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Organic fluorophore-based fluorescent probes for
abnormal immune response diagnosis and
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Real-time monitoring of the processes involved in abnormal immune responses can be used for the early
diagnosis of immune system-related diseases (tumors, transplant rejection, autoimmune diseases, etc.),
thus facilitating effective interventions. By purposefully combining organic small-molecule fluorescent
probes with immune system-related molecules (enzymes/small-molecules), it is possible to visualize the
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activation status of relevant immune cells during abnormal immune processes, thus allowing timely
adjustments to the immunotherapy regimen and improving the efficacy of immunotherapy. This paper
summarizes the progress in the application of fluorescent probes based on small organic dyes for studying
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immune system-related processes and discusses the opportunities and challenges related to using
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Introduction

The immune process in vivo is complex, involving a variety of
functional cells (T cells, macrophages, cytotoxic lymphocytes,
etc.), cytokines (IL-6, IL-2, IFN, TNF, etc.), and different
mechanisms.”™ Abnormal immune function can seriously
affect human life and health.” Usually, lower immune
function in the body causes various diseases, including
cancer.®” However, when immune function is hyperactive,
transplant rejection and a range of autoimmune diseases can
occur.”’® In the last decade, immune system-related
processes have received much attention, and more immune
system-related biomarkers have been discovered and
reported.'>"? Therefore, to monitor and evaluate the immune
status of the body, it is necessary and urgent to develop
straightforward methods to monitor the fluctuation of
immune system-related biomarkers in the body."*

At present, blood immunoassays, lymphocyte function
examination and cytokine detection are the main methods
for clinical detection of immunity in the body. Blood
immunoassays include two main parts: immunoassay and
serological examination. Immunoassays check the patient's
antibody levels and immune cells. Serological tests involve
measuring a variety of specific elements and indicators in the
serum to assess a patient's immune system status. These
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fluorescent probes in monitoring immune system-related diseases and their treatments.

indicators can reflect the overall condition of the patient's
immune system.'” Although effective, these methods suffer
from low sensitivity and tedious preprocessing, and cannot
reflect the immune system status of the body in real time."®
By contrast, molecular imaging technologies including
fluorescence imaging (FLI), magnetic resonance imaging
(MRI), computed tomography (CT), and ultrasound imaging
(USI) have shown higher sensitivity and real-time imaging
ability for the study of immune processes."” In particular, FLI
based on small-molecule probes has been the most
important approach for in vivo real-time immune imaging,
owing to its high spatiotemporal resolution, being a non-
invasive detection method, low cost, and minimally toxic.'®"’
In addition, small-molecule probes can also be easily
designed to be always-on, turn-on, turn-off and other
different types of probe by regulating the fluorescent
molecular structure to meet the evaluation needs of different
immune processes.””*! Therefore, a large number of small-
molecule fluorescent probes with distinct photophysical
properties have been developed to date for in vivo study of
the immune system.>*>® Furthermore, researchers have also
constructed some small-molecule fluorescent probes with
excellent photodynamic and photothermal properties, which
display great potential for the early diagnosis and
intervention in immune abnormalities.

In this review, we will focus on advances in the use of
organic fluorescent molecules to detect key biomarkers in
various immune disorders (Fig. 1). First, we briefly introduce
the abnormal immune processes and related in vivo diseases,
and give an overview of the related intervention methods and
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Fig. 1 Organic fluorescent probes can be used to image abnormal
immune processes.

their efficacies. Then, we summarize the chemical structures
of recently developed organic fluorescent probes and
highlight their bioimaging and biosensing applications in
abnormal immune processes and their treatments. Finally,
we look at the current challenges and opportunities for the
use of organic fluorescent probes in immune system related
research, including in the early clinical diagnosis of immune
diseases, imaging-guided interventions, and the prediction of
treatment outcomes.

Probes targeting signaling molecules
in abnormal immune processes

Immune homeostasis, which maintains the normal function
of the body, involves complex mechanisms and both large
signaling molecules (such as proteins, nucleic acids,
polysaccharides, etc.) and small signaling molecules (such as
reactive oxygen species, biological mercaptans, etc.)."* When
immune homeostasis is disrupted, the content and activity of
signaling molecules change, triggering a downstream cascade
that ultimately promotes the development of disease (tumor,
inflammation, rejection).”?” Timely monitoring of these
signaling molecules (especially enzymes and small molecules)
with organic fluorescent probes/dyes can provide immune
system information earlier and more accurately, which is very
important for the early diagnosis and intervention in
abnormal immune function.

