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Abstract

Cancer immunotherapy has attracted great attention as a potential therapeutic approach for advanced malignancies due to
its promising survival benefits. Comprehension of intricate interactions between the tumor microenvironment (TME) and
immune checkpoint inhibitors (ICIs) is crucial for optimizing and improving immunotherapies. Currently, several experimen-
tal strategies are available to monitor this complexity but most of them fail to facilitate real-time monitoring of the immune
response such as cellular phagocytosis and cytolysis. Consequently, the application of intravital imaging has been extensively
studied in the domain of cancer immunotherapy. Intravital imaging has been proven to be a powerful real-time imaging
modality that provides insights into intratumoral immune responses, cellular metabolic signatures, tumor vasculature, and
cellular functions. This review aims to provide a comprehensive overview of the latest research on intravital imaging in cancer
immunotherapy, especially addressing how intravital imaging sheds light on essential features of tumor immunity, immune
infiltrations, tumor angiogenesis, and aids in the clarification of underlying immunotherapeutic mechanisms. Moreover, a
variety of labeling tools, imaging windows and models for real-time visualizations of TME are also summarized. We will
also investigate the full potential of using intravital imaging to circumvent the limitations of currently available imaging
modalities, which hold promise to advent efficient immunotherapy for cancer patients.
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Abnormal imaging window

Tyrosinase related protein
Antibody-dependent cell-mediated
phagocytosis

Antibody-dependent cell-mediated
cytotoxicity

Anti-human epidermal growth factor
receptor 2

Anti-epidermal growth factor receptor
Anti-tyrosinase-related protein
Anti-colony stimulating factor 1
Cranial imaging window

Cytotoxic T lymphocytes
Anti-cytotoxic T lymphocyte-associated
protein-4

Complement-dependent cytotoxicity
C-C chemokine receptor type 2

Central nervous system

Clustered regularly interspaced short
palindromic repeats

Dorsal skinfold window chamber
Discosoma sp. coral-2-red fluorescent
protein

Dendritic cells

Dynamic in situ cytometry
Extracellular matrix

Enhanced green fluorescent protein
Enhanced cyan fluorescent protein
Enhanced yellow fluorescent protein
Fluorine-18 fluorodeoxyglucose positron
emission tomography

Follicular dendritic cells

Fluorescein isothiocyanate

Flavin adenine dinucleotide

Green fluorescent protein

Immune checkpoint inhibitors
Intravital microscopy

Kupffer cells

Label-free metabolic intravital imaging
Labeling immune partnership by sorting
intercellular contacts

Magnetic resonance imaging
Mammary imaging window
Monocytes

Mammary tumor virus-mammary gland
specific polyomavirus middle T antigen
Monoclonal antibodies

mCFP Cyan fluorescent protein

mYFP Membrane-targeted yellow fluorescent
protein

N Neutrophils

NIRF Near-infrared fluorescent

NAD(P)H Reduced nicotinamide adenine dinucleo-
tide (phosphate) hydrogen

NIR Near-infrared

0X40 Tumor necrosis factor receptor

OXPHOS Oxidative phosphorylation

PET Positron emission tomography

PD-1 Anti-programmed cell death 1

PD-L1 Programmed cell death ligand 1

PE Phycoerythrin

RFP Red fluorescent protein

SPECT Single photon emission computed
tomography

SHG Second harmonic generation

SCCHN Squamous cell cancer of head and neck

TME Tumor microenvironment

TILs Tumor-infiltrating lymphocytes

TAMs Tumor-associated macrophages

Treg Regulatory T lymphocytes

TAMs Tumor-associated macrophages

US Ultrasound
VEGF Vascular endothelial growth factor

Introduction

While there have been notable advancements in tumor
immunotherapy in recent years, we still have a poor under-
standing of how the immune system functions within the
intricate TME and how effectively harness immune cells
against different types of tumors. Current immunothera-
pies are only effective for certain patients and specific
cancers, highlighting the need for a comprehensive mech-
anistic understanding to enhance treatment efficacy and
develop new strategies. Various methods are available to
investigate these mechanisms. Techniques like manipulat-
ing specific immune cell types (e.g., using knockout mod-
els or antibody-based depletion) or genetically altering
tumor cells are commonly employed in preclinical mod-
els. For human cases, advanced technologies such as high-
dimensional flow cytometry or single-cell RNA sequenc-
ing are used to establish essential correlations and propose
potential mechanisms for further exploration [1]. How-
ever, most of these strategies have not directly tracked the
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immune reactions within tumors, such as cell—cell interac-
tions, intratumoral cell migration and signaling pathways.
Understanding how these dynamic events are influenced
by immunotherapies could reveal in vivo mechanism of
cancer immunotherapy and complement the inability of
in vivo immune cell tracking using macroscopic imaging
techniques such as positron emission tomography (PET),
magnetic resonance imaging (MRI), ultrasound (US)
imaging and single photon emission computed tomogra-
phy (SPECT) [2-5].

Fluorine-18 fluorodeoxyglucose positron emission
tomography ('*F-FDG PET) has become a widely used
technique for imaging immunotherapeutic efficiency in
clinical oncology, enabling earlier assessment of treat-
ment response and early detection of brain disorders [6].
Radiolabeled probes as a promising agent for targeting
immune biomarkers may help address some of the limita-
tions associated with tumor biopsies. These agents, imaged
using single photon emission computed tomography
(SPECT) or PET/CT, enable in vivo, real-time, and non-
invasive imaging of tumor biomarker expression as well
as immune responses to novel therapies. Notably, PET/
CT is a highly sensitive and quantitative imaging modality
that facilitates the evaluation of both primary tumors and
their associated metastases. Furthermore, PET/CT imag-
ing can be repeated at multiple time points, allowing for
the longitudinal monitoring of tumor responses. However,
nuclear imaging techniques are primarily constrained by
the use of ionizing radiation, limited spatial resolution,
and the capacity to detect only a single marker at a time
[7]. In contrast, hyperpolarized MRI, utilizing '*C-lactate
or 3C-pyruvate, has garnered considerable attention for
monitoring cancer progression and immunotherapeutic
response, owing to its enhanced sensitivity and multiplex-
ing capabilities. Despite these advantages, its application
remains limited by challenges in single-cell tracking due
to insufficient spatial resolution [7]. Intravital microscopy
(IVM) is a developed optical imaging technique that ena-
bles deep tissue imaging without the need for fixation or
sectioning. This method facilitates the examination of the
dynamic behavior of cells under both physiological and
pathological conditions in living organisms. Moreover,
this innovative technique offers significant potential for
immunotherapy research by providing new platforms to
investigate cellular responses to immune checkpoint inhib-
itors in vivo. As such, this study presents a comprehensive
analysis of the currently available IVM, in vivo imaging
window chambers and models. It also explores the poten-
tial of in vivo imaging to enhance our understanding of
tumor heterogeneity, tumor angiogenesis, the response to
immunotherapy, and immunosuppression. The application
of intravital imaging is anticipated to increase in response
to recent achievements in cancer immunotherapy.

