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Abstract

Background: Cancer is a highly complex disease, which involves the cooperation of

tumor cells with multiple types of host cells and the extracellular matrix. Cancer stud-

ies that rely solely on static measurements of individual cell types are insufficient to

dissect this complexity. In the last two decades, intravital microscopy has established

itself as a powerful technique that can significantly improve our understanding of

cancer by revealing the dynamic interactions governing cancer initiation, progression,

and treatment effects in living animals. This review focuses on intravital multiphoton

microscopy (IV‐MPM) applications in mouse models of cancer.

Recent findings: IV‐MPM studies have already enabled a deeper understanding of

the complex events occurring in cancer at the molecular, cellular, and tissue levels.

Multiple cell types present in different tissues influence cancer cell behavior via acti-

vation of distinct signaling pathways. As a result, the boundaries in the field of IV‐

MPM are continuously being pushed to provide an integrated comprehension of can-

cer. We propose that optics, informatics, and cancer (cell) biology are coevolving as a

new field. We have identified four emerging themes in this new field. First, new

microscopy systems and image processing algorithms are enabling the simultaneous

identification of multiple interactions between the tumor cells and the components

of the tumor microenvironment. Second, techniques from molecular biology are being

exploited to visualize subcellular structures and protein activities within individual

cells of interest and relate those to phenotypic decisions, opening the door for

“in vivo cell biology”. Third, combining IV‐MPM with additional imaging modalities

or omics studies holds promise for linking the cell phenotype to its genotype, meta-

bolic state, or tissue location. Finally, the clinical use of IV‐MPM for analyzing efficacy

of anticancer treatments is steadily growing, suggesting a future role of IV‐MPM for

personalized medicine.

Conclusion: IV‐MPM has revolutionized visualization of tumor‐microenvironment

interactions in real time. Moving forward, incorporation of novel optics, automated

image processing, and omics technologies in the study of cancer biology, will not only

advance our understanding of the underlying complexities but will also leverage the

unique aspects of IV‐MPM for clinical use.
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1 | INTRODUCTION

Understanding the mechanisms essential for cancer initiation and pro-

gression holds great potential for developing new therapies. Among

these, the mechanisms controlling motility and invasion of cancer cells

are of particular importance, as they are necessary for metastasis.1

However, motility and invasion are exhibited by only a small portion

of tumor cells. As a result, most static measurements done by averag-

ing across broad areas of a tumor or collected at the tissue level are

not able to detect or accurately quantify the behaviors of the small

number of motile and invading cells. To overcome this problem and

thus permit the visualization and measurement in real time of single

cells in a living animal, intravital microscopy techniques have been

increasingly used in cancer research. Our review focuses on intravital

multiphoton microscopy (IV‐MPM) of mouse models of cancer, which

has evolved to be the gold standard imaging technique for preclinical

cancer research.

Over the last decade, IV‐MPMstudies have led to significant discov-

eries in cancer cell biology. However, continuing this pace of discovery

is becoming a challenge for the following reasons: (a) multiple and large

areas need to be imaged as the primary tumor and metastatic sites are

located in different organs; (b) the acquisition timemust range frommil-

liseconds (eg, visualization of cell signaling) toweeks (eg, cancer cell fate

mapping), while maintaining the high spatial resolution needed to

resolve subcellular structures; (c) IV‐MPM generates large 5D data sets

that are not supported by currently available image processing tools; (d)

IV‐MPM is limited by the availability of fluorescent reporters and dyes.

Therefore, to embrace the complexity of cancer and continue advancing

our understanding of the disease, innovations in optics and informatics

are being rapidly implemented into cancer (cell) biology, and the coevo-

lution of these disciplines is pushing the frontiers of IV‐MPMof cancer.

This review discusses four areas of the coevolution of IV‐MPM and

other disciplines.We propose first, that recent advancements inmicros-

copy systems and image processing algorithms are allowing simulta-

neous identification of multiple interactions between the tumor cells

and the components of the tumor microenvironment. Second, protein

chimeras and molecular biosensors are being developed to visualize

subcellular structures and protein activities within individual cells and

to relate those to metastatic behavior, opening the door for “in vivo cell

biology”. Third, IV‐MPM can be combined with additional imaging

modalities or omics studies to link cell behavior to its genotype, meta-

bolic state, or tissue location. Finally, the preclinical and clinical applica-

tions of IV‐MPM are steadily growing, suggesting that IV‐MPM will

have a growing role in personalizedmedicine. Each section also includes

a few speculations about how IV‐MPMwill evolve in the near future.
2 | TOWARDS MULTIPARAMETRIC IV‐MPM
OF CANCER: NEW IMAGING AND IMAGE
PROCESSING TOOLS

Most IV‐MPM studies to date have neglected the multiplicity of cell‐

cell and cell‐ECM interactions in cancer, reducing the complexity of
tumors to two components. Such studies have relied on simultaneous

detection of one or two channels, commonly cancer cells and one host

cell type or the extracellular matrix (ECM). Collectively, this work has

revealed important information about cancer cell communication with

stromal cells, such as fibroblasts, immune cells, including neutrophils,

macrophages, and T‐cells, as well as cancer cell interactions with colla-

gen fibers in the ECM (reviewed in Calvo and Sahai, Charras and Sahai,

Fein and Egeblad, Conklin and Keely, Alexander et al, te Boekhorst

et al, Bragado et al, and Ramamonjisoa and Ackerstaff2-9). However,

to elucidate key mechanisms governing cancer progression and thera-

peutic efficacy, ideally all these interactions should be monitored

simultaneously through three‐dimensional (3D) space and over time

in their native environment/or in living animals. In this section, we

report on technical advances in microscope setups that allow multi-

color IV‐MPM. Then, we turn to analysis of multicolor images and

review benefits and limitations of different spectral unmixing tech-

niques. Finally, we describe how semiautomated image processing

and machine learning classifiers are making new inroads into the prob-

lem of cell segmentation in densely packed tissues, allowing an inte-

grated view of the multiple components affecting cancer cell

behavior in vivo.
2.1 | Next generation of multiphoton microscope
systems

IV‐MPM is increasingly used to gain insights into the dynamic behav-

ior of cancer cells in living animals. In the two‐photon (2P) fluores-

cence microscopy (most commonly used version of multiphoton

microscopy), fluorophore excitation occurs when two photons are

simultaneously absorbed by the fluorophore molecule, each of the

photons carrying half of the energy necessary to excite the

fluorophore. The probability of this concurrent interaction is highest

within the focal volume, where the photon flux is at its maximum. This

unique property prevents out‐of‐focus fluorescence and increases 3D

resolution without the use of pinholes, necessary in single photon

confocal fluorescence microscopy.10 To visualize fluorescent proteins

and dyes in the visible spectrum, single photon excitation requires

lasers with wavelengths ranging from approximately 350 to 650 nm,

while 2P‐excited fluorescence requires infrared (IR) or near‐IR light

(750‐1800 nm; note that the energy of a photon is inversely propor-

tional to its wavelength). 2P fluorescence microscopy has become

the gold standard for intravital imaging because of its multiple benefits

over confocal fluorescence microscopy. First, in 2P fluorescence

microscopy, more excitation photons reach a deep focus level inside

thick samples than possible with confocal fluorescence microscopy.11

This is due to the fact that the near‐IR and IR light is not absorbed

as strongly by water, hemoglobin, melanin, fat and is less scattered

than the shorter‐wavelength light used in confocal fluorescence imag-

ing. Second, the low energy IR light produces less photo damage com-

pared with the higher‐energy light used in confocal fluorescence

microscopy. This allows for time‐lapse imaging in which the region

of interest is monitored over time without fluorophore bleaching or
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tissue damage. Third, the IR light additionally induces second harmonic

generation (SHG) in collagen fibers and third harmonic generation

(THG) at water‐lipid and water‐protein interfaces,12 enabling label‐

free detection of additional cell types and ECM components in tissues

(see section 5.2).