Sensing of enzymes in abnormal immune processes

The dominant stromal cells in the tumor microenvironment
(TME) are cancer-associated fibroblasts (CAFs) which
promote the immune escape of hepatocellular carcinomas
(HCC) by secreting fibroblast activation protein-o. (FAPa).>*°
Thus, monitoring the expression of FAPa can be used for the
study of the immune escape of tumors. For example, in 2012,
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Fig. 2 (a) The mechanism by which Cy-FAP recognizes fibroblast
activation protein (FAP). (b) Schematic diagram showing the
mechanism underlying how CAFs promote the immune evasion of
HCC. (c) 100 pL of a 50 uM Cy-FAP PBS solution (pH = 7.2-7.4) and
100 pL of 80 uM dihydroethidium (DHE) were administrated to
orthotopic mouse models of HCC after treatment with saline (control),
TGF-B (CAFs), ITD-1 (ITD-1), PT-100 (PT-100) and NAC (NAC). (d)
Western blot analysis of JAK2, p-STAT3, PD-L1 TNF-a and IFN-y in
mice. Copyright© 2023 Elsevier B.V.
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Cheng et al. designed the probe ANPgp by linking a near-
infrared dye (Cy5.5) with a quencher dye (QSY21) via a short
amino acid sequence specific to FAPa cleavage (KGPGPNQC)
(Fig. 2a).*" Due to effective fluorescence resonance energy
transfer (FRET) between Cy5.5 and QSY21, the NIR
fluorescence signal was significantly elevated after cutting
the amino acid sequence with FAPa in vitro and in vivo. With
this probe, the author realized high-contrast differentiation
of C6 (glioma cells) tumor cells and U87MG (malignant
glioma cells) tumor cells via detection of FAPa. Also, this
result indicated that U87MG tumor cells, with a higher
expression of FAPa, may exhibit more serious immune
escape, thus inhibiting the immune clearance ability of the
body and promoting the development of malignant brain
glioma. In 2022, to achieve the effective diagnosis and
treatment of melanoma (a serious tumor that threatens both
life and health) at the same time, Nie et al. developed a novel
organic fluorescent probe, CV-FAP, which contained a highly
specific recognition unit (Z-Gly-Pro) and the red light-
emitting fluorophore cresol violet*” (Fig. 2a). Using CV-FAP,
the authors not only realized the ultrasensitive detection of
endogenous FAPa in living cells and in melanoma mice, but
also obtained significant antitumor activity by activating an
immune process in melanoma cells and tumor-bearing nude
mice (inhibiting tumor growth by more than 95%). Recently,
via an in situ fluorescence imaging strategy using probe Cy-
FAP, Tang et al. found that, in an orthotopic mouse model,
FAPa secreted by CAFs can cause drastic changes in the
reactive oxygen species (ROS) in mice® (Fig. 2c). High levels
of ROS production can lead to upregulation of PD-L1, down-
regulation of TNF-a and IFN-y, and promote the degree of
immune escape of HCC (Fig. 2b and d). These results further
verified that FAPo plays an important role in tumor immune
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escape, which is crucial for a deep understanding of FAPa as
an immune upregulation indicator of malignant tumors
(Fig. 2b).

In contrast to CAFs, another immune abnormality, an
inflammatory response, is primarily associated with the
upregulation of the matrix metalloproteinase (MMP) and
cathepsin families in macrophages.*® Therefore, it is useful
to assess the degree of immunity by monitoring the
expression of these enzymes in inflammatory responses.*® In
2006, Weissleder et al. designed and synthesized a FRET
probe, NIRF-MMP, based on Cy5.5 and a quencher.’® The
linker in the probe is GGPRQITAG, a peptide substrate for
MMP-2 and MMP-9 that targets overexpressed MMP-2 and
MMP-9 in atherosclerosis. In the atherosclerosis model, the
fluorescence signal of NIRF-MMP overlaps highly with the
macrophage-specific marker (Mac3) signal, which strongly
supports the development of arterial plaque through the
secretion of MMP2/9 by macrophages. Similar to MMP
enzymes, a large number of FRET organic fluorescent probes
have been designed to detect the cathepsin released from
macrophages in inflammatory responses. For example, in
atherosclerosis, Weissleder et al. developed a probe, NIRF-
CatK, with the GHPGGPQKC sequence as a linker which
cathepsin K(CTSK) can specifically cleave.’” NIRF-CatK was
able to detect the high CTSK activity associated with elastin
fiber breakage and massive macrophage infiltration in an
experimental mouse model of atherosclerosis. It is
noteworthy that NIRF-CatK also detected high cathepsin K
activity in fresh human atherosclerosis samples, indicating
that cathepsin K is closely associated with the immune
processes related to inflammation. In addition to the above
targets, researchers also designed fluorescent probes based
on a FRET strategy for the detection of MMP12, MMP13, etc.,
and used them in inflammatory immune responses involving
macrophages.”® However, one limitation of these FRET
probes is their inherently large molecular weight, which is a
challenge for the synthesis and fast imaging of metabolic
rates.*