Current available microscopes for in vivo
imaging

Tissues are heterogeneous in terms of their cellular and non-
cellular components, as well as the dynamic interactions
between these elements. To investigate the behavior and
fate of individual cells within these complex tissues, in vivo
imaging has been developed to visualize intact, living tissues
at cellular and subcellular resolution. The optical micro-
scope is the fundamental tool used in in vivo imaging, with
standard fluorescence microscopy commonly employed for
imaging tissue sections and conducting immunohistochemi-
cal analyses to diagnose disease and determine cancer types.
However, the laser scanning confocal microscope and two-
photon microscope are the primary tools for in vivo imaging
at high spatiotemporal resolution. Laser scanning confocal
microscopes generate high-quality images using point and
line scanning strategies and are primarily utilized to observe
cellular interactions and their associated three-dimensional
distributions. To meet the increased imaging speed required
for visualizing living cells, spin-disk confocal microscopy
was developed, significantly enhancing imaging speed while
maintaining image quality. Unlike conventional single-point
confocal scanning, spin-disk confocal microscopy employs a
multi-point, simultaneous scanning mode, centered around
a Nipkow turntable. This method is particularly effective
for imaging organs influenced by respiratory motion and
heartbeat-induced jitter. The two-photon microscope, on
the other hand, produces high-quality images with minimal
sample damage by reducing photon absorption, background
fluorescence, and photobleaching, while enhancing longi-
tudinal resolution. Consequently, it is highly valuable for
deep tissue imaging in in vivo settings. Collectively, these
three microscopy techniques enable the acquisition of real-
time, longitudinal, and three-dimensional images, providing
detailed insights into the dynamic behavior of immune cells
within specific tissue regions, including information of mor-
phology, movement, migration, and cell—cell interactions.
Such high-resolution spatiotemporal dynamic information
is crucial for understanding the participation of multiple cell
types in key events during immune responses. Therefore,
advancements in microscopy for in vivo imaging have signif-
icantly enhanced our understanding of the immune response.

Imaging windows and models

The main focus of cell and molecular biology research
has been the examination of cells in laboratory dishes and
the analysis of cellular constituents, such as genes and
proteins. Direct ex vivo labeling is an effective method for
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labeling immune cells and monitoring immune infiltrates
in vivo, whereas the use of reporter gene systems (e.g.,
fluorescence based) is in fact a constantly growing field
with application both in basic and preclinical research.
Researchers worldwide are now isolating various fluores-
cent proteins with different spectral properties, particularly
green fluorescent protein (GFP) and red fluorescent protein
(RFP) [8]. These commercially available fluorescent pro-
tein genes (i.e., GFP, Discosoma red fluorescent protein
(DsRed), YFP) can be used as reporters in the engineering
of transgenic animals and cell lines. They are driven by the
promoter of genes that are of interest. Tumor cells from
patients can be orthotopically or ectopically implanted into
immunodeficient mice, such as cell line-derived xenograft
models or patient-derived xenograft models, for the micro-
scopic study of antitumor immunity (Fig. 1). Transgenic
mice that are designed to spontaneously develop tumors,
such as B-cell lymphoma models in Em-myc mice [9] and
breast cancer models in MMTV-PyMT mice [10], have
been used for observing immune responses during tumor
formation. Therefore, fluorescent tracking techniques have
been integrated into targeted animal models to facilitate
the development of innovative imaging methods for spon-
taneously growing tumors.
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Intravital imaging has also been carried out in a variety
of anatomical organs in tumor-bearing mice, including the
lung, breast, brain, head and neck, skin, pancreases, liver,
lymph nodes, spinal cord and kidney (Fig. 2) (Table 1).
Imaging window chambers provide the opportunity to cap-
ture images of a single location at different times, thereby
offering valuable insights into the progression of a par-
ticular immune response within the same organ [11-16].
Figure 2 presents several cancer models and anatomical
imaging windows that can be used for intravital imaging
research. Mice aged 8 to 10 weeks were implanted with a
dorsal skinfold window chamber (DSC), abnormal imag-
ing window (AIW), or cranial imaging window (CIW),
mammary imaging window, heart imaging windows, lung
imaging window, pancreases imaging window, spinal
cord imaging window and head and neck imaging win-
dow (Fig. 2A-I). Cancer cells were injected under the fas-
cia and allowed to grow for ~ 1 week. Tumor growth was
monitored by intravital fluorescence microscopy and visu-
alization of vasculature color. Table 1 provides a summary
of different tumor models, anatomical sites, and types of
immune cells that have been the subject of studies on intra-
vital imaging.
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Fig.1 The diverse dynamic parameters of the TME that can be col-
lected utilizing intravital imaging. Superficial mammary and subcu-
taneous tumors can be observed using skinfold windows and mam-
mary imaging windows. These techniques have accelerated research
into the dynamics of angiogenesis during tumor growth; the immune
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response involving TAMs, CD8+T cells, Tregs, and DCs against
tumor cells; and the intravasation of tumor cells facilitated by cancer-
associated fibroblasts. This imaging technique has also enabled the
analysis and monitoring of cell division, cell motility, cellular interac-
tions, and phagocytosis event
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Fig.2 Window design and implementation. A Dorsal skinfold
chamber for the monitoring of cancer progression. B Heart imaging
windows; C Lung imaging window; D Cranial imaging window; E
Abdominal imaging window for intravital imaging of internal organs