Commercially availableTitanium:Sapphire (Ti:S) lasers are the most

commonly used light sources for multiphoton microscopy because

they provide a robust, flexible, platform for generation of mode‐locked

femtosecond pulses tunable from approximately 700 to 1000 nm in

wavelength with pulse durations configurable over a range from

approximately 10 to 300 fs.13 However, two shortcomings limit the

utility of these lasers. First, this wavelength range restricts imaging

to blue and green fluorescent protein derivatives, as most yellow

and red fluorescent protein derivatives would require 2P excitation

at wavelengths longer than 1000 nm. Second, although a single wave-

length can be used to image multiple fluorophores in 2P fluorescence

microscopy, this requires a compromise in the efficiency of excitation

among the fluorophores. Hence, the simultaneous imaging of multiple

fluorophores in vivo requires an optimized excitation scheme.

To broaden the spectral coverage of the excitation source, custom

microscope systems were developed either by splitting the light from

one laser source into two beams14,15 or by using two lasers.16,17 Each

of these options is now commercially available from Olympus, Nikon,

Leica, and LaVision. In the latter arrangement, the two‐source system

consists of a tunable Ti:S (750‐950 nm) and a second Ti:S used as the

second 2P excitation beam in the 960‐1040 nm range or, alternatively,

as the pump for an optical parametric oscillator (OPO). The OPO

“signal” output can be used as the second 2P excitation beam in

the 1100‐1600 nm range. Spatio‐temporal alignment of the near‐IR

and IR pulse trains allows for simultaneous excitation of multiple

fluorophores, ranging from blue to far red. For example, simultaneous

imaging of collagen fibers, Dendra2‐expressing tumor cells, and two

injectable probes (Texas Red Dextran and MMPSense 680) was

achieved in mouse xenograft tumors by tuning the first Ti:S to 880 nm

and the selectedOPOoutput to 1250 nm.18 However, as the dual beam

is limited to two excitationwavelengths, yellow fluorophoreswill not be

efficiently excited by neither the beam optimized for blue/green

fluorophores nor the one optimized for far‐red fluorophores.

To simultaneously excite blue/green, yellow, and far‐red

fluorophores, two‐color 2P‐excited fluorescence (2c‐2PEF) can be

used. In this setup, the pulse train from a single Ti:S laser is split into

two with one portion used directly to excite the blue/green

fluorophores in the sample, while the other is used to pump an

OPO. The OPO signal wave is then used to excite far‐red

fluorophores. In addition, the spatio‐temporal alignment of the pulse

trains coming directly from the Ti:S or from the OPO can lead to the

production of an additional “virtual” excitation wavelength for 2P‐

excited fluorescence (Figure 1A).19 In virtual excitation, 2P excitation

occurs as a result of absorption of one photon from each of the two

beams (ie, near IR from the Ti:S laser and IR from the OPO). Such

wavelength mixing allows triple excitation of the sample. Using the

mixing approach, one‐shot multicolor imaging of brain tissues from

transgenic Brainbow mice, which stochastically express mCerulean,
mEYFP, tdTomato, and mCherry, was achieved.19 Triple excitation of

a broad range of fluorophores was also demonstrated by IV‐MPM in

the lymph node germinal centers, where distinct immune cell types

were labeled with Hoechst, eGFP, Kusabira Orange, CMTPX Red,

QD655, and Atto 680 (Figure 1B).15 One limitation of wavelength

mixing is that it restricts imaging to the superficial layers of tissue

(~400 μm in Mahou et al19), as the efficient operation of the OPO

requires the Ti:S laser wavelength to be set below 880 nm.

To image deep tissue structures, a novel wavelength mixing

approach was developed, circumventing the use of OPOs. This novel

system uses an ytterbium (Yb) fiber amplifier emitting at 1055 nm to

pump a diamond Raman laser, in place of the OPO, resulting in an emis-

sion at 1240 nm as well as 1140 nm (from wavelength mixing).20 The

authors demonstrated imaging of the cortical vasculature of living mice

up to 1 mm deep. Due to its IR excitation light, this triple‐color excita-

tion scheme can be ideal for applications where multiple red and/or

far‐red probes need to be imaged simultaneously. In addition, while

dual/triple output Ti:S sources can be costly, theYb fiber laser approach

is more affordable, opening wavelength mixing to smaller laboratories.

Once fluorophores are excited, they start emitting fluorescent light.

Most typically, the emission light is guided through the optical path by

filters and mirrors to the photon detectors called photomultiplier tubes

(PMTs), one for each of the fluorophores/channels. Alternatively, a 16‐

channel PMT array can be used to acquire hyperspectral images that are

then reconstructed using complex algorithms.21 As the number of

fluorophores increases, an overlap in excitation/emission wavelengths

becomes unavoidable, causing bleed through between the channels.

Hence, unambiguous separation of emission signals requires further

processing of the data, as described in the following section.
2.2 | Spectral unmixing techniques

Multispectral (ie, multicolor) imaging requires image processing to iso-

late the emission signal from each of the fluorophores. As emission

spectra of most fluorescent proteins are 50 to 150 nm wide, an

increasing level of cross‐over is to be expected in samples labeled with

three or more fluorophores. To overcome this limitation and resolve

emission signals, spectral unmixing methods have been developed.

The most straightforward unmixing technique is color subtraction.

Instead of requiring algorithms, color subtraction exploits the “Image

Calculator” tool on Fiji/ImageJ to remove bleed through from one

channel into another.16,22 This step creates a separate channel and

can be repeated for all overlapping channels. Color subtraction was

recently used to visualize five components in breast xenografts,

including three clonal subpopulations of tumor cells, macrophages,

and collagen fibers (Figure 1C).16

A more advanced approach includes spectral (λ) imaging (ie, lambda

scan) of each pixel followed by linear unmixing. This method assumes

that each spectrum is distinguishable from all others and contributes

to the multispectral image in a linear fashion.23,24 Reference images

acquired during spectral imaging are used to measure the relative con-

tribution of each spectrum to all channels. The obtained spectral



FIGURE 1 New multiphoton microscope systems, spectral unmixing techniques, and machine learning classifiers allow for multiparametric
intravital multiphoton microscopy (IV‐MPM) of cancer. (A) Microscope setup for two‐color two‐photon imaging by wavelength mixing. The
pulse trains from aTi:S laser (orange) and an optical parametric oscillator (OPO, red) are synchronized (τ) and coaligned (dashed line). In addition to
the blue and red two‐photon‐excited fluorescence (2PEF), a third yellow fluorophore can be accessed by two‐color two‐photon‐excited
fluorescence (2c‐2PEF). Adapted from Mahou et al.19 (B) Visualization of seven distinct cellular and tissue compartments in vivo. IV‐MPM
micrograph shows the germinal centers (dashed areas) in the popliteal lymph node of a mouse. Blue—naïve B cells, green—plasma blasts, orange—B
cells, red—T cells, white—blood vessels, violet—follicular dendritic cells, cyan—macrophages. Scale bar, 50 μm. Reprinted with permission from
Rakhymzhan et al.15 (C) Spectral unmixing by color subtraction. The emission signal from a mouse mammary tumor is simultaneously acquired by
four detectors: blue, green, red, and far red (top left panels). The unprocessed, merged image of the four channels does not allow separation of the
multiple cell types and stromal features of the tissue (top far right panel). Spectral bleed through of CFP into the GFP channel can be eliminated by
subtracting the blue from the green (bottom left panels). Repetition of this operation leads to a merge image with five separated channels: cyan—
SHG signal from collagen fibers, blue—CFP‐labeled tumor cells, green—GFP‐labeled tumor cells, red—macrophages, white—TagRFP657‐labeled
tumor cells (bottom right panel). Scale bar, 60 μm. Adapted and reprinted with permission from Entenberg et al.16 (D) Workflow for machine
learning classification of an IV‐MPM data set. Multicolor three‐dimensional (3D) stacks (at a single time point) are separated into four channels,
and microenvironment parameters were extracted (top middle panels). Three‐dimensional (3D) time lapses of motile tumor cells (green channel)
are separated into fast or slow locomotion on the basis of cell segmentation and tracking (bottom middle panels). Finally, support vector machine
(SVM) classification is done, linking motility phenotypes with microenvironment parameters (right panel). Adapted and reprinted with permission
from Gligorijevic et al.18
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signature is then used to correct the experimental images. Both com-

mercial (Zeiss and Nikon) and open‐source softwares (J. Walter Plugin

on Fiji/ImageJ) take advantage of this algorithm. One limitation of lin-

ear spectral unmixing is that it does not account for changes in the

fluorophore emission spectra that might arise from interactions

between colocalized fluorophores (eg, Föster energy resonance trans-

fer [FRET]).