In addition to the involvement of macrophages, T
lymphocytes (CTLs) and natural killer (NK) cells also play an
important role in hyperimmune responses during
inflammation.** In these two cells types, the granzymes,
including granzyme A and granzyme B (GrA and GrB), are the
main biomarkers for evaluating the degree of immunity.***"
At present, organic fluorescent probes have been effectively
explored in autoimmune hepatitis (AIH), which is a classic
activated T cell involvement process. For example, in 2022,
Pu et al. designed and synthesized an organic small molecule
polymer platform (APNg) for real-time monitoring of
overexpressed GrB in AIH mediated by concanavalin A (Con-
A).*? The platform consists of three parts: (1) a protease-
reactive peptide brush; (2) a cascaded self-immolative linker;
and (3) a caged fluorophore unit with a renal clearance
moiety and/or a targeting moiety. Using this probe, they
observed that, compared with mice in a saline-fed control
group, the immunosuppressant group treated with
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cyclosporin A or the severely immunodeficient groups
showed high fluorescence signals in the liver and kidney.
This result demonstrated that APNg can be used to monitor
immune diseases mediated by activated T lymphocytes in
real time and is consistent with clinical/preclinical measures
(ALT, AST, TNF-a, IFN-y, IL-2 and IL-6, etc.).

As a stable and superior organic polymer fluorescence
platform, APNg can not only monitor the immune response
in autoimmune hepatitis, but also evaluate more complex
substantive organ transplantation.*”  Orthotopic liver
transplantation is the only option for patients with end-stage
liver disease. However, allograft rejection remains a major
complication after transplantation. Pu et al. used dark agouti
(DA) rats and Lewis rats as donor and recipient, respectively,
for allograft orthotopic liver transplantation. Compared with
different control groups, APNg was specifically activated only
in the graft liver, producing CyCD and entering the urine
through the kidney. In addition, immunofluorescent staining
showed that CyCD signaling in the liver was observed 3 days
after transplantation, which coincided with the time when
APN; showed a significant difference signal in the urine.
These results suggest that GrB, an enzyme biomarker in the
process of immune abnormalities, can provide good
information about liver transplantation rejection, thus
inspiring rejection monitoring in other transplantation
procedures. Clinically, kidney transplantation is much more
common than liver transplantation.*® In 2023, Pu et al.
designed probes, AMProy and AMProy, based on
polycyclodextrin-modified HD dyes to monitor acute rejection
mediated by neutrophils and activated T cells after renal
related immune diseases, respectively** (Fig. 3a). Both
neutrophil elastase (from neutrophils) and granzyme B/GGT
(from cytotoxic T cells) were significantly upregulated in
allogeneic renal transplantation compared with allograft
renal transplantation (Fig. 3e). By using AMProy and AMPror,
researchers could clearly see that the innate immune
mechanism occurs earlier than the specific immune process
in renal autoimmune diseases (Fig. 3b). It is worth
mentioning that AMpro-based urinalysis not only detected
the onset of acute renal allograft rejection (ARAR) 1 day
earlier than histological injury, but also had the highest
sensitivity of all detection methods (Fig. 3¢, d and f). Similar
to complex substantive organ transplants, skin graft rejection
also needs to be monitored in real time. Earlier, in 2018,
Gabriel A. Kwong et al. visualized overexpressed GrB in skin
grafts using an organic nano fluorescent probe X.** X
contained three parts: iron oxide nanoparticles (IONPs);
polyethylene glycol (PEG); and the best Iytic peptide of GrB
(AIEFD|SG). The probe is sensitive to GrB cleavage, which
cannot cross-cut by the clotting and complement cascade,
and cannot promote complement activity. Compared with the
homologous allograft mice, the allograft mice showed a
strong fluorescence signal at the skin graft site, and this
signal difference was also observed in subsequent bladder
and urine imaging. This organic fluorescent tool provides
highly sensitive and specific non-invasive detection of the

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sd00259d

Open Access Article. Published on 14 November 2023. Downloaded on 3/6/2026 7:14:41 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Sensors & Diagnostics