Intravital imaging of dynamic parameters
within the TME

Reporter-labeled cancer cell lines are frequently trans-
planted into various imaging windows, such as AIW,
DSC, MIW, or CIW, to facilitate simultaneous multicolor
"rainbow imaging" of dynamic processes in living cells
both in vitro and in vivo (Fig. 1). An exemplary instance
of recent cell biology research involves the use of dual-
color fluorescence imaging. This technique entails trans-
planting tumors that express red RFP into transgenic mice
that express GFP [8]. Likewise, Yang.et.al transplanted
4T1_PB3R-RFP cancer cells into the skinfold window of
female BALB/c mice, which was subjected to intravital
imaging 1 week after tumor inoculation. The research-
ers successfully visualized 4T1_ PB3R-RFP cancer cells
(red) and second harmonic generation (SHG) for up to one
month (Fig. 5B). These models vividly reveal the details of
tumor-stroma interactions and immune responses, includ-
ing immune infiltration, tumor angiogenesis, intravasa-
tion, cell motility, apoptosis, and division (Fig. 1). There
are substantial ongoing investigations to visualize these
dynamic parameters via intravital imaging. For example,
Hoffman et al. developed a dual-color PC-3 human pros-
tate cancer cell line that stably expresses histone H2B-GFP
in the nucleus and Discosoma sp. Coral (DsRed-2-RFP)
in the cytoplasm [8]. Simultaneous dual-color real-time

including kidney, liver and spleen; F pancreases imaging window; G
spinal imaging window; H mammary imaging window; I head and
neck imaging window

fluorescence imaging enables the identification of cells
in different phases of the cell cycle by analyzing their
nuclear-cytoplasmic ratios. Live apoptotic cells have been
identified by their nuclear morphology. This dual-color
cell line facilitates the establishment of a mouse imaging
window for imaging apoptosis and the cell cycle in vivo in
real time [8]. Similarly, Jeffrey et al. utilized multiphoton
microscopy to demonstrate that tumor cell intravasation
is associated with perivascular macrophages in mammary
tumors. Additionally, they reported that perivascular mac-
rophages in mammary tumors are related to tumor cell
intravasation even without local angiogenesis [17]. These
preclinical studies support intravital imaging as a robust
tool for real-time visualization of dynamic parameters
within the TME.

Intravital imaging of immune components

The clinical success of cancer immunotherapy highlights
the significance of immune cell imaging, particularly non-
invasive techniques to evaluate the function and density of
T cells and TAMs to monitor the therapeutic responses [48,
49]. Therefore, there is an urgent need for the development
of new technologies for the in vivo visualization of immune
components during immunotherapy.
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Table 1 Anatomical sites, tumor models, tumor vasculature, immune and cancer cells utilized in intravital imaging studies

Window chambers

Anatomical sites Tumor model Cancer cells, immune cells and angiogenesis Window chamber References
Cranial CT2A and GL261 murine glioma TAM:s and tumor-associated vasculature CIW [16]
Murine calvaria bone marrow models Mo [18]
Murine encephalitis model, ETA T [19]
Heart Beating heart of ubiquitin-GFP mice leukocytes [20]
Lung Athymic NCR nude mice (nu/nu) Dual-color HT1080 and dual-color MMT [21]
cells
MCA-205 murine fibrosarcoma T [22]
4T1 murine breast cancer orthotopically N [23]
MacBlue mice B6 Tumor-associated vasculature Miniature vacuum-stabilized [24]
imaging window
Skin 4T1 murine breast cancer CD4+T cells, DC, TAMs DSC [25]
4T1 murine breast cancer TILs [26]
Mammary fat pad Orthotopic breast cancer Angiogenesis MIW [27]
4T1 murine breast cancer TAM:s and tumor-associated vasculature [28]
Female MMTV-PyMT/c-fms-EGFP mice TAMs and DC [29]
Pancreas Pancreatic cancer Tumor-associated vasculature DSC [30]
GFP-Kras®'?P_PDECs orthotopically DCs, CTLs, Tregs [31]
Colorectal cancer SL4 or CT26 murine colorectal cancer Mo AIW [15]
Ear Dorsal ear of the BALB/c mouse Vasculature of the ear dermis DSC [32]
C57BL/6 mouse ear dermal vasculature Vasculature of the ear dermis [33]
Liver Em-myc murine B cell lymphoma B, KCs [34]
C26 cell-injected spleens of BALB/c mice C26 cells AIW [35]
Lymph nodes Type I diabetic NOD mice Tregs [36]
B16.FO murine melanoma TAM, FDC, B [37]
Inguinal lymph node in the BALB/c mouse T and B AIW [38]
Kidney EL4 murine thymoma DC and CTL [39]
Spinal cord Transgenic mice expressing enhanced YFP ~ Axons and microglia Spinal cord imaging window [40]
(EYFP) in afferent axons
Type Application References
Transgenic mice Actb-EGFP C57BL/6 Visualization of immunomodulatory and inhibitory functions of hepatic sinusoidal [41]
endothelial cells
CDl1l1c-YFP Monitoring of the interaction between DCs and T cells [42]
OTI-DsRed/CFP/YFP
DPE-GFP TAMs-mediated resistance pathway in anti-PD-1 immunotherapy [43]
Cer2 —/—mice Immunosuppressive behavior of Ly6Clo monocytes [15]
C57BL/6-Tg (CAG-EGFP) 10sb/J Observation of antigen-containing microparticles [44]
Hu-Mouse The utility of humanized mice for testing naturally derived biomaterials [45]
WAP-Myc Monitoring of changes in the TME in a breast cancer model with spontaneous [46]
metastasis
Cxcr6 +/GFP Analysis of the infiltration process of lymphocytes [47]

Abbreviations: TAMs, tumor associated macrophages; Mo, monocytes; CIW, Cranial imaging window; N, Neutrophils; DSC, dorsal skin fold
chamber; TILs, tumor-infiltrating lymphocytes; AIW, abdominal imaging wind; DCs, dendritic cells; CTLs, cytotoxic T lymphocytes; KCs,
Kupffer cells; FDC, follicular dendritic cells; Treg, regulatory T lymphocytes; MMTV-PyMT: mammary tumor virus-mammary gland specific
polyomavirus middle T antigen; EYFP, enhanced yellow fluorescent protein; EGFP, enhanced green fluorescent protein; CFP, cyan fluorescent

protein; Ccr2, C-C chemokine receptor type 2

Immune checkpoint inhibitors (ICls)

Targets of ICIs include anti-cytotoxic T lymphocyte-
associated protein-4 (CTLA-4), CD40, anti-programmed
cell death 1(PD1), programmed cell death ligand 1
(PD-L1), lymphocyte-activation gene 3 (LAG-3),