Tunable emission filters required for lambda scans are not used in

2P excitation, making spectral imaging inapplicable to IV‐MPM. As an

alternative to linear unmixing, spectral deconvolution can be used for

IV‐MPM, as it does not require acquisition of a reference spectral

image.25 In the work of Ricard et al, using sequential excitation at

800 nm and then at 940 nm, six cellular and ECM components of the

cortex of a living mouse bearing brain tumor were imaged. At both exci-

tation wavelengths, the fluorescence intensity of a fluorophore was

measured in each of the five detectors, providing a reference channel

(excitation wavelength/detector combination) in which the intensity

of the fluorescent reporter is the highest. Spectral unmixing of a

fluorophore was achieved by subtracting the contributions of all other

fluorophores in the reference channel of the fluorophore of interest.

To achieve color separation using information collected on all

available channels, a new algorithm called similarity unmixing (SIMI)

was developed.15 From each image and for each unknown

fluorophore, the relative signal distribution on each photodetector is

extracted pixel by pixel and matched to known fluorophore spectral

fingerprints based on similarities. The fluorophore is then identified

based on the closest match with one of the fingerprints. The key

requirement for separating fluorophores is that their fingerprints must

be distinct. Unlike the color subtraction and the linear spectral

unmixing approaches, the SIMI method is independent from the cross

talk between the fluorophores present in the sample. An added bene-

fit of SIMI is that the solving strategy of the SIMI algorithm enables

identification of a larger number of fluorophores than detectors pres-

ent, increasing the number of colors that can be identified in the mul-

ticolor images.

After the individual emission signals from cell types and ECM com-

ponents present in an image are successfully discriminated, a thorough

understanding of the cell‐cell and cell‐ECM interactions can be gained

using quantitative analysis of the parameters extracted from the 5D

image (x, y, z, t, λ), as discussed in the next section.
2.3 | (Semi)automated image processing and
machine learning classifiers

The most commonly used approach for image segmentation is

thresholding of the fluorescence intensity, which performs optimally

in tissues where individual cells can be resolved.26,27 However, the

tight packing of cells within tumors, combined with cytoplasmic label-

ing of cells with fluorescent proteins, can mask the borders of neigh-

boring cells when cells have similar expression levels of the

fluorescent proteins. This complicates cell segmentation and tracking

analysis of IV‐MPM data. For this reason, most IV‐MPM studies of
cancer have relied on manual methods for segmentation and tracking.

While this approach has produced many valuable measurements of

cancer and immune cell motility,14,15,28-31 cell‐cell interaction frequen-

cies,32,33 and vascular permeability,33-35 it is time consuming, and

throughput is limited to a small number of measurements.

A few approaches have been developed to address the challenges

caused by dense cell packing. For example, a semiautomated

Fiji/ImageJ plug‐in was created in which the user manually segments

the cell or region of interest at each time‐point, facilitating the 3D

tracking and analysis steps.16 While this program simplifies the quan-

tification of motility parameters for objects that may cross different

imaging planes over time, it remains semiautomated and requires sig-

nificant user input.

To fully automate cell segmentation, cells can be labeled with mul-

tiple fluorophores, which improves contrast between neighboring cells

and eliminates packing issues. For example, Coffey et al generated

multicolored cell populations, to ease the segmentation process.36

Once segmented, cells can be automatically tracked, analyzed, and

classified using machine learning algorithms.36,37

Considerable variability in nuclear size can complicate automated

segmentation and of cell nuclei in tumors because of the high cell den-

sity and the large variability in nuclear size. Marker‐controlled water-

sheds followed by a machine learning method was used to efficiently

identify cell nuclei in xenograft tumors imaged by IV‐MPM.38

LEVER‐3D is the first user‐friendly software developed to visualize

and validate the automated analysis of large 5D IV‐MPM data sets.39

Its unique workflow includes a validation step, during which the proc-

essed image is displayed and the user can edit the results to enhance

the accuracy of the analysis. The revisions provided by the user are

then utilized to automatically correct similar errors in the analysis.

While most of these approaches have yet to be directly imple-

mented into cancer biology studies, a semiautomated image process-

ing and a machine learning classification for IV‐MPM were recently

applied to migrating tumor cells. By segmenting and tracking motile

cancer cells, two distinct motility phenotypes were identified: a slow

phenotype that exhibited invadopodia and degraded the ECM and a

fast phenotype that exhibited no invadopodia and was contact guided

along the collagen fibers.18 In addition, Gligorijevic et al characterized

the locations where each of the two motility phenotypes occurred, by

extracting microenvironmental parameters from the images18,40 and

classifying them by machine learning‐based support vector machine

(SVM) classification. Once trained, SVM classification was able to

accurately predict motility phenotype from the microenvironmental

parameters (Figure 1D). Use of this approach, titled intravital systems

microscopy was instrumental in demonstrating a direct link between

the local microenvironment parameters in tumors, the assembly of

invadopodia in tumor cells, and the ability of those tumor cells to

intravasate and metastasize in vivo.41,42 This work also indicated that

tumor cell behavior is a result of complex interactions among cues

present in the tumor microenvironment and that machine learning

algorithms have the ability to grasp this complexity.18,43

In neuroscience and developmental biology, the field of computer

science is contributing new image processing and analysis workflows,
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advancing large‐scale brain mapping44-46 and analysis of tissue

morphodynamics.47-49 Implementing similar unbiased strategies for

IV‐MPM studies of cancer will allow us to accelerate the pace of

discoveries.
2.4 | Future perspectives of multiparametric
IV‐MPM of cancer

While not yet applied to IV‐MPM of cancer in mice, several recent

approaches offer new opportunities for future multicolor IV‐MPM

studies. For example, as an alternative to dual beam output using

OPOs, fibers can be used as a simultaneous up‐and‐down wavelength

convertor.50 In addition, the generation of three excitation wave-

lengths using fiber lasers and solitons are gaining popularity.51,52

To correct for diffraction‐induced aberrations during deep in vivo

imaging, adaptive optics have been combined with IV‐MPM to study

neuronal structures inmice53 and image cancer cells inside the zebrafish

vasculature in combination with lattice light‐sheet microscopy.54

Finally, spectral phasor analysis has been used for robust unmixing

of seven overlapping fluorophores acquired by single photon excita-

tion within a living zebrafish.55 While spectral phasor analysis is prom-

ising, the noisy emission signals inherent in 2P microscopy may make

it challenging to apply Fourier transformation essential for this

approach to IV‐MPM data.
3 | CELL FATE MAPPING, IMAGING
MOLECULAR ACTIVITIES, AND CELL‐CELL
COMMUNICATION BY HIGH‐RESOLUTION
IV‐MPM OF CANCER