View Article Online

Tutorial review

(a) GGT- GzmB-
responsive responsive
NE-responsive Moiety Moiety Mojety
|
NIRF : ' o
Signalling < N o 3 N N o HO ON(E‘»ON i N & HO ON“
Moiety < ] ré F " 0 -
NN o e wN NN y - N NN wd NN
N oW N 4 :}J’ N 3 . J AN > X !3.” N
Ly —= -,
Renal - "N/‘ w NE - o L™ o GzmB Q -, GGT O g =
Cloarance| SIS <2 + e . B 5 55 3 Bs =
Moiety A S 0.o BCag oo™ ™ Lo S e FA S N A S R
AMPron CcCcD AMPror CcCD
OFF NIRF (ON) N OFF
(b) (C) AMPro;
87 HiH:
i. Anti-GBM ii. Neutrophil iii. T cell-mediated §7 | R e
binding infiltration hypersensitivity 3 § 1
——— T £
b e b b 1 iz
- IS 25
Nt o o i
v A % 9 W) & zZ<
o Ot P T~y
e e e R {L O O T 6oy Tame (doys)
' 3 e
T Capillary E cD8* ( ) Isogeneic renal transplant Allogeneic renal transplant .
Glomerular  endothelial cDa T ® Time (days)
basement cell 7, A\ 1 \ AMPro, AMPro; .
oo N Q)T € 59 & s 0 | NI
@ g \ @ CsA S - - w0 geor == .. - -"mog
s g |t = t
APC 47 ' N Lymph node BALB/G BALB/C csTHUe BALBA E Alograft - i feo Z
. § 40{ [ AtogratTaceo i - [ &
Allogeneic renal transplant LPS-induced tissue g as: =2 W [eo 3
with Tacrolimus treatment inflammation £ | s . H b |8
- ° H 13 F hs ¥ lao 8
Y g ) 21 oo M| Bl |l [ sl oo i3
A ) | L sh, R bl g gt ns. ng[20 2
¥ )4 . % § - Sl g
= Drinalva: - - TR P S S T B S
£ Urinalysis L R Postoperative time (days) Postoperative time (days)
Fig. 3 (a) Chemical structures of AMProy and its activated form, CCD, after activation by neutrophil elastase, and AMProy and its activated

form, CCD, after sequential activation by GrB and GGT. (b) Schematic illustration of how the AMPro probes detect the infiltrating neutrophils
and CTLs via NIRF signal activation in an antiGBM-induced murine nephritis model. (c) NIRF intensities of kidneys in living mice t = 60 min
after i.v. injection of AMProy and AMProy at different drug post-treatment time points (1, 2, 3, 4 or 5 days). (d) Representative confocal
fluorescence microscopy images of regional kidney slices from mice i.v. injected with AMProy and AMPror at different drug post-treatment
time points (0, 2, 3, 5 days). (e) Schematic illustration of established murine models, including isogeneic or allogeneic kidney transplant mice,
allogeneic kidney transplant mice pre-treated with Tac, and LPS-induced tissue inflammation. (f) Relative NIRF enhancement of activated CCD
in mice urine 6 h after injection of AMProy, AMProy (6.5 pmol kg’1 bw) for different treatment groups as compared to control. Copyright©

2023 Wiley-VCH GmbH.

occurrence of acute rejection reaction (ACR), avoids
secondary damage compared to the conventional gold
standard of ACR (invasive biopsy), and dynamically monitors
the effect of immunosuppressive drug therapy.

Sensing of small molecules in abnormal immune processes

In addition to aiding the monitoring of fluctuations in
enzyme levels, small molecule active substances such as
ROS and reactive sulfur species (RSS), etc., are also very
important indicators of immune homeostasis.**™® It is
well known that there is a high level of ROS and RSS in
the tumor microenvironment, which pose a threat to the
survival of immune cells.” In addition, the abnormal pH
environment also affects the secretion and activity of
relevant signaling macromolecules.*” In 2021, Zhao et al.
synthesized a ratio type near-infrared photoacoustic probe
APSel which can be activated by selenol (a type of RSS) to
detect relevant AIH processes.”® The probe was composed
of a near-infrared cyanine dye and a selenol-responsive
group bis (2-hydroxyethyl) disulfide (Fig. 4a). The
selenium-sulfur exchange reaction between APSel and
selenol (Sec was used here) caused the release of the
responsive group in the APSel molecule, which resulted in

© 2024 The Author(s). Published by the Royal Society of Chemistry

a blue shift of the PA spectrum peak from 860 nm to 690
nm (Fig. 4b and c). Using this probe, disease development
was successfully monitored in a ConA-induced AIH mouse
model by tracking changes in selenol levels (Fig. 4d-f).
Although the pathogenesis is still unclear, studies have
shown that oxidative stress is a significant feature of
rheumatoid arthritis (RA). During RA, macrophages are
stimulated by pathogens and their peroxidase (MPO) is
secreted into the phagosome and catalyzes HOCI
production.”® Therefore, there has been a lot of work on
the early detection of RA with HOCI as the target. In
2017, Yi et al designed FDOCI-1 based on a new
deformylation reaction.”® The absorbance of FDOCI-1 at
664 nm was increased by 577 times and the fluorescence
intensity at 686 nm was increased by 2068 times after the
addition of 2.5 equivalents of HOCI (Fig. 5b and c). This
is undoubtedly very advantageous for fast and high
contrast imaging of RA. Compared with the control group,
the arthritic area in RA mice rapidly showed intense
fluorescence in the near infrared range within 5 s
(Fig. 5d and e). These findings show for the first time
that FDOCI-1 can detect arthritis-dependent HOCI
production in the body using fluorescence imaging.
Compared with NIR I, the NIR II organic fluorescence

