized a SP probe for chemiluminescence imaging of O,
to evaluate the immune activation.'®® O,  -activable group-
modified dioxethane derivatives used as chem-
iluminescence precursors. The nanoprobe was then con-
structed with a chemiluminescence substrate, semiconducting
polymer and triblock polymer via a nano-precipitation method.
In the presence of O," ", the chemiluminescence of the dioxe-
tane derivative excited the SP and the emission light at 700 nm
was produced. The enhanced chemiluminescence signal in vivo
after immunotherapy was associated with an increase in the
number of T lymphocytes in the tumor, demonstrating its
feasibility in tracking T lymphocyte activation.

The concentration of Ca®>" in T cells can obviously increase
along with T cell activation and can regulate downstream
signals, which allows it to act as another signaling molecule for

were
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T cell activation.'®®'*” Shi et al. used a dual-mode Ca*" imaging
probe to track and monitor T cells via computed tomography
(CT) and fluorescence imaging.'®® The Fluo-4 probe, as an
indicator of the Ca" level, was connected on the surface of G5
PAMAM dendrimers through the functionalized PEG. In addi-
tion, Au NPs were encapsulated in the internal cavities for the
CT imaging. Intracellular esterase could break the ester bond to
release Fluo-4 for Ca®"-related fluorescence imaging.

2.2.5. Tumor cell-related imaging strategies. In addition to
imaging the activation status of immune cells, imaging the
inhibition status of cancer cells is also vital for judging the
applicability of immunotherapy. Cancer cells can express
a series of inhibitory signals to inhibit the immune activity of
immune cells. Imaging and detection of inhibitory signals
related to cancer cells can distinguish immune responders from
non-responders, so as to improve the immunotherapy program.

Cai et al. labelled ipilimumab with ®*Cu to specifically bind
to CTLA-4 expressed in human non-small cell lung cancer
cells.”® PETI was used in three cell line models with different
expression levels of CTLA-4. Western blotting and ELISA anal-
ysis suggested that the A549 cell line had a relatively higher level
of CTLA-4 compared to the H460 and H358 cell lines. PET
images also exhibited a similar tendency. After blocking CTLA-
4, the uptake of tracers decreased significantly, suggesting the
specificity of the probe to CTLA-4. This probe was expected to
monitor the CTLA-4-expressing tissue in a non-invasive manner
and be a useful tool for the further understanding of the activity
of immune checkpoint blocking therapy.

The PD-1/PD-L1 pathway in cancer cells and their mecha-
nisms that confuse T cells have been extensively studied. PD-L1
receptors expressed by cancer cells can bind to PD-1 on the
surface of T cells, thus resulting in the inactivation of T
cells.”""* Imaging PD-L1 can map tumor cell profiles to guide
surgical resection and predict the responder to PD-L1 immune
checkpoint blocking therapy. In the design of Wang et al., ®*Cu-
NOTA connected with aPD-L1 Fab was used to perform the PETI
of PD-L1. The aPD-L1 Fab was incorporated with one UAA, p-
azidophenylalanine (pAzF).*? The ®'Cu-NOTA-aPD-L1 could
specifically bind to PD-L1, which could be validated by the
reduced intake after the blocking of PD-L1. With the reduced
nonspecific accumulation and rapid clearance properties, Fab
fragment-based PET agents possessed higher SNR imaging
capability compared with intact full-length antibody
counterparts.

In the design of Lin et al, Nb109, a nonblocking single-
domain antibody, was attached to the °®Ga-labeled chelator
NOTA (°®Ga-NOTA-Nb109).** This imaging probe did not have
a histidine label and thus a lower renal permeability was ob-
tained. Significant accumulation could be seen in A375-hPD-L1
cells with high expression of PD-L1. Rapid clearance of blood
and muscle resulted in a high SNR. Importantly, the tracer did
not influence the PD-1 and PD-L1 binding, which may be an
effective platform for predicting and adjusting PD-L1/PD-1
blockade therapy by evaluating PD-L1 expression. Subse-
quently, various cancer cells with different expression levels of
PD-L1 were used to validate the ability of ®*Ga-NOTA-Nb109 to
recognize PD-L1.'* Compared to HCT 116 and NCI-H1299

© 2022 The Author(s). Published by the Royal Society of Chemistry
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tumors with low expression of PD-L1, the accumulation of this
probe was significantly increased in U87 tumors with high
expression of PD-L1. Furthermore, it could be seen from PET
images that PD-L1 expression in NCI-H1299 cells was increased
following treatment with a certain amount of CDDP. In the
comparison experiment with the '®F-FDG probe, *®Ga-NOTA-
Nb109 had a higher SNR for detecting PD-L1 expression.
Tumors with high or low expression of PD-L1 could be distin-
guished with this probe. To expand and evaluate its clinical
application, Sun et al. constructed several mouse models for
a series of validation studies.** The same species tumor with
different PD-L1 expression levels in the same mouse were con-
structed to exclude the interference of different tumors.
According to the PETI result, a higher PET signal was observed
in the tumor with a high level of PD-L1.