IV‐MPM studies have revealed that only a small portion of cancer cells

exhibit motility and that only an even smaller groupmetastasizes to sec-

ondary sites. In this section, we describe how fluorescent proteins are

being used to trace cells of interest from the primary tumor to second-

ary tumor sites and demonstrate that this body of work has uncovered

heretofore unknown (sub)phenotypes of cancer cells. To better under-

stand the principles underlying such heterogeneities in tumor cell

behaviors, we then cover the use of biosensors to image cell signaling

in vivo. Finally, we show how IV‐MPM studies have led to unique dis-

coveries in cancer cell cooperation, by revealing how extracellular vesi-

cles and microtubes enable communication between cancer cells.
3.1 | Fate mapping of cancer cells to reveal their
metastatic potential

In mouse models, metastasis occurs over a time scale of days, requir-

ing the use of longitudinal imaging to follow cells from primary to sec-

ondary tumor sites. However, tissue remodeling caused by tumor cell

proliferation, angiogenesis, and ECM restructuring makes it impossible

to follow the same cells over repeated imaging sessions without spe-

cifically marking them. Photoconvertible fluorescent proteins, such as

Dendra2, have been useful in breaking this constraint as they allow
monitoring of chosen tumor cell populations on a scale of days

(Figure 2A),56,61 and thus allow the mapping of cell fate from primary

to secondary tumor sites (Figure 2A’).18,40 Using longitudinal IV‐MPM

of photoconverted Dendra2 in Dendra2‐expressing cells in organoid‐

derived tumors, a recent study compared the cell dispersion in tumors

expressing different combinations of the driver mutations. Results

showed that alteration of four signaling pathways (Wnt, EGFR, P53,

and TGFβ) is required for migration of colon cancer cells in vivo.62

To track single circulating tumor cells (CTCs) in vivo, Nedoskin et al

developed a methodology where Dendra2 was photoconverted in the

Dendra2‐expressing CTCs present in the bloodstream.63 This approach

enables monitoring the distribution and destinations of CTCs.

While most IV‐MPM studies to date used a single photoconvertible

fluorescent protein, it is now possible to track two cell populations

simultaneously, by using multiple photoconvertible proteins (eg, blue‐

to‐green photoswitchable cyan fluorescent protein 2 (PS‐CFP2)64 com-

bined with orange‐to‐far‐red PS‐mOrange65).

Alternatively, to expand the color scheme available for cell tracking

within tumors, a genetic mouse model of breast cancer was developed

so that one of four confetti constructs (cyanfluorescent protein (CFP),

green fluorescent protein (GFP), yellow fluorescent protein (YFP), and

red fluorescentprotein (RFP)) is randomly expressed by cancer cells.57

As the expression of a confetti construct is maintained in the progeny

of each cell, this allowed tracing the lineage of individual cancer cells

over time. Interestingly, at the adenoma stage, color distribution was

stochastic, while at the carcinoma stage, cells were clustering into

single‐color patches. Longitudinal IV‐MPM of the carcinoma tumors

showed that different regions of the tumor have distinct growth pat-

terns, ie, either continuous, delayed onset, or stasis (Figure 2B). These

results have revealed that only a small fraction of cancer cells, possibly

cancer stem cells, expands clonally and that proliferation capabilities

of individual cells are highly diverse.

In some cases, the use of chimeric proteins, in place of ubiquitous

cytoplasmic markers, is more appropriate to visualize cell behaviors in

the primary tumor. For example, the epithelial‐mesenchymal transition

(EMT) of cancer cells is a highly studied transition between the epithe-

lial (high E‐cadherin expression level) and mesenchymal (low E‐

cadherin expression level) phenotypes. Currently, there is a contro-

versy regarding the respective metastatic potential of epithelial and

mesenchymal cells in vivo.66 By creating transgenic mice that develop

metastatic breast tumors in which endogenous E‐cadherin is fluores-

cently tagged, Beerling et al were able to distinguish two populations

of cancer cells based on their E‐cadherin expression level: high vs

low E‐cadherin.67 The authors found that motile cells in the primary

tumor carried low E‐cadherin expression and mesenchymal features,

while epithelial cells were nonmigratory. Moreover, while cells migrat-

ing in the primary tumor were all in mesenchymal state, cells in sec-

ondary tumor sites completely reverted to the epithelial state. This

finding, made possible by imaging E‐cadherin, implies that the revers-

ibility of the EMT may eliminate the initial differences in metastatic

potential between the epithelial and mesenchymal states.

A different study reported a similar phenotypic reversibility

between the primary and the secondary tumor sites in a melanoma



FIGURE 2 High‐resolution intravital multiphotonmicroscopy (IV‐MPM) and new fluorescent proteins allow cell fate mapping and studying cell‐cell
communication mechanisms in cancer. Photoswitchable fluorescent proteins allow tracking of individual cells in vivo. (A) Longitudinal IV‐MPM
imaging of photoswitched Dendra2 (green to red) expressed by mammary tumor cells shows cell dispersion adjacent to a blood vessel (dark region)
after 1 day. Scale bar, 30 μm. Adapted and reprinted with permission from.56 (A’) A lung metastatic colony is observed ex vivo, 5 days post‐
photoconversion of Dendra2 expressed by mammary tumor cells in the primary tumor. Red cells arrived in the lung at 0 to 5 days, orange or yellow
cells divided and synthesized additional green Dendra2. Green cells cannot be traced. SHG signal from collagen fibers is shown in magenta. Scale bar,

50 μm. Adapted and reprintedwith permission fromGligorijevic et al.18 (B) In vivo lineage tracing. Series of IV‐MPM images of a growing carcinoma at
the indicated time points after induction of the confetti constructs (blue: CFP+ cells, green: YFP+ cells, red: RFP+ cells). Different growth patterns of
clones were observed (outlined and indicated by I‐IV). Region I displays continuous growth, regions II and III show growth before disappearance or
regression, respectively, and region IV shows a delayed onset of clonal outgrowth. Scale bars, 50 μm. Adapted and reprinted with permission from
Zomer et al.57 (C) Motility analysis of hypoxic cells in vivo. IV‐MPM images of a xenograft mammary tumor at 0, 11, and 28 min. Tumor cells were
engineered to switch from expressing a green fluorophore to a red fluorophore in hypoxic conditions. White arrows point to motile normoxic cells
(green outline). Red arrow points to amotile hypoxic cell (red outline). SHG signal from collagen fibers is shown in blue. Scale bar, 50 μm. Adapted and
reprintedwith permission fromWang et al.58 (D) Following extracellular vesicles (EVs) in vivo. IV‐MPM time‐lapse recordings show a tethered vesicle
(circle) released in the extracellular compartment. Tumor cells were labeled with membrane GFP (green). Time is shown in min:sec. Scale bars, 5 μm.
Adapted and reprinted with permission from Lai et al.59 (E) Brain cancer cells communicate via tumor microtubes. IV‐MPMof glioblastoma cells (red)
in themouse brain reveals tumormicrotubes, rich in actin (yellow) that interconnect single tumor cells (arrows). Blood vessels are shown in blue. Scale
bar, 50μm.Adapted and reprintedwith permission fromOsswald et al.60 [Correction addedon 12 July 2019, after first online publication: the Figure 2
caption has been updated.]
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model.68 Using an engineered fluorescent reporter for melanocyte dif-

ferentiation, Brn2, Pinner et al demonstrated that only the undifferen-

tiated cells were motile within the primary tumor and that these cells

redifferentiated once arrived at the secondary site.

In contrast to breast and melanoma models, in invasive pancreatic

cancers, loss of E‐cadherin expression is not required for tumor cell

dissemination.69 A recent IV‐MPM study using fluorescence recovery

after photo‐bleaching (FRAP) found that the genetic mutations driving

invasive pancreatic cancer triggered E‐cadherin mobility at cell‐cell

junctions.70 Interestingly, the existence of heterotypic interactions

between cancer cells expressing E‐cadherin and cancer‐associated

fibroblasts expressing N‐cadherin has been suggested in vivo.71 Col-

lectively, this may indicate that a subpopulation of tumor cells with

high E‐cadherin mobility has fluid cell‐cell junctions, allowing hetero-

typic interactions with surrounding fibroblasts, which increases the

metastatic potential of cells with high E‐cadherin mobility compared

with cells with low E‐cadherin mobility.