Sens. Diagn., 2024, 3, 28-39 | 31
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Fig. 4 (a) Schematic diagram of the reaction of the APSel probe with
Sec. (b) Principle of ratiometric PA detection of Sec. (c) PA spectra of
APSel solution in the presence or absence of Sec. (d) Schematic
illustration of the monitoring of the pathological progression of AlH
using the PA probe. (e) Representative ex vivo PA images of isolated
livers from mice under different conditions. (f) The changes in the
APAgoo/APAgeo value in the livers of mice under different conditions.
Copyright© 2021 The Royal Society of Chemistry.

probe has the advantages of minimizing self-fluorescence,
higher spatial resolution and deeper body penetration,
which is very favorable for the early diagnosis of RA. In
2021, Xiong et al. developed a new water-soluble “OFF-
ON” NIR-II fluorescent probe, PTA, for tracking and
imaging HCIO in RA> (Fig. 5a). PTA responds quickly to
HCIO and turns on strong NIR-II fluorescence within 30 s,
which is undoubtedly beneficial for detecting the early
accumulation of HCIO in RA. In particular, PTA was able
to sensitively and rapidly visualize endogenous HCIO in
inflammatory RA mouse models by utilizing NIR-II
fluorescence. In addition to HCIO, ONOO™ is also an
overexpressed signaling molecule during RA development
that is directly involved in tissue damage in patients with
RA. Therefore, in 2022, Ding and Zhang et al. designed
and synthesized a near-infrared fluorescent probe, Lyso-Cy,
based on CS dyes that responded sequentially to pH and
ONOO™ (ref. 54) (Fig. 5a). Due to the lower pH (4.5-5.5)
in the lysosome, the helical ring opens when Lyso-Cy
enters the cell, producing a significant near-infrared
emission at 745 nm. Further, the strong oxidation of
ONOO' leads to the breaking of the carbon-carbon double
bond, and the reduced conjugate skeleton leads to a blue
shift of the emission wavelength. This double-reactive
receptor was shown to be suitable for mouse models
experiencing RA with a proportional response.

32 | Sens. Diagn., 2024, 3, 28-39

View Article Online
Sensors & Diagnostics
Yo ¢
a 4 N'(\’o}
N N }-o’ﬁﬁ 44
ISA® s L&
" N & ® PTA
2 b s

Ll v .
< LI

&,  FDOCI-1

ouM

°
N

0.0
450 500 550 600 650 700 750
20s 30s 40s 50s

Fig. 5 (a) Structures of the HOCI probes. (b) Fluorescence and (c)
absorption spectra of FDOCI-1 (10 mM in 10 mM PBS, pH 7.2) in the
presence of different concentrations of HOCL. (d) In vivo images of the
mouse model of arthritis. Colour changes observed by the naked eye
more than 2 min after injection of FDOCI-1 and 0-50 s after injection
of FDOCI-1. (e) Fluorescence images taken 1-10 s after injection of
FDOCI-1. Copyright© 2018 The Royal Society of Chemistry.

Probe for signaling molecules during
abnormal immune function treatment

Abnormal immune processes can seriously affect life and
health, so timely and reasonable interventions (such as
immunotherapy and immunosuppressant drugs) are very
important. Tumor immune interventions include immune
checkpoint blockers, adoptive cell therapy, etc., while
immunosuppressants are mainly used for hyperimmune
responses (transplant rejection, autoimmune disease, etc.).>
To date, organic fluorescent probes have been used for
therapeutic evaluation by monitoring enzymes and small
molecules associated with the intervention.

Sensing of enzyme in abnormal immune function
intervention

GrB, an important serine protease in the immune process,
has received extensive attention®®>° because it can induce
caspase-dependent and independent apoptosis in target cells,
and it can directly act on death substrates producing
cytotoxic effects.®*™®® Therefore, to achieve efficient killing of
malignant tumor cells, a variety of ways to stimulate the
expression of granzyme B have been adopted by
researchers.®® At the same time, many high-performance
fluorescent probes have also been developed to monitor GrB
expression during this process and guide tumor treatment.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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B16F10

Fig. 6 (a) GrB-mediated fluorescence activation allows direct
visualization of the T cell activity in the tumor and can be used to
distinguish between immune-responsive and poorly responsive
tumors. (b) Schematic representing GNR treatment schedule and

animal imaging timeline. (c) Representative bright-field and
fluorescence images of MC38 (dotted oval) and B16/F10 (solid oval)
tumors in mice from different GNR treatment groups. (d)

Representative NIR fluorescence image of excised MC38 and B16/F10
tumors after a single dose of aPDL1-GNR treatment on day 14 after
tumor inoculation; tumors were excised after 48 hours of treatment.
(e) Quantification of fluorescent signal from (d). (f) Representative
confocal images of cross section of excised MC38 and B16/F10 tumors
from different treatment groups. (g) Western blot analysis shows
expression of GrB and cleaved caspase-3 in representative B16/F10
and MC38 tumors from different treatment groups. Copyright© 2020
Science.