In the work of Dai et al., a PD-L1 monoclonal antibody (PD-
L1 mAb) was connected with a NIR-II fluorophore to image PD-
L1.** The length of side chains on the shielding unit was
adjusted to obtain the fluorophore with high fluorescence
quantum yield and renal clearance ability. This probe could
distinguish various tumors with different PD-L1 expression
levels by fluorescence signals and could be used for surgical
guidance. Moreover, the same group also developed erbium-
based rare-earth nanoparticles (ErNPs) with near-infrared-IIb
(NIR-IIb) luminescence characteristics (~1600 nm) to visualize
PD-L1."¢ A PD-Li-functionalized hydrophilic polymer cross-
linking network endowed ErNPs with water solubility and
biocompatibility. The tumor was found to have a signal ratio of
about 40 compared to normal tissue. I vivo imaging of PD-L1
and CDS8 revealed the presence of cytotoxic T lymphocytes in
the tumor microenvironment after immunotherapy. In the
design of Jiang et al., a NIR-II nanoprobe based on the boron-
dipyrromethene (BDP) photosensitizer was encapsulated in
nanomicelles.”” The interaction between PD-L1 and PD-1
mediated the aggregation of nanomicelles in tumor tissues.
The signal in the tumor was up to 14 times higher than that in
non-tumor tissue.

2.2.6. Tracking immune vaccine. The immune vaccine is
an important means in immunotherapy.® Tracking the dynamic
process of the vaccine in vivo is helpful for modifying the
vaccine and assessing its immune effect.

Lv et al. used a multispectral fluorescence imaging strategy
to track the programmed delivery of a combined nanovaccine.'*®
Genipin was cross-linked with the amino groups of PEI and OVA
proteins to produce the fluorescence signal for labelling the
internal antigens. The external antigen as the initial exposure
antigen was labeled with the fluorescent dye RB (magenta). The
transfer of the components of the composite vaccine could be
monitored by collecting different fluorescence signals. The
results of the dynamic fluorescence imaging showed that the
combined vaccine could effectively delay antigen degradation
and stimulate a stronger immune response.

2.2.7. Tracking specific cytokine markers. During immu-
notherapy, cytokines could directly stimulate immune effector
cells and stromal cells at the tumor site to enhance the cytotoxic
effect on tumor cells. Therefore, monitoring the expression of
these cytokines can also help us understand the effects of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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immunotherapy. In previous sections, we also introduced
imaging strategies of cytokines based on the secretory cells. In
this section, strategies imaging high-energy free radicals and
IFN will be introduced. These cytokines can be produced by
a variety of cells and can be a sign of immune activation.

High-energy free radicals are a hallmark of focal innate
immune activation. Piwnica-worms et al. identified a new
molecule 4-*®F]fluoro-1-naphthol ([**F]4FN) that could selec-
tively react with high-energy free radicals and be used for whole-
body imaging by PET/CT to detect multiorgan inflammation in
real time."*® When oxidized by myeloperoxidase plus H,0,, [**F]
4FN selectively binds to nearby proteins and cells. Studies have
shown that ['®*F]4FN is superior to ['*FJFDG in detecting
inflammation.

IFN is a kind of lymphokine with extensive immunomodu-
latory effect.”?®'** Directly imaging the effector molecule can
provide a better indication of the immune response to treat-
ment. Viola-Villegas et al. developed a **Zr-labelled probe (*Zr-
anti-IFNy) utilizing the IFN-targeting mAb to perform PETI of
IFNvy."”> A TUBO tumor-bearing mouse model was established
and treated with HER2 vaccine. The results demonstrated that
the tumor with higher tracer uptake achieved slower growth
rates.

3. Conclusions and perspectives

In this review, we have introduced immune-related imaging
strategies based on various immune cells and tumor cells to
monitor the immune response. Labelling cells and imaging
specific biomarkers can reflect the activation level of the
immune cells and the immunosuppressive state of tumor cells.
A variety of imaging strategies have achieved preliminary
results. However, to further improve their application, a series
of problems should be addressed. In this section, we provide
the following suggestions, as a reference for achieving new
advancements in the field.

(I) Enhancing the sensitivity and specificity of probes. Highly
sensitive and specific probes can be used to assess the immune
status more accurately. Developing signal amplification strate-
gies through the design of molecular structures can effectively
improve the SNR. Ratiometric measurement is not affected by
the local concentration of the probe and other factors.
Designing ratiometric probes is also an effective strategy to
improve the SNR. Rationally designing the structure of
substrates is necessary to enhance the response efficiency and
specific recognition to the target.

(I1) As for the imaging methods, OI presents high temporal
and spatial resolution and sensitivity. However, poor tissue
penetration limits the development of OI. Fluorescence imaging
in the NIR-II (1000-1700 nm) window and mediated by two
photons can reduce the tissue absorption and scattering of
light, thus enhancing the depth of penetration. Hence, probes
with NIR-II and two-photon excitation properties should be
extensively developed. For PETI, chelating agents with high
stability and biocompatibility should be widely explored to
prevent damage from radionuclides. For MRI, deep tissue
penetration can be achieved. However, it lacks molecular
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sensitivity and specificity. It is necessary to develop probes that
release imaging agents in response to the tumor microenvi-
ronment to improve molecular sensitivity.

(1) Based on the advantages and disadvantages of various
imaging methods, multi-mode imaging systems are expected to
be developed. It is feasible to combine OI with PETI or MRI,
which can enhance the depth of penetration while enhancing
the molecular sensitivity.

(IV) The immunogenicity of the probe itself needs to be
studied. Biocompatible and nonimmunogenic probes should
be explored. Probe metabolism should be intensively studied to
ensure that there are no long-term effects on the body. In
addition, it is also necessary to verify the effects of tags on the
secretion function of immune cells, while characterizing the
effects on cell survival.

In general, monitoring the immune response in real time
plays a guiding role during the course of immunotherapy. With
the efforts of many researchers, more innovative immune-
related monitoring strategies will further improve the effi-
ciency of immunotherapy.
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