@ Springer

ecto-5'-nucleotidase (CD73), CD47, CD24, tumor necrosis
factor receptor superfamily member4 (0OX40), and CD137
[46]. The 2018 Nobel Prize in Physiology or Medicine
was awarded to the scientists who discovered CTLA-4 and
PD-1. Inhibitors targeting PD-1, PD-L1, and CTLA-4 are
among the most successful clinical immunosuppressive
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therapies [50]. Yet, a major obstacle to immunotherapy is
that only a small fraction of cancer patients may respond
to ICIs. The highest response rate can be as high as 50%
in MSI-H tumors and melanoma, but it is less than 10%
in gliomas [51]. Moreover, there is no complete under-
standing of the dynamics of immunotherapies. Intravital
imaging has demonstrated that ICIs can greatly affect the
intratumor dynamics of TAMs and T cells. For example,
Yang.cet.al demonstrated that the engulfment of NAD(P)
HM CD47-AF488 + cancer cells by F4/80-PE macrophages
were imaged in a skinfold triple-negative breast cancer
model with time-course anti-CD47 mAb immunotherapies.
Such intravital imaging provides the first in vivo evidence
of CD47 blockade-mediated antibody-dependent cellular

phagocytosis (ADCP) (Fig. 3 and 5C-D). Lau et al. con-
ducted a study using intravital imaging in a mice mela-
noma model to observe changes in the morphology and
migration of CD8 + T cells before and after treatment with
anti-PD-L1. The results showed that CD8 4+ T cells at the
tumor edge exhibited Lévy-like movement with a signifi-
cantly higher movement rate compared to those near the
tumor tissue, optimizing their chances of encountering
tumor cells. After the anti-PD-L1 injection, the amount
of T cells in the tumor tissue increased while their move-
ment rate decreased sharply. Thus, this study underscores
the value of intravital imaging in understanding intratumor
T cell dynamics during anti-PD-L1 immunotherapy [52].
Another study of anti-CTLA-4 mAb immunotherapy in
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Fig.3 CD47 mAb binds to their CD47 receptor on tumor cells and
thereby induce the killing of these cells by complement-dependent
cytotoxicity as well as via macrophage medicated ADCP and NK
cells medicated ADCC, both of which require the interaction of Fc
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receptors on the effector cells with the Fc domain of the bound mAbs.
Many studies have shown that the interaction of CD47 on cancer
cells with SIRPa on macrophages serves to inhibit ADCP and ADCC
events
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Fig.4 The normal vascula-
ture, tumor vasculature, tumor
growth, and tumor angiogenesis
in the TME. A Tumor-bearing
skinfold chamber models; B
Tumor angiogenesis in tumor-
bearing skinfold models with
tumor cell transplantation; C
Cancer cells (green); D Pharma-
codynamics of imaging probe
in tumor vessels (yellow). E
Normal and tumor vasculature
in the skinfold window models g >
(red) g

ainje|noseA |ewION

24nje|ndseaA Jowny

4T1_PB3R-

CD4CD25+ F4/80-PE+

Treg cells

Fig.5 Intravital imaging of immune components. A Intravital imag-
ing of CD44CD25 +regulatory T cells in triple-negative breast
cancer models. B Overlap between 4T1_PB3R-RFP cells (red) and
NAD(P)H" cells (green). C Engulfment of NAD(P)H" (blue) and
CD47-AF488+cancer cells (green) by F4/80-PE+ macrophages
(red) were clearly observed, indicating macrophage-medicated ADCP
events. D Co-localizations between F4/80-AF488+TAMs (green)
and Dextran AF647 targeted TAMs were clearly visualized. E Label-
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free metabolic intravital imaging of NAD(P)H and FAD in TME
provides endogenous stromal and cancer cell contrast. Collagen was
visualized as fibrillar structures through second harmonic generation
(SHG). F Intravital imaging of CD11c-FITC +cells (green), NAD(P)
H" cells (blue), and 4T1_PB3R-RFP +cells (red). G Intravital imag-
ing of CD4-FITC+cells in skinfold triple-negative breast cancer
model
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4T1 and B16 cancer models seemed to enhance the overall
motility of CD8 + T cells, though the underlying mecha-
nisms remain unclear [53]. Arlauckas et al. performed
in vivo imaging to reveal that the Fc receptor on myeloid
cells significantly influences the efficacy of PD-1 inhibi-
tion [54]. They found that PD-1 antibodies transferred
from T cells to PD-1-negative tumor-associated mac-
rophages shortly after binding. This interaction occurs
between the glycosylated Fc region of the PD-1 antibody
and the Fc receptor on myeloid cells. Blocking the Fc
receptor significantly improved the therapeutic effects of
ICIs, suggesting that the Fc receptor is a critical factor in
the low response rate of PD-1 inhibitor treatments [54].

Tumor-targeting antibodies

Monoclonal antibodies (mAb) treatments have been widely
applied in clinical setting with better safety profiles and
robust successes in reducing tumor burden [55]. Tumor-
targeting mAb may pursue in several ways, including anti-
body-dependent cell-mediated cytotoxicity (ADCC) (Fig. 3),
complement activation, and inhibition of signaling pathways
[56]. Studies have reported the clinical use of anti-human
epidermal growth factor receptor 2 (anti-HER2) mAb, anti-
CD20 mAD and anti-epidermal growth factor receptor (anti-
EGFR) for targeting certain breast cancers, B lymphomas,
squamous cell cancer of head and neck (SCCHN), and colo-
rectal cancers. Several in vivo mechanisms of action have
been proposed for mAbs, such as ADCP (Fig. 3 and 5C-D),
complement-dependent cytotoxicity (CDC), and ADCC
[57]. Nevertheless, the specific mechanisms by which mAb
eliminates tumor cells in living organisms and the specific
anatomical areas where these mechanisms take place are
still unknown. Intravital imaging is a robust tool for address-
ing these issues. A recent study showed that three distinct
anti-EGFR mAbs, i.e., panitumumab, zalutumumab, and
cetuximab, were equally effective in opsonizing tumor cell
lines in vitro. In addition, all three mAbs promoted ADCP
in cancer cells via liver macrophages (KCs), as observed
through intravital imaging [58]. Another promising study
also identified the key mechanism of anti-CD20 treatment
as KCs medicated ADCP events in a spontaneous lymphoma
mouse model and established an experimental framework for
enhancing the therapeutic efficacy of mAbs [34]. Further-
more, the imaging of KCs revealed their ability to engulf
C26 colon carcinoma cells and B16 melanoma cells after
being treated with anti-EGFR and tyrosinase-related protein
(anti-TRP). This process effectively decreases the risk of
liver metastasis in animals [59]. Although numerous stud-
ies have addressed circulating tumors, the specific effects of
mAbs on tumors originating from lymphoid tissues have not
yet been investigated using intravital imaging.