In 2020, Ashish et al. designed a delivery imaging system
(GNR) that can simultaneously deliver immunotherapy drugs
and track the activity of T-cell-mediated GrB in real time.®
GNR consists of three parts: a PIMA polymer backbone, anti-
PD-L1 immune checkpoint antibodies conjugated to PEG
linkers, and a NIR FRET pair conjugated on either side of a
GrB peptide substrate (-IEPD-). Synchronous spatiotemporal
distribution of fluorescence signals for monitoring and
treatment can be obtained by delivering PD-L1 inhibitors and
GrB-activated probes through this single nanocarrier
(Fig. 6a). GNR was able to distinguish between responsive
and non-responsive tumors in mice flanked with MC38
(colorectal adenocarcinoma cells) and B16/F10 (melanoma
cells) cells (Fig. 6b). Only MC38 tumors treated with aPDL1-
GNR showed obvious fluorescence signals, indicating that
PD-L1-mediated immunotherapy can effectively improve the
infiltration of CTL cells in MC38 tumors and release more
functional GrB (Fig. 6¢c-g). This result confirms the reliability
of activated GrB imaging as an early detection immune
checkpoint inhibitor and can be used for longitudinal
imaging of immunotherapy responses.

Similarly, immune checkpoint blockers for CTLA-4 have
also been developed to remove the effects of T cell
inhibition.®® In 2022, Rao et al reported a bioluminescent
probe (GBLI-2) for noninvasive, real-time, longitudinal
imaging of GrB activity in tumors receiving immune
checkpoint inhibitors (PD-L1 and CTLA-4).” GBLI-2 was
evaluated for imaging the dynamics of the GrB activity and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) BALB/c mice bearing CT26-Luc+ tumors are treated with
checkpoint inhibitors (anti-PD-1/ CLTA-4 antibodies) to block the
inhibitory signaling toward cytotoxic T lymphocytes during both the (1)
priming and (2) effector phases to induce a systemic immune response
and release granzyme B to kill cancer cells. (b) In responders, the
discharged granzyme B from CTLs cleaves the GBLI probe to generate
free luciferins, which will be processed by firefly luciferase in CT26-
Luc+ cells to emit bioluminescence. (c) Scheme showing the
rechallenge experimental design to evaluate the immune memory
effect in vivo. (d and e) Dynamic BLI images of rechallenged mice with
CT26-Luc or 4Tl-Luc cells taken after 6 days. Copyrighto 2022
Elsevier Ltd.
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predicting the therapeutic efficacy in a syngeneic mouse
model of CT26 murine colorectal carcinoma (Fig. 7c).
Notably, GBLI-2 successfully evaluated immunotherapy
memory effects by not intervening at 100 days after co-
treatment with PD-1 and CTLA-4, re-establishing
subcutaneous tumors at 110 days, and monitoring tumor
immunity and tumor growth again (Fig. 7d and e).

In addition to classical PD-L1/CTLA-4
checkpoint blocking therapy, adoptive cell immunotherapy
can also be evaluated with a GrB-activatable organic
fluorescent probe.®®®® In 2020, Marc Vendrell et al. reported
a GrB-specific probe, probe 1, based on phenoxydioxane
chemiluminescent groups that have a higher signal-to-noise
ratio against GrB compared to commercial
fluorescent probes (coumarin-structured)’® (Fig. 8a-c).
Further, the probe was used to visualize the adoptive NK
cell recognition of tumors in a preclinical mouse model
(Fig. 8d and e).

The organic optical probes designed by Rao and Marc
et al. demonstrate highly sensitive detection capabilities, but
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and Ac-IEPD-AMC (blue bars, 25 mM) were independently incubated with
GrB (20 nM) in aqueous buffer at 37 °C. (d) Representative in vivo
chemiluminescence images of NSG mice containing MDA-MB-231-
xenograft tumors where NK-92 cells were adoptively transferred. (e)
Quantification of chemiluminescence emission for each condition
displayed. Copyright© 2021 Wiley-VCH GmbH.