In summary, longitudinal tracking of cancer cells at a single cell res-

olution has allowed for cancer cell behaviors and metastatic fate to be

described with more precision, leading to the observations of previ-

ously unknown (sub)phenotypes. IV‐MPM of cancer was also instru-

mental to further understand the mechanisms underlying different

phenotypes, by monitoring molecular activities within the cancer cells.
3.2 | Imaging molecular activities of cancer cells

To image intracellular protein/protein interactions and protein activity,

numerous molecular biosensors were developed based on the princi-

ple of FRET. In FRET, energy transfer occurs between two fluorescent

proteins from a donor to an acceptor, and its efficiency is dependent

on their local proximity, disappearing at distances greater than

10 nm.72 Most commonly, FRET is detected by collecting emission sig-

nals of donor and acceptor proteins, following donor excitation. How-

ever, intensity‐based methods are susceptible to variations in protein

expression levels and depend on molecular diffusion, requiring multi-

ple controls for each experiment. To avoid the shortcomings of

intensity‐based FRET, FRET detection can be done via fluorescence

lifetime imaging microscopy (FLIM)‐FRET. The lifetime of the donor,

which is shortened if FRET occurs, is measured. Advantage of the

FLIM‐FRET approach, compared with intensity‐based methods, is that

it is internally calibrated and less affected by external factors. How-

ever, physical motion of the imaged tissue, due for example to peri-

stalsis, respiration, or the heartbeat, is a challenge for FLIM, as it

requires long acquisition times for quantitative analysis. To correct

for physiological motion in FRET‐FLIM IV‐MPM data, Warren et al

developed a new open source software tool, Galene.73

Previously, the elevated activity of the small G‐protein Rac1 was

shown to facilitate the hyperproliferation of cells at the base of intes-

tinal crypts, leading to the initiation of colorectal cancer.74,75 To test

this hypothesis in vivo, a Rac‐FRET mouse exhibiting pancreatic ductal

adenocarcinoma was developed.76 FLIM‐FRET IV‐MPM showed that

Rac activity was significantly higher in the pancreas of animals with
cancer compared with control animals, confirming the link between

the Rac1 activity and cell hyperproliferation.

IV‐MPM studies revealed that motile tumor cells are unevenly dis-

tributed within the primary tumor, suggesting that signaling pathways

that regulate cell motility are activated locally.18,77,78 One major con-

troller of the motility pathways is RhoA, which promotes contractility

of the cell rear. Use of FLIM‐FRET IV‐MPMof a RhoAbiosensor on pan-

creatic tumors identified RhoA activity not only in the cell rear but also

at the leading edge ofmigrating cells, whichwas not seen in vitro.79 This

polar regulation of RhoA activity might be causing cell contraction

and/or protrusion formation enhancing cell motility. Using the similar

RhoA biosensor, it was later demonstrated that the blood vasculature

contributes to the local RhoA activation, which could explain why RhoA

activity was not observed in in vitro measurements.80 By generating a

RhoA‐FRET biosensor mouse, Nobis et al confirmed the deregulation

of RhoA signaling in both breast and pancreatic cancers.81

In addition to RhoA, two other members of the RhoGTPase family,

namely, Rac1 and Cdc42, are critical for cell motility.82 Recently, IV‐

MPM FRET showed that the activity balance among these GTPases

determines two distinct motility phenotypes of brain cancer cells.83

Namely, cells that invade along blood vessels move rapidly and in a

straight fashion, whereas invasive cells in the brain parenchyma are

slow. Interestingly, cells infiltrating the brain parenchyma had high

Rac1 and Cdc42, but low RhoA activity, while the cells along blood

vessels had low Rac1 and Cdc42, but high RhoA activity. Consistently,

knockdown of a Rac1 and Cdc42 activator led to cell clustering in the

perivascular regions, suggesting that the slow cell phenotype is

responsible for shuffling cells to the perivascular niche. This contrasts

with findings in breast carcinoma, where the fast phenotype migrates

along collagen fibers towards the perivascular niche in which the slow

invasive cells are present.18 At this point, the link between the

RhoGTPase activity, the two invasion modes, and progression of glio-

blastoma remains unclear.

Tumor cell motility can also be promoted by EMT regulators, such as

the transforming growth factor β (TGFβ).84 To link cell motility with the

activity of the TGFβ signaling pathway in vivo, breast carcinoma cells

were engineered to express fluorescent chimeras of TGFβ signaling

regulators (Smad2, CAGA12) and then visualized by IV‐MPM.78 Results

demonstrated that only single but not cohesively migrating cells show

active TGFβ signaling. Blocking of TGFβ signaling was able to induce

the switch from single cell to cohesive migration. Importantly, active

TGFβ signaling and single cell motility, while necessary for

intravasation, did not favor the growth of cells, which reached the lung,

consistent with previous findings that activation of TGFβ signaling pro-

motes growth arrest.85 These combined data demonstrated that tran-

sient activation of TGFβ signaling is required for lung colonization.

In melanoma tumors, less than 10% of cells are motile, and cell

motility occurs as single cell migration or cell streaming.86 Using IV‐

MPM of fluorescent reporters for Notch and SRF signaling pathways,

both pathways were shown to be active in motile cells, and this activ-

ity was regulated by levels of the histone methyltransferase EZH2,

which initiates the motility in melanoma. At metastatic sites, SRF but

not Notch activity was maintained.
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Numerous microenvironmental cues can trigger transcriptional

changes in cancer cells, which modulate their behavior (reviewed in

Calvo and Sahai, Charras and Sahai, Fein and Egeblad, Conklin and

Keely, Alexander et al, te Boekhorst et al, Bragado et al, and

Ramamonjisoa and Ackerstaff2-9). A recent IV‐MPM study used a fluo-

rescent reporter for hypoxia in breast carcinoma cells to demonstrate

that cancer cell invasiveness increases in hypoxia compared with

normoxia.58 Surprisingly, hypoxic cells were mostly found near blood

vessels moving slowly with abundant invadopodia that degraded the

surrounding collagen fibers, while normoxic cells were among the fast

subpopulation, according to the categories defined in Gligorijevic

et al18 (Figure 2C). As the presence of invadopodia was associated

with the metastatic population,18 this work suggested that hypoxic

microenvironments might increase metastasis in vivo.

Imaging molecular activities of cancer cells has allowed a better

understanding of the heterogeneity in cell signaling within tumor

microenvironments. Until recently, most studies considered cells as

independent entities, disregarding cell‐cell communication. A new

level of tumor complexity is now being recognized, revealing that cell

invasion also involves extensive cooperation between cancer cells via

specialized structures.
3.3 | Direct and indirect interactions between cancer
cells: extracellular vesicles and microtubes

Multiple in vitro studies have demonstrated that extracellular vesicles

(EVs) and their cargoes secreted by both cancer and stromal cells,

facilitate long‐range intercellular communication in tumors, and can

contribute to heterogeneity of cancer cell behaviors.87 EVs originate

from the plasma membrane and have diameters ranging from 30 to

150 nm.87 To image these small structures in vivo, Lai et al engineered

thymoma cells with fluorescently labeled plasma membranes.59 Cells

were then implanted under the dorsal skinfold chamber of mice, and

IV‐MPM revealed the existence of different categories of EVs with

distinct trafficking behaviors (Figure 2D). Interestingly, most EVs accu-

mulated at the tumor margin, suggesting that the stromal tissue may

influence EV biogenesis and uptake. Compared with commonly used

membrane dyes that decorate only the periphery of the lipid bilayer,

this labeling approach allowed better visualization of EVs in vivo, most

likely because only the inner EV membrane is labeled, eliminating

interference with EV surface molecules that are critical for EV binding

and uptake by recipient cells. Unfortunately, as cells that took up EVs

could not be distinguished from cells that did not, studying EV transfer

and its effects was not possible in this experiment. Moreover, simply

labeling EVs does not differentiate functional from nonfunctional

transfer, ie, if the EV content is degraded by lysosomes inside the

recipient cell. Determining the functional consequences of EV uptake

required further innovation.