Applications of intravital imaging in studies
on adoptive cell therapy

Adoptive cell therapy (ACT) has witnessed a rapid expan-
sion of novel therapeutic approaches in its immune-oncol-
ogy pipeline in recent years [60]. This growth is largely
attributed to the recent approval of chimeric antigen recep-
tor (CAR)-T cell therapies and their remarkable efficacy
in treating certain hematologic tumors. A central focus of
ACT is the genetic modification of T cells to enable them
to specifically target and eliminate tumor cells. Currently,
genetically modified T cells employed in ACT are either
engineered with a chimeric antigen receptor (CAR) or a
T cell receptor (TCR) for this purpose. While CAR-T cell
therapies have already been successfully applied into clinical
practice, their application to the treatment of solid tumors
remains challenging.

The integration of intravital microscope into CAR-T
immunotherapy for real-time monitoring of cellular dynamic
and treatment efficiency holds promise for overcoming these
obstacles. For example, Weigelin et al. visualized efficacious
CTL-mediated tumor cell killing by intravital live-cell two-
photon microscopy and demonstrated that the synergy of
adoptive T cell therapy and agonist anti-CD137 mAb con-
sistently achieved tumor eradication [61]. Mulazzani et al.
visualized the movement of anti-CD19 CAR-T cells and
non-targeted CAR-T cells within solid tumors in vivo using
the cranial window chamber model. Their findings revealed
that the infiltration of different CAR-T cell types into intrac-
ranial tumors was comparable following tail vein injection.
However, when directly injected into the brain, anti-CD19
CAR-T cells penetrated more deeply into the tumor paren-
chyma, whereas non-targeted CAR-T cells predominantly
localized at the tumor periphery [62]. Additionally, intravital
imaging was employed by Mastereo et al. to demonstrate
that effector T cells were more abundant around blood ves-
sels than in hypoxic tumor regions, implying that the nor-
malization of tumor vasculature may represent an effective
strategy to enhance the efficacy of CAR-T cell therapy [63].
In conclusion, intravital imaging serves as a critical tech-
nological tool for analyzing the processes and mechanisms
associated with the implementation of adoptive cell thera-
pies. The comprehensive, longitudinal data obtained through
this technique can reveal crucial insights into immune cell
functionality and offer valuable guidance for advancing the
understanding of immunotherapy mechanisms.

Targeting T cells
T cells are important effector cells for targeting tumors
and foreign pathogens and are responsible for periph-

eral tolerance to non-harmful antigens. T cell immunol-
ogy has received great attention due to the considerable
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effectiveness of cancer immunotherapy [64]. Many studies
have indicated that the accumulation of TILs is a powerful
prognostic factor for different types of malignancies and
responses to immunotherapy [48, 49]. It is hence crucial
to explain the in vivo behavior of T cells to comprehend
the pathologic underpinnings of diseases. For example,
Yang.et.al exploited the use of a mixture with CD4-FITC
and CD25-PE antibodies to target regulatory T cells (Treg)
with a high FAD (flavin adenine dinucleotide) signature in
a skinfold triple-negative breast cancer model, they found
that the main metabolic phenotype of Treg cells is oxida-
tive phosphorylation (OXPHOS) (Fig. 5A). Breart.et.al
discovered that tumor regression following the transfer of
in vitro-activated CTLs was primarily due to the direct
action of CTLs on individual tumor cells, with minimal
bystander effects. Unexpectedly, it took an average of 6 h
for a single CTL to kill one target cell, suggesting that the
slow killing rate inherently limits the efficiency of antitu-
mor T cell responses [65] (Table 2). Likewise, Mrass et al.
reported that CD44 plays a crucial role in stabilizing the
polarity of migrating cytotoxic T lymphocytes by anchor-
ing cytoskeletal proteins to the cell membrane at their uro-
pods [66] (Table 2). A melanoma animal model with resi-
dent memory CD8 + T cells in the epidermis showed that
T cell behavior is essential for sustaining cancer-immune
balance [67](Table 2). Therefore, the ability of intravital
imaging to visualize the timing, location, and mechanism
of tumor cell killing in vivo provides new insights into
how T immune effectors target cancer cells and how local
TMESs may evade immune responses.

Table 2 Intravital imaging of immune components

Targeting TAMs

Tumor-associated macrophages, originating mainly from
blood monocytes, represent the most abundant innate
immune population in the TME [68, 69]. TAMs can con-
stitute more than 50% of the tumor tissue mass, with their
presence being positively correlated with poor prognosis in
most cancers [70]. Macrophage migration is associated with
the advancement of various pathologies, such as cancer and
inflammation and is crucial for preserving tissue homeosta-
sis, preventing infections, and promoting tissue repair [68].
TAMs release inflammatory cytokines, creating a chronic
inflammatory environment that promotes tumor growth,
angiogenesis, lymphangiogenesis, immunosuppression,
tumor cell invasiveness, therapy resistance, and metastasis
[71]. Both preclinical and clinical studies demonstrate that
TAMs are polarized by the local tumor environment into
a protumoral phenotype [72]. TAMs promote tumor cell
invasiveness and aid in metastasis by escorting tumor cells
and establishing the premetastatic niche through extracel-
lular matrix (ECM) remodeling. Consequently, TAMs, like
T cells, have drawn great attention due to their predominant
abundance in solid tumors and crucial functions in tumor
progression [73, 74]. Longitudinal intravital imaging has
been extensively applied to track the dynamic activities of
macrophages. For example, Gerhardt et.al applied intravital
imaging to verify that macrophage depletion by anti-colony
stimulating factor 1 (anti-CSF1) mAb restores the function
and patterning of the tumor vasculature in mice glioma mod-
els (GL261 and CT2A) [16]. Similarly, intravital imaging