have limitations for the long-term imaging of complex
immune interventions in vivo due to the short wavelength,
low energy, and short lifetime of the bio-chemiluminescence.
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Representative NIRF images of 4T1 tumor-bearing mice after i.v.
injection of CyGbPF or CyGbPP (10 umol kg™ into the mice treated
with different immunotherapeutics. (e) Representative confocal
fluorescence images of tumor sections of immunotherapeutic-treated
mice at the end of real-time tracking. Copyright© 2020 American
Chemical Society.
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Fig. 10 (a) Pictograms of solutions of compound 9 (50 uM) in the
absence (left) or presence (right) of hGrA under 650 nm excitation. (b)
Increase in fluorescence of compound 9 (20 pM) after incubation with
different proteases (all at 20 nM) at 37 °C for 60 min. (Inset) Chemical
structure of commercially available Z-FR-AMC. (c) Enhancement of the
fluorescence of compound 9 and Z-FR-AMC (both at 20 pM) after
incubation with hGrA (20 nM) in Tris buffer (pH 8) at 37 °C for 60 min.
(d) Chemical structure of compound 10. (e) Fluorescence emission
signals (lexc: 680 nm) from two independent experiments including
sera from septic mice incubated with compounds 9 and 10 (both at 20
nM, left panel) and spleen lysates from infected wild-type (WT) mice
and infected GrA knock-out mice after incubation with compound 10
(20 nM, right panel). (f) Representative histograms from flow
cytometric analysis of EL4 cancer cells before and after co-culture
with CD8+ T cells and incubation with compound 10 (2.5 uM). (g)
Representative snapshots of time-lapse fluorescence microscopy of
live cocultures of CD8+ T cells (red, counterstained with
CellTrackerTM Orange) and EL4 cancer cells (yellow arrow) where GrA
(compound 10, magenta, 3 uM) and GrB (probe H5, green, 2.5 pM)
activities were monitored upon antigen-driven interaction. Copyright©
2022 Wiley-VCH GmbH.

In 2020, Pu et al designed renal-clearable near-infrared
fluorescent probes (CyGbPg and CyGbPp) based on classical
HD dyes that can evaluate the intervention effects of multiple
immune-activating drugs online/offline over a long period of
time (24 h)”* (Fig. 9).

In addition to GrB, the importance of GrA in the
immune process has also been gradually gaining more
attention from researchers.”> In 2023, Vendrell et al
reported the rational design of near-infrared fluorescent
substrates for human GrA and mouse GrA.”> By screening
stable p-aminobenzyl alcohols in the physiological
environment, the tetrapeptide sequence (Ac-Ile-Gly-Asn-Arg)
was connected with HD dye to obtain probe 9 (Fig. 10a).
Encouraged by the high performance of the response of
probe 9 to GrA (Fig. 10b), Marc et al. used probe 10 (rat
GrA) for real-time multiplex imaging of granzyme activity
in the co-culture of cancer cells and adaptive immune
cells (Fig. 10d). Real-time images showed an almost
simultaneous burst of activity of both enzymes in EL4
cancer cells, suggesting that CTLs can stimulate the
activity of GrA and GrB in response to antigen-driven
recognition (Fig. 10f and g). This suggests that monitoring
GrA fluctuations in tumor immunotherapy is also
important.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fe?*, 7: Ca?*, 8: A", 9: Fe®*, 10: Mg?*), ROS (11: HO., 12: O,", 13: '0,, 14: H,0,, 15: ClO", 16: ONOO"), RCS (17: formaldehyde, 18: ascorbic acid,
19: methylglyoxal), and RSS (20: Cys, 21: GSH), and NO (22). (d) Confocal images of M2 phenotype RAW 264.7 cells treated with IBI (1 ug mL™) or
PLX (1 ng mL™) for different time intervals and stained with BDP3. Images (d) and quantitative analysis (e) of the relative fluorescence intensities of
4T1-bearing mice following different treatments and compared with control groups. Copyright© 2023 American Chemical Society.

Sensing of small molecules in abnormal immune function
intervention

In the course of abnormal immune function treatment,
although granzymes (mainly GrB) are the specific enzymes
used for evaluating immune response,’* some small
molecules can also provide a wealth of immune system-
related information.””

Immunomodulation of tumor-associated macrophages
(TAMs) from a protumorigenic phenotype (M2) to an
antitumorigenic phenotype (M1) is crucial in macrophage-
targeted immunotherapy.”® Compared with M2 macrophages,
M1 macrophages have a higher level of NO. In 2020 and
2023, Ashish Kulkarni and Gao et al. designed probes NO-NR
and BDP3 for monitoring NO in M1 based on different
fluorescent  organic  structures.”””’® A hydrophobic
amphiphile, iCSF1R, occupies the spaces between the lipid
bilayer along with the NO imaging probe (DAF-2-DA), thereby
constituting an immunotheranostic system, iCSF1R-NO-NR.
The most significant enhancement of the fluorescence signal
was observed in the iCSF1R-NO-NR group in a mouse 4T1
breast cancer model. It is worth noting that DAF-2-DA can
also react with ONOO™ to emit high brightness fluorescence,
which is very unfavorable for accurately reporting NO
information in the TME. Moreover, the DAF-2-DA wavelength
is located in the visible region and is not conducive to the
long-term live imaging required for deeper penetration.
Compared to probe DAF-2-DA, BDP3 developed by the Guo
group not only specifically activates stable and sensitive
fluorescence of NO via a photoinduced electron transfer
(PET) process but also achieves a long emission wavelength
for efficient in vitro and in vivo imaging (Fig. 11a). As
reported by Guo et al., the response mechanism of BDP3 is
shown in Fig. 11b.”° The different effects on two clinically

© 2024 The Author(s). Published by the Royal Society of Chemistry

used immunotherapy agents further confirm the ability of
BDP3 to specifically monitor M1/M2 switches in macrophage
targeted immunotherapy responses (Fig. 11d and e).
However, BDP3 still failed to eliminate ONOO ™ interference
with its fluorescence signal (Fig. 11c), which needs to be
addressed further.