A strategy based on the Cre‐LoxP was developed to distinguish

cells that have taken up EVs from those that have not using IV‐

MPM.88,89 When the EV‐mediated Cre transfer occurs and the cargo

is released into the cytoplasm, cells switch from DsRed to eGFP
labeling (see Zomer et al89 for details). One major advantage of this

protocol is that the Cre+ and the reporter+ cell populations can be

defined a priori, allowing the study of EVs originating from specific cell

types. For example, the release of EVs from melanoma cells in mice

ubiquitously expressing the Cre‐LoxP reporter tdTomato demon-

strated that both immune cells and nonimmune cells take up EVs

released by the tumor cells. Coinjection of highly and less‐malignant

mammary tumor cells demonstrated local and systemic transfers of

EVs from malignant to less malignant cells. Strikingly, motility analysis

revealed that the uptake of EVs rendered the less malignant tumor

cells more migratory, implying the EV uptake increased their metasta-

tic potential. While this study suggests that cancer cells can pheno-

copy behavior through EV transfer, how such small cargos can

mediate these changes is debated, especially in tumors where all cells

belong to the same subtype with little molecular heterogeneity.

Recently, Steenbeek et al revealed that EVs exchanged between

the syngeneic melanoma cell lines B16F1 (nonmetastatic) and

B16F10 (metastatic) in vivo contain thousands of RNAs and proteins

involved in migration.90 This suggests that upon uptake of EVs

released by B16F10 cells, the phenotypic switch of B16F1 cells to a

migratory behavior is mediated by upregulation of entire pathways

rather than specific genes.

Circulating tumor EVs were also shown to be internalized by endo-

thelial cells and patrolling macrophages. So far, these observations

were made in zebrafish embryos and remains to be tested in mice.91

A novel type of distant cell‐cell communication was identified in

brain tumor cells that were shown to interconnect using long mem-

brane protrusions (LMPs) or microtubes forming a multicellular net-

work (Figure 2E).60,92 IV‐MPM in a patient‐derived xenograft

revealed that LMPs are highly dynamic and that their density increases

to 50% of the tumor volume as the tumor progresses. After mitosis,

LMPs can function as tracks for travelling nuclei, suggesting that they

are used for efficient colonization of brain tissue. To test the function

of microtubes in vivo, calcium waves were visualized, as they propa-

gated along the tumormicrotubes of interconnected cells. The synchro-

nicity of the Ca2+ waves was significantly perturbed after knock down

of the Cx43 gap junction protein. The newly identified LMP network

appeared to be self‐repairing, as laser ablation within the network led

to the extension of new microtubes towards the site of injury.

Altogether, new findings made possible by IV‐MPM reveal that

tumor cells communicate and cooperate with each other using a mul-

tiplicity of routes. These discoveries need to be taken into consider-

ation in the development of future anticancer treatments.
3.4 | Future perspectives on single cell and
subcellular IV‐MPM of cancer

Light manipulation for controlling protein activity via optogenetics

has been heavily employed in neuroscience and is making its way

to cancer biology, so far primarily in in vitro studies. For example,

Zhou et al developed an optogenetic tool that induces EMT and sub-

sequent cell migration of lung cancer cells.93 Next, the development
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of light‐sensitive receptor tyrosine kinases promises a better under-

standing of the mitogenic and morphogenic behaviors induced by

growth factors in the future.94 A few in vivo studies were also recently

published. In one of them, using a mouse model of subcutaneous mela-

noma, Kim et al showed that optical stimulation of calcium signaling in

adoptive transferred T cells activated T cell immune response at the

tumor site.95 In glioblastomas, an optogenetic strategy was used to

inhibit tumor growth and increase the survival of animals bearing gli-

oma.96 While optogenetics remains extremely challenging, it could the-

oretically be implemented into IV‐MPM of cancer.

As described in section 3.2, the study of protein‐protein interac-

tions and protein activities in cells using FRET biosensors has revolu-

tionized the field of imaging. However, accurate FRET measurement

is challenging, in part because of low signal and the necessity for mul-

tiple control experiments.97 As an alternative, FRET biosensors can be

designed based on reversibly photoswitchable proteins, a method

called photochromic FRET. For example, Subach et al developed a

photoswitchable red FRET acceptor protein that can be reversibly

switched on and off, offering an intrinsic and internal signal control

for FRET.98

An additional way of controlling molecular activity using light is to

use photostatins: photoswitchable microtubule inhibitors.99 Using

photostatins, Borowiak et al showed optical control of microtubule

dynamics in vivo, modulating mitosis at a single cell level. Interestingly,

the cytotoxic effect of photostatins is significantly increased upon

blue light illumination that makes them a promising tool for precision

chemotherapeutics.
4 | EXTENDING AND COMPLEMENTING
THE CAPABILITIES OF IV‐MPM

IV‐MPM provides us with a unique ability to measure real‐time cell

behaviors, protein activities, and cell‐cell interactions. However, IV‐

MPM used alone has its limitations: it cannot inform about gene

expression within imaged tissues; it is limited to a single level of mag-

nification; longitudinal imaging is challenging; it relies on available

fluorescent molecules; and it provides relatively low‐throughput data.

In the following section, we discuss how IV‐MPM can be

complemented with omics platforms and/or single cell isolation tech-

niques towards molecular profiling of imaged tumor cells. We also

show how correlative imaging approaches can be used to expand

the spatial scales of tumor imaging and by reviewing some emerging

tools that facilitate imaging over time, provide new fluorescent mole-

cules, and improve the throughput of IV‐MPM data (Figure 3A).
4.1 | Molecular profiling of tumors

Microarray analysis of tumor tissues following IV‐MPM can enable a

deeper understanding of the observed tumor cell behavior. One of

the first such studies observed that cells within metastatic breast

tumors polarize and migrate towards blood vessels, while cells within

nonmetastatic breast tumors migrate in a random fashion. This
suggested that growth factors diffusing from the vasculature pro-

duced a chemotaxis response in metastatic cells only.104 By following

IV‐MPM with gene expression analysis of metastatic vs nonmetastatic

tumors, it was demonstrated that the nonmetastatic tumor cells

expressed higher level of FGFR and IGFBP, but very low levels of

EGFR compared with metastatic tumor cells. These results revealed

that among all growth factors released by blood vessels, EGF is the

main inducer of tumor cell chemotaxis.

Fluorescence‐activated cell sorting (FACS) combined with IV‐MPM

can also complement dynamic data by providing phenotypic informa-

tion. In a recent study, IV‐MPM of breast tumors in mice showed that

while some myeloid cells are motile, others are sessile.29 By imaging

the endocytic activity of myeloid cells, following dextran injection into

the circulation, the authors found that only the stationary myeloid

cells performed endocytosis. To further characterize the phenotype

of the stationary myeloid cells, IV‐MPM was followed by FACS analy-

sis of the dextran+ cells, which demonstrated that this population

consisted of both tumor‐associated macrophages and dendritic cells.

While a number of previous studies had referred to either tumor‐

associated macrophages105,106 or dendritic cells107 as dextran+ cells,

this work proved that dextran uptake alone is not sufficient to discrim-

inate between the two populations.