Animal model Application (Target cells) Contrast agents References
A model of spontaneous lymphoma B RFP [34]
4T1 and B16 cancer models CD8+T cells GFP [53]
EL4/EG7 subcutaneous tumor model CTLs A membrane-targeted mCFP [65]
or mYFP
A mouse model in which the adoptive transfer of in vitro- CTLs / [66]
primed, ovalbumin-specific CTLs
A mouse model of transplantable cutaneous melanoma Memory CD8+T cells mCherry- [67]
Transgenic DPE-GFP reporter mice TAMs AF647 [54]
GL261 and CT2A mouse glioma models TAMs FITC and Tomato [16]
FcyRI-deficient mice KCs Dil, PE [58]
MMTV-PyMT mouse breast cancer model DCs and TAMs EGFP [29]
A subcutaneous fibrosarcoma MacBlue mice TAMs ECFP [11]
CD11c-EYFP transgenic mice DCs EYFP [80]
Human breast cancer xenograft mouse NK NIRF ESNF13 [82]
EL4 thymoma mouse models NK CFP [55]

Abbreviations: Treg, regulatory T cells; RFP, red fluorescent protein; PE, phycoerythrin; CTLs, cytotoxic T lymphocytes; mCFP, cyan fluores-
cent protein; mYFP, membrane-targeted yellow fluorescent protein; AF647, Alexa Fluor 647; TAMs, tumor-associated macrophages; FITC, fluo-
rescein isothiocyanate; KCs, Kupffer cells; Dil, a long-chain carbocyanine dye; PE, phycoerythrin; DCs, dendritic cells; EGFP, enhanced green
fluorescent protein; ECFP; enhanced cyan fluorescent protein; EYFP: yellow fluorescent protein; NIRF, Near-infrared fluorescent
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has also been applied in a MMTV-PyMT mice breast cancer
model to thoroughly characterize the impact of the myeloid
cells depletion medicated by anti-CSF1R mAb, revealing
a decrease of cells containing markers for DCs and TAMs,
resulting in delayed tumor progression [29]. Gui.et.al dem-
onstrated that inhibiting mesenchymal migration in a sub-
cutaneous fibrosarcoma model was associated with reduced
TAM recruitment and tumor progression [11]. Thus, real-
time visualization of TAMs function and dynamic during
tumor progression is essential to predict immunotherapeutic
efficiency.

Targeting dendritic cells (DCs)

Dendritic cells (DCs) are pivotal in bridging the innate and
adaptive immune systems, playing a crucial role in eliciting
both humoral and cellular responses against specific anti-
gens [75]. Upon uptake of tumor antigens, DCs migrate to
draining lymph nodes and present these antigens to T cells,
thereby activating specific T cells that recognize and elimi-
nate tumor cells. Intravital imaging has proven valuable for
studying the in vivo dynamics and function of DCs, provid-
ing insights into DC biology across various contexts such as
immunotherapy, autoimmune disease, inflammatory, allergy,
transplantation, and vaccination [54].

Recent advancements in tumor vaccine research have led
to the proposal that enhancing the migratory capabilities
of DCs could further augment the efficacy of anti-tumor
therapies [54]. In vivo imaging has been instrumental in
supporting these advancements. For instance, Kim et al.
identified an inhibitory role for transgelin-2 in the migra-
tion and antigen presentation of DCs within a cancer model.
The knockout of the transgelin-2 gene in DCs did not affect
their maturation or differentiation. However, intriguingly,
the ability of DCs to migrate to lymph nodes and estab-
lish immune synapses was significantly impaired, leading
to a diminished capacity for immune recognition of tumor
antigens. Moreover, the direct incubation of deubiquitinated
recombinant transgelin-2 with DCs in vitro further enhanced
both the antigen presentation and migratory abilities of DCs,
thereby improving the efficacy of anti-tumor therapies [76].
Consequently, these findings suggest that transgelin-2 may
serve as a critical target for the development of DC-targeting
vaccines in future therapeutic strategies.

Besides, intravital imaging can provide insights into the
interaction between DCs and T cells. DCs efficiently screen
large portions of the T cell repertoire before engaging in
long-lasting interactions with specific T cells [77, 78]. A
single DC can interact with several antigen-specific T cells
simultaneously, often up to ten, with the number of antigens
on the DCs determining the duration of interactions and the
number of T cells per DC [77]. Intravital imaging has also
provided evidence of the presence of DCs and CD4 + T cells

after vaccination [79]. Studies have shown that by combin-
ing ovalbumin with an antibody against the DC surface
lectin DEC-205 (anti-DEC-OVA) and targeting it to endog-
enous DCs, it was possible to observe long-term interac-
tions between antigen-specific CD4 T cells and DCs. These
interactions were discovered to be indicative of both immu-
nogenic and tolerogenic T cell priming and were observed
in both inflammatory and steady-state settings [80].

Targeting natural killer (NK) cells

NK cells have attracted attention as a possible candidate
for future immunotherapeutic treatment due to their crucial
function in immune surveillance against malignancy and
viral infection [81]. Intravital imaging has been investigated
for NK cells as a robust imaging tool to monitor their in vivo
functions and dynamics. Similar to DCs, ex vivo staining is a
commonly used technique for NK cells. For example, Uong
et al. applied the near-infrared (NIR) fluorescence ESNF13
for the ex vivo staining of NK cells, which were then intra-
venously injected into human breast cancer xenograft mouse
and visualized using fluorescence intravital imaging [82].
The strong fluorescent signal of the ESNF13-stained NK
cells made it possible to track tumor-invading cells for up
to 7 days. Similarly, Tavri et al. intravenously implanted
NK-92-scFv (MOC31)-zeta cells modified with a chimeric
antigen receptor into a prostate cancer model and stained
the NK cells with the near-infrared fluorophore DiD. Intra-
vital imaging was then used to track the accumulation of
DiD labeled cells for up to 24 h following the injection [82].
Recent NK cell initiatives have focused on ADCC, which
targets cancer cells and causes them to undergo apoptosis by
utilizing the innate immune system's antitumor cytotoxicity
(Fig. 3). Despite being extensively demonstrated by in vitro
studies, a few studies have addressed the imaging of in vivo
ADCC events mediated by NK cells in animal models with
immunotherapies or tumor-targeting antibody therapies
based on intravital imaging. In this regard, a study tested
the subcutaneous injection of EL4 thymoma cells into mouse
models and revealed that the combination of Fc-mediated
recognition of mAbs by NK cells and recognition of NKG2D
ligands may strongly affect NK cell behavior and promote
sustainable interactions with targets in vivo [55]. Therefore,
the rational design for promoting NK cell arrest and coop-
eration between activating receptors is highly beneficial for
enhancing NK cell-mediated ADCC events.