EEEEEE 111

Fig. 12 (a) Schematic illustration of the use of DCNP@786 s for
ratiometric NIR-Il fluorescent imaging for tracking NK cell viability
in vivo. (b) Ratiometric NIR-II fluorescence images taken1h,1d,3d, 5
d, and 11 d after NK cell transplantation. (c) Schematic illustration of
co-treatment of IL-2, IL-15, and IL-21 for enhancing NK cell viability in
an orthotopic HCC model. (d) Ratiometric NIR-Il fluorescence images
taken 1 h, 1 d, 3 d, 5 d, and 11 d after NK cell transplantation. (e)
Schedule co-treatment of IL-2, IL-15, and IL-21 for NK cell-based
immunotherapy. (f) Chemiluminescence images following different
treatments. (g) HE-, TUNEL- and Ki67-staining of tumor tissues
following different treatments. Copyright© 2021 Wiley-VCH GmbH.

Sens. Diagn., 2024, 3,28-39 | 35


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sd00259d

Open Access Article. Published on 14 November 2023. Downloaded on 3/6/2026 7:14:41 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Tutorial review

Table 1 Table showing full text of abbreviated nouns

Full name Abbreviation
Fluorescence imaging FLI
Magnetic resonance imaging MRI
Computed tomography CT
Ultrasound imaging USI
Granzyme A/granzyme B GrA/GrB
Concanavalin A Con-A
Dark agouti DA
Rheumatoid arthritis RA
Tumor-associated macrophages TAMSs
Matrix metalloproteinase MMP

In addition to directly imaging specific small molecular
markers of tumor-associated immune cells, labeling adoptive
NK cells with organic dyes to assess their active status and
therapeutic status can also be achieved by monitoring ROS
levels. In 2021, Song et al. developed a quantitative NIR-II
fluorescence imaging probe, DCNP, to quantitatively track
and visualize adoptive NK cell viability in vivo in real time®°
(Fig. 12a). The nanoprobe consists of lanthanide down-
converted nanoparticles coated with IR786s, a reactive oxygen
species (ROS) sensitive to near-infrared dyes, and labeled
directly with NK cells. During cell death, excess ROS was
generated in the NK cells, accompanied by degradation of
IR786s. Thus, the fluorescence signal of NIR-II was turned on
at 1550 nm under 808 nm excitation, while the fluorescence
signal was stable at 980 nm. The NIR II signal ratio of
activated DCNP correlates well with the survival of NK cells
in vitro and in vivo (hepatocellular carcinoma model)
(Fig. 12b). More notably, real-time monitoring by DCNP has
proved that the combined treatment of IL-2, IL-15 and IL-21
can improve the survival rate of NK cells and the efficiency of
cell transplantation in vivo, as well as the treatment efficiency
of orthotopic hepatocellular carcinoma (Fig. 12c-g).

Conclusions and outlook

Abnormal immune processes in the body often involve
complex pathways. Abnormal immune processes promote
tumor development, autoimmune inflammation, and acute
transplant rejection, which can be a serious threat to life and
health. The occurrence of these diseases is mainly mediated
by major macromolecular proteins such as serine protease
(granzymes),  cysteine  protease  (cathepsins), and
metalloproteinase (MMPs) and also by redox mechanisms.
Existing monitoring methods have some problems, such as
being invasive, time-consuming, and having low sensitivity.
Fluorescent dyes and probes can effectively play a role in the
monitoring of abnormal immune processes due to their
characteristics of giving data in real time, being non-invasive
and being highly sensitive. Thus, a well-designed fluorescent
probe can effectively monitor tumors, autoimmune diseases
and transplant rejection by the targeted detection of enzymes
and small molecules. In particular, cyanine dyes based on a
FRET strategy and semi-cyanine dyes (HD/CS) based on an
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ICT strategy are the most widely used designs of fluorescent
probes for the detection of immune-related signaling
molecules and have shown significant results in preclinical
models of tumors, immuno-inflammation, and transplant
rejection.

From the perspective of clinical immunology, immune
system abnormalities, which involve multiple disciplines
and occur in multiple populations, lead to multiple
diseases and serious consequences. Although a series of
basic studies have been carried out regarding early
diagnosis and treatment using organic fluorescent probes,
there are still many problems that need to be solved, such
as the penetration depth, bio-compatibility and biosafety of
the fluorescent materials. In addition to further improving
the performance of organic fluorescent materials, clear and
specific targets for immune processes are still lacking.
Combining chemical structure innovation with immunology
can create a new generation of sophisticated tools that are
more adaptable to medical technology and clinical settings,
facilitating the further development of precision medicine
(Table 1).
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