Combined IV‐MPM and FACS has also been used to analyze the

fate of myeloid cells in lung metastases.108 Direct observation of the

arrival of circulating tumor cells to the lung via IV‐MPM showed that

tumor cells fragment and shed microparticles that are then ingested

by myeloid cells. Further FACS analysis revealed that the identity of

the myeloid cells that were loaded with tumor cell fragments changed

over time. Many of the tumor cell‐ingesting myeloid cells extravasated

and accumulated in the lung, together with the tumor cells, promoting

metastases. Conversely, a population of resident dendritic cells among

the last to interact with the tumor microparticles was found to restrict

metastasis. Following IV‐MPM, cell fate analysis using FACS demon-

strated the existence of the competition between phagocytic myeloid

cells during lung metastasis.

FACS can also follow IV‐MPM imaging to isolate cell subpopula-

tions and analyze the protein expression in the isolated cells. For

example, Kagawa et al showed that the migration and invasion of

colon cancer cells are cell cycle dependent via the action of the

RhoGTPase‐activating protein ARHGAP11A.100 Using IV‐MPM to

monitor colon cancer cells expressing the fluorescent ubiquitination‐

based cell cycle indicator (FUCCI) reporters, cells in the S/G2 phases

were found to migrate faster compared with cells in G1. FACS of the

FUCCI‐red and FUCCI‐green cells (Figure 3B), followed by western

blotting, revealed that cells in the S/G2 phases have higher level of

the RhoGTPase activating protein ARHGAP11A compared with cells

in the G1 phase of the cell cycle. Subcutaneous injection of

ARHGAP11A‐knockdown cells followed by IV‐MPMshowed that these

cells were less motile, had a lower extravasation rate, and formed

smaller tumors than control cells. This work highlighted the potential

role of RhoGTPases in coordinating cell cycle with cell motility.

Although FACS is a high‐throughput isolation technique that

allows for the collection and robust analysis of specific cell types, it



FIGURE 3 Extending the capabilities of intravital multiphoton microscopy (IV‐MPM) with correlative imaging, molecular profiling, and other
emerging tools. (A) Methods that extend the potential of IV‐MPM. IV‐MPM: intravital multiphoton microscopy; FACS: fluorescence‐activated
cell sorting; RNAseq: RNA sequencing; CLEM: correlative light and electron microscopy; CLIM: cryosection labeling and intravital microscopy. (B)
Molecular profiling of cells imaged in vivo using fluorescence‐activated cell sorting (FACS). Fluorescent ubiquitination‐based cell cycle indicator
(FUCCI)‐expressing invasive colon cancer cells were inoculated into the cecum of mice (top left panel) and observed by IV‐MPM (top right panel).
Tumor dissociation and fluorescence‐activated cell sorting (FACS) enables analysis of the cell cycle profiles (bottom panels). Green: FUCCI‐green,
S/G2; red: FUCCI‐red, G1; blue: SHG signal from collagen fibers. Scale bar, 75 μm. Adapted and reprinted with permission from Kagawa et al.100

(C) Intravital correlative light and electron microscopy (CLEM). Three‐dimensional (3D) model obtained from serial transmission electron
microscopy imaging of a subcutaneous xenograft in the mouse ear. Three tumor cells (green) from the invasive front imaged with IV‐MPM have
been retrieved and highlighted (numbered arrowheads). The inset shows a 3D model from the IV‐MPM dataset. Blood vessels are shown in red.
Scale bars, 20 μm. Adapted and reprinted with permission from Karreman et al.101 (D) Large‐volume high‐resolution intravital imaging (LVHR‐IVI).
Left panel: a single z plane showing large area imaging of a mammary tumor within a transgenic mouse expressing fluorescent proteins. Green:
Dendra2‐expressing tumor cells, red: fluorescent dextran labeled vasculature, blue: CFP expressing macrophages. Scale, 4 × 4 mm. Middle panel:
one individual tile (yellow square) from which the mosaic is composed. Image shows two groups of cancer cells with distinct growth patterns.
Scale, 512 × 512 μm. Right panels: time lapse imaging of the subregion (yellow square). A macrophage (blue arrow), a tumor cell (green arrow), and
an endothelial cell (red arrow) induce transient vascular leakage (white arrow). Scale, 133 × 133 μm. Adapted and reprinted with permission from
Entenberg et al.102 (E) Lung IV‐MPM. Stills from a time‐lapse IV‐MPM imaging video of a spontaneously metastasizing tumor cell (green) in the
lung vasculature (red), 1 day after window implantation. The cell crosses the endothelium into the alveolar space (dashed white outline) by
t = 63 min. Scale bar, 15 μm. Adapted and reprinted with permission from Entenberg et al.103
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requires tissue dissociation that separates cells from their microenvi-

ronment, leading to the loss of valuable contextual information. To

isolate specific subpopulations of cells from tissue sections, laser cap-

ture microdissection (LCM) can be used.109,110 As an alternative to

LCM, spatial transcriptomics was recently developed in which tissue

section is placed on a chip containing arrays of capture probes, which

can bind cellular RNA from permeabilized cells. When combined with

single‐cell RNA sequencing, spatial transcriptomics was able to pro-

vide a spatial map of all the cell types present in pancreatic ductal ade-

nocarcinomas.111 In theory, either LCM or spatial transcriptomics

could potentially improve upon FACS as a follow‐up to IV‐MPM, to

analyze the gene expression profile of cells of interest while maintain-

ing the spatial organization of the tumor tissue. The development of

new methodologies for IV‐MPM followed by LCM or spatial tran-

scriptomics will advance our understanding of cancer.
4.2 | Correlative imaging: IV‐MPM followed by
immunofluorescence (CLIM) or electron microscopy
(CLEM)

The availability of a large collection of antibodies makes immunofluo-

rescence a powerful technique for studying the composition of tis-

sues, albeit in static conditions. To take advantage of both IV‐MPM

and immunofluorescence imaging technologies, a correlative micros-

copy method called cryosection labeling and IV‐MPM (CLIM) was

developed.112 After performing IV‐MPM, the area is marked by photo

tattooing: a near‐IR 2P laser is used to place a label inside or next to

the field of view. After cutting the tissue, all the cryosections contain-

ing the photo tattoo (visualized by autofluorescence) are used to

reconstruct the area of interest and match the region to the corre-

sponding IV‐MPM image. Alternatively, in vivo photoconversion can

be used to label the region of interest.40 Using CLIM, the migratory

behavior of mammary tumor cells was linked to the presence of

CD4+ T and CD8+ T cell subpopulations.112

To gather information on structures at the nanoscale level, IV‐

MPM can be followed by electron microscopy (EM), using a method

called intravital correlative light and EM (intravital CLEM).113 To locate

the region of interest imaged by IV‐MPM, serial tissue sections are

imaged individually using light microscopy, searching for regions mor-

phologically similar to IV‐MPM images.114 Unfortunately, the sample

preparation for EM alters the tissue structure, complicating the identi-

fication of the exact same region of interest. To address this challenge,

a novel protocol was developed to rapidly and precisely move from

in vivo imaging to three‐dimensional EM (3DEM).101 After performing

IV‐MPM, the surface of the specimen is marked using near‐IR light,

registering the xy coordinates of the area imagined by IV‐MPM. To

accelerate the process of retrieving the z‐position of the region of

interest, microscopic X‐ray computed tomography (microCT) of the

entire resin‐embedded sample is done.101 Using this workflow, single

tumor cells imaged by IV‐MPM in the mouse ear skin were located

in EM sections (Figure 3C). Among invasive cells, one cell was found

to extend membrane protrusions enriched in cytoskeletal filaments
(Figure 3C, cell 1), while another cell shows bleb‐like structures that

are filament free but rich in intracellular vesicles (Figure 3C, cell 3) that

allowed the authors to hypothesize that these two cells interact with

distinct environment. This methodology also revealed that metastasiz-

ing tumor cells trapped inside brain capillaries have extensions that

either intercalate between or invaginate into endothelial cells.101
4.3 | Emerging tools for IV‐MPM

4.3.1 | Method for large‐volume high‐resolution
IV‐MPM

In the clinic, pathologists routinely switch from low‐ to high‐

magnification objectives to observe tissue sections at different magnifi-

cations and establish a diagnosis. While low magnification identifies

abnormal regions within a healthy organ, high magnification can detect

morphological changes at single cell levels. In contrast, typical uses of

IV‐MPM commonly capture images only at high magnification, making

it difficult to analyze the tissue context. Recently, a method called

large‐volume high‐resolution intravital imaging (LVHR‐IVI) was devel-

oped to address the need for IV‐MPMwhere both the tissue‐wide con-

text and individual cells are visualized simultaneously.102 This method

requires serial acquisition of high‐magnification images followed by

mosaic stitching that allows for reconstruction at the tissue level.When

complete, LVHR‐IVI provides a coherent picture of the tissue architec-

ture, while maintaining high‐resolution of the individual fields of view.