Intravital imaging of tumor angiogenesis
Tumor-associated angiogenesis plays a crucial role in the

expansion and multiplication of solid tumors. Intravital imag-
ing has offered unprecedented insights into the visualization
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and assessment of tumor size, structure, and vasculature
(Fig. 4A—C). To temporarily outline blood vessels and target
tumors under fluorescence microscopy, high molecular weight
fluorescent tracers, such as AF680-conjugated 2MDa dextran
or MnsO, radiotracers, are injected until the tracers diffuse out
and contrast fades [33]. Zhan et al. synthesized MnsO, nano-
particles in a recent study, conjugating them with the radio-
isotope copper-64 and the anti-CD105 antibody TRC105 for
targeted imaging of tumor vasculature in mice. The Mn-con-
jugated nanoparticles (64Cu—Mn@PEG-TRC105) exhibited
excellent radio-stability and demonstrated high specificity for
tumor targeting [83]. These methods allow for the dynamic
measurement of vessel length, diameter, volume, and surface
area, as well as the analysis of branching patterns and intercap-
illary distance in developing or regressing tumors (Fig. 4E).
Intravital imaging has characterized normal vascular networks,
which are organized into distinct units, including arterioles,
capillaries, and venules, exhibiting well-structured architecture
with dichotomous branching and hierarchical order (Fig. 4E).
In contrast, the tumor vessels displayed dilated, tortuous, sac-
cular, and irregularly distributed characteristics. The tumor
vasculature appeared disorganized, with trifurcations and
branches of uneven diameters (Fig. 4E). Fractal analysis of
in vivo images of normal and tumor vascular networks sug-
gested that the former are optimized for efficient nutrient
delivery through diffusion to all cells, whereas the latter are
constrained by matrix mechanical properties. Additionally,
mechanical stress generated by proliferating tumor cells may
compress blood vessels and lymphatics, further influencing
tumor vascular structure. In addition to providing mechanistic
insights, intravital imaging could also offer novel prospects
for improving therapy. For instance, tumor angiogenesis leads
to the formation of immature, dysfunctional blood vessels,
primarily due to an imbalance in the production of pro- and
anti-angiogenic factors by tumors. Intravital imaging studies in
cancer patients and animal models have verified that restoring
the equilibrium of these signaling molecules within tumors
can result in the "normalization" of the tumor vasculature,
thereby improving its function. Administration of cytotoxic
agents, targeted agents, or immunotherapies during periods of
vascular normalization may increase treatment effectiveness.
These findings have generally contributed to the development
of novel approaches for the treatment of malignancies. In the
long run, these insights will provide crucial information for
stimulating or dampening the immune system to treat cancer-
ous, autoimmune, infectious, or allergic diseases.

@ Springer

Uncovering cellular metabolism to predict
immunotherapeutic efficacy

Extensive studies on cancer metabolism have shown that
the TME changes are a direct result of oncogenic trans-
formations, which cause cancer cells to take on a new
metabolic phenotype. The TME consists of various cell
populations within a complex matrix, often characterized
by poorly differentiated vasculature. This results in inef-
ficient nutrient and waste removal as well as oxygen deliv-
ery, causing nutrient scarcity within the TME. The rapid
growth of cancer cells and immune cells leads to a com-
petition for limited resources, which puts a strain on the
body's ability to defend against tumors. The resulting harsh
metabolic environment can suppress immune responses,
forcing infiltrating immune cells to adapt metabolically
and become more tolerant, which diminishes their anti-
tumor efficacy. Strategies to manipulate cell metabolism
offer promising avenues for cancer treatments. Specifi-
cally, targeting cancer metabolism to improve nutrient
availability in the TME or modulating immune metabolism
to enhance inflammation can increase the effectiveness of
cancer treatments.

Intravital microscopy enables real-time, label-free, and
single-cell imaging of metabolic alterations in vivo for
the prediction of immunotherapeutic efficiency. These
metabolic changes can be measured by autofluorescent
metabolic coenzymes, i.e., NAD(P)H (reduced nicoti-
namide adenine dinucleotide (phosphate) hydrogen) and
FAD, which are naturally present in all cells (Fig. SE). The
metabolic reprogramming of tumor and immune cells is
closely related to the cellular phenotype and cancer pro-
gression. For example, Wenxuan Liang's team designed a
two-photon fluorescence microscope that uses the natural
fluorescence of NADH for imaging and is capable of track-
ing the life dynamics of cultured tumor cells in apoptosis-
inducing mouse subcutaneous tumor models [54]. This
system provides metabolic information and complemen-
tary structural information, facilitating the functional his-
tological imaging of unlabeled organs in situ, which could
be useful for clinical diagnosis and therapy. Skala et al.
investigated metabolic changes during the administration
of a potent triple-combination immunotherapy in a murine
melanoma cancer model [84]. This treatment involved the
administration of an intratumoral anti-GD2 mAb fused to
an IL2 immunocytokine, along with external beam radia-
tion and intraperitoneal anti-CTLA-4. This combination
leads to in situ vaccination and complete recovery from
GD2 + murine cancers [29]. Moreover, they developed a
mCherry-labeled T cell mouse model to observe concur-
rent metabolic trends in both tumor and CD8 + T cells
during immunotherapy. Similarly, Yang et al. developed a
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label-free metabolic intravital imaging (LMII) technique
to detect two-photon excited autofluorescence signals
from NAD(P)H and FAD (Fig. 5E). These signals serve
as reliable markers for monitoring metabolic responses to
innate immunotherapy, such as anti-CD47 immunotherapy
[25]. Meanwhile, to identify the metabolic phenotype of
DCs, DC-specific primary FITC-conjugated CD11c anti-
body could be applied to target the DC populations and
verified the colocalization between DCs and NAD(P)H"
cells (Fig. 5F). These findings demonstrated that intravital
metabolic imaging allows for the single-cell quantification
of metabolic alterations in immune and tumor cells during
immunotherapy. In combination with traditional assays,
this technique can help identify key immune cell popula-
tions and the critical times during immunotherapy when
metabolic changes occur.

Current limitations of intravital imaging

Despite its innovative nature and high resolution in deep
tissue, intravital imaging faces several challenges that limit
its use in certain research areas. Currently, this technique
is mostly applied to immune-related organs, such as the
lymph nodes, spleen, and bone marrow, as well as other
internal organs, such as the central nervous system (CNS),
pancreas, and liver [85, 86]. However, imaging intrathoracic
organs remains difficult due to their anatomical inaccessibil-
ity, significant tissue movement during breathing, and lung
collapse when the thoracic cavity is opened [87]. To address
these challenges, new surgical models are needed to mini-
mize organ movement while maintaining physiological con-
ditions. Recently, vacuum suction devices that apply light
negative pressure to press the tissue of interest against the
coverslip have been developed. These devices have partially
overcome this issue, allowing imaging of metastasis initia-
tion events in the mouse lung [14].

Meanwhile, compared to other in vivo imaging modali-
ties, intravital microscopy has relatively small field of view,
limited penetration depth and relatively bulk size, which can
be a hindrance to diverse IVM applications in the clinical.
Also, the necessity of fluorescence would be an obstacle to
clinical applications. On the other hand, whole-body imag-
ing systems, which has been widely used in the clinic, are
suitable for viewing large parts of tissues and analyzing the
function of whole tissues, although these methods in general
have low spatial resolution, unlike IVM [7]. Thus, the use
of IVM and whole-body imaging systems can be well com-
bined to obtain more comprehensive biological information
that cannot be obtained by a single method. IVM and whole-
body imaging modalities compensate for the weakness of
each other’s imaging system. Also, the constant develop-
ment of IVM will surely broaden our knowledges on the

field of biological and biomedical sciences by providing
novel insights, which cannot be achieved by conventional
experimental techniques [7].

Lastly, the lack of a novel and standardized computa-
tional analysis of cell-pathogen and cell—cell interactions
has hindered experimental progress in this field. Currently,
analyzing multidimensional data sets primarily relies on
manual cell identification due to some technical challenges
in the acquisition process. Although there have been recent
attempts to develop automated protocols for the quantita-
tive analysis of intravital imaging data, cumulative errors
from automatic segmentation remain a significant problem
[88]. The consistent lack of reliable automated protocols can
cause bias in the analysis. Thus, new strategies are needed
to effectively address the challenges associated with in vivo
imaging experiments.

Conclusion and future perspectives

Predicting and monitoring treatment response is a critical
function of oncologic imaging. Due to the unique biologi-
cal mechanisms of immune checkpoint inhibitors (ICIs), the
patterns of tumor response and progression associated with
immunotherapy differ from those observed with conven-
tional cytotoxic chemotherapies. Radiological responses to
immunotherapy can be delayed or may occur after an initial
transient enlargement of lesions or the emergence of new
lesions, a phenomenon known as pseudoprogression.

To address this limitation, multiphoton or two-photon
excitation microscopy has introduced a new era in biologi-
cal imaging. This advanced technique utilizes near-infrared
excitation lasers, which can penetrate thicker specimens,
allowing researchers to observe living cell behavior deep
within tissues without any thin sectioning for days to months
[89]. Reduced photobleaching and toxicity enable the visu-
alization of live and intact specimens over extended peri-
ods. Recent studies using intravital two-photon imaging
have revealed insights into the immune system, which is
characterized by intricate networks with a mixture of lym-
phocytes, TAMs, and DCs that constantly move throughout
the body and engage in specific interactions [89]. However,
multiphoton or two-photon excitation microscopy has sev-
eral limitations. First, fluorescence labeling and second-
harmonic generation allow for the detection of target cells
and organs, but not all visual fields containing structural
components and cellular information can be detected by
multiphoton microscopy [18]. Therefore, observations
must be interpreted cautiously to avoid misinterpretation.
Second, although multiphoton microscopy can penetrate
tissue at greater depths compared to conventional confo-
cal microscopy, it is constrained by a maximum depth of
800-1,000 um in soft tissues (e.g., cerebral cortex) and
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200 pm in hard tissues (e.g., bone) [18]. Consequently, it is
primarily applicable to small animals such as mice and rats.
Additionally, due to the significant scattering of light by the
skin, internal organs need to be exteriorized. This requires
performing surgical procedures and changing oxygen and
humidity levels, which can potentially affect cellular activ-
ity. Innovations in fluorochrome and optical systems, such
as enhanced light emission and resolution, are necessary to
solve these problems.

In addition to the optimization of fluorochrome and opti-
cal systems, novel approaches should be incorporated into
intravital imaging to enhance cancer diagnosis and targeted
therapy. Therefore, intravital imaging should be considered
an important part of the preclinical design of immunothera-
pies. For example, this imaging technique can be combined
with other techniques, such as dynamic in situ cytometry
(DISC), which relies on cell surface labeling to link motil-
ity parameters and phenotypic markers [90]. Meanwhile,
intravital imaging can be coupled with antibody-based
contrast agents or radiopharmaceuticals to enable sensitive
monitoring of disease progression. The stability, affinity, and
specificity of antibodies are enhanced when conjugated with
nanoparticles, radioisotopes, or therapeutic agents [83]. Fur-
thermore, imaging can also be integrated with methods such
as the Labeling immune partnership by sorting intercellular
contacts (LIPSTIC), Clustered regularly interspaced short
palindromic repeats (CRISPR/Cas9), spatial transcriptomics,
single-cell sequencing, and mass spectrometry technology,
which will further establish intravital imaging as a critical
and unique tool, deepening our understanding of immune
cell behaviors in the TME and guiding immunotherapeutic
interventions for malignancies.

In conclusion, determining tumor immune phenotypes,
as well as predicting and evaluating responses to immuno-
therapy and the development of treatment-related toxicities,
remains a significant challenge in medical imaging. Con-
ventional imaging methods for assessing tumor response
and and targeted diagnosis have clear limitations. The inte-
gration of functional and molecular imaging techniques,
particularly intravital imaging and PET, alongside the
development of artificial intelligence (AI) technologies for
treatment response assessment, holds promise for providing
more accurate and specific information regarding immuno-
therapy outcomes. These techniques, combined with sig-
nificant advancements in data processing, are creating new
opportunities for patient management and the advancement
of precision oncology.
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