Using LVHR‐IVI in the MMTV‐PyMT mouse model, Entenberg et al

were able to visualize large tissue volumes and revealed that at the early

carcinoma stage, mammary ducts can have different morphologies,

highlighting the tumor heterogeneities (Figure 3D, left and middle

panels). These large mosaic images were acquired at subcellular resolu-

tion, allowing authors to monitor dynamics of cell morphologies and

cell‐cell interactions (Figure 3D, right panel).

4.3.2 | Prolonged visualization of internal organs
using imaging windows

Surgical exposure of tissues is routinely used for IV‐MPM of internal

organs; however, such “nonsurvival” surgeries permit only a single, 6

to 24‐hour imaging session, even when animal vitals are carefully con-

trolled. To allow repeated IV‐MPM in the brain, implantable imaging

windows suitable for longitudinal imaging sessions (several weeks)

were developed. These have allowed long‐term imaging of the mam-

mary gland and the abdomen.61,115 Recently, a longitudinal imaging

lung window was added to this list.103 This lung window made it pos-

sible for the first time to visualize tumor cell extravasation in real time

(Figure 3E).

4.3.3 | Microenvironment manipulation during
IV‐MPM

Simultaneous perturbation of the tumor microenvironment and in vivo

imaging has been limited because tools such as needles filled with
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matrigel and growth factors were not compatible with high‐resolution

IV‐MPM.116 An improved version of this approach for collecting tumor

cells uses the Induction Nano Intravital Device (iNANIVID) in place of

needles.117,118 iNANIVID is fully implanted in the tumor mass and has

a fluorescently labeled opening that allows the user to locate and

image the region where the device is creating a chemotactic gradient

within the tumor microenvironment. Williams et al demonstrated that

the iNANIVID filled with EGF establishes a stable gradient of the

chemoattractant and induces tumor cell chemotaxis in vivo. iNANIVID

is an attractive tool to manipulate the tumor microenvironment and

record the effect of various agents (chemokines, growth factors, che-

motherapeutics) in real time using IV‐MPM.
4.3.4 | New far‐red fluorescent probes suitable for
IV‐MPM

The development of new laser sources has broadened the available

range of wavelengths from the near‐IR to the IR region of the light

spectrum (see section 2.1), creating the need for new fluorescent pro-

teins and dyes suitable for 2P excitation at such longer wavelengths.

Bacterial phytochrome photoreceptors are attractive templates for

designing such fluorescent proteins excited by near‐IR and IR light,

as their absorption spectrum is the most red shifted. One such exam-

ple is iRFP670119 that was used in an IV‐MPM study15 (Figure 1B).

Recently, a red‐shifted‐mCherry variant was developed, opening the

door to further improvement of red fluorescent proteins for IV‐

MPM.120 In addition to fluorescent proteins, fluorescent dyes and

far‐red quantum dots can be used in IV‐MPM studies. For example,

the brain vasculature of mice was imaged with quantum‐dots 655

(molecular probes).121 However, some concerns were raised regard-

ing the toxicity that quantum dots accumulation may have on organs

and tissues.122 As an alternative, a novel class of dyes, semiconduct-

ing polymer dot (pdot), appeared as promising candidates: they are

bright, stable, and have low biotoxicity.123 Using pdots, Hassan

et al recently visualized the cortical microvasculature of mice at

depths greater than 1 mm.124
4.3.5 | New mouse models for IV‐MPM of cancer

Development of transgenic mouse models engineered to express fluo-

rescent proteins in cancer and/or host cell types is rapidly evolving.

Until recently, new genetic mouse models were mostly tailored to

research interests by crossing mice with different genotypes. This

approach is extremely time consuming (1‐2 y), directing most studies

to employ xenograft models and develop cancer cells lines expressing

fluorescent proteins of interest. With the recent emergence of

genome editing techniques (eg, CRISPR/Cas9, TALEN125), transgenic

mice with multiple knock‐out and knock‐in proteins, including point

mutations and fluorescent proteins can easily be introduced into

mouse embryos. Consequently, in the near future, we can expect a

significant increase in the number of mouse models suitable for IV‐

MPM of cancer.
4.4 | Future technologies that will extend and
complement the capabilities of IV‐MPM

Several new strategies for tissue profiling hold great promise for

future integration with IV‐MPM:

4.4.1 | Mass spectrometry imaging and in situ
decellularization of tissues

The new technology of mass spectrometry imaging (MSI) is able to

analyze the molecular signatures of cancerous tissues in an unbiased

and label‐free manner.126 Using MSI, proteins, peptides, lipids, glycans,

and metabolites can be detected and correlated with histological

staining. Recently, Dilillo et al proved the potential use of MSI based

on matrix assisted laser desorption/ionization (MALDI) to detect

tumor‐specific proteoforms and proteins in a mouse model of high‐

grade glioma.127 However, most of MSI studies employ fixatives that

alter tissue integrity, followed by tissue sectioning or tissue clearing

systems that are not optimized for imaging the extracellular matrix

(ECM) architecture at high resolution.128 Hence, while MSI is

extremely useful for measuring cellular protein levels, it cannot offer

information on the ECM structure. Towards complementing MSI, in

situ decellularization of tissues (ISDoT) was developed to decellularize

organs while preserving the ECM topography and allowing down-

stream proteomic analysis.129 This unique methodology provides

information on the ECM structure at submicron precision, as well as

information on molecular composition. Mass spectrometry imaging

of decellularized tissues offers the opportunity to correlate intracellu-

lar molecules and the ECM architecture with the behavior of cells

imaged by IV‐MPM.

4.4.2 | Microfluidic sorting and RNAseq of EVs

EVs carry diverse biomolecules like RNA, DNA, proteins, and lipids,

which modulate the behavior of a recipient cell locally or at distant

sites.87 They also can be used to get information on the genetic status

of the tumor. Recent IV‐MPM studies have provided preliminary data

on EV dynamics and EV effects (see Section 3.3), but the full compo-

sition of EVs is unknown. A recent microfluidic platform designed to

isolate tumor‐derived EVs from blood was used to provide patient‐

derived EVs for next‐generation RNA sequencing, demonstrating the

heterogeneity of glioblastomas.130 A similar approach may be used

in the future to provide detailed functional analysis of tumor EVs

imaged by IV‐MPM.

4.4.3 | Quantification of cell‐cell interactions in vivo

Whereas the dynamics of cell‐cell interactions can be visualized

directly using IV‐MPM, the engagement of receptors and ligands in

this contact must be assayed indirectly. A novel system called labeling

immune partnerships by SorTagging intercellular contacts (LIPSTIC)

was introduced to monitor and precisely quantify cell‐cell interactions

in vivo.131 In this procedure, the ligand and receptor pair of interest
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are designed so that a label (fluorophore or biotin) is transferred from

the ligand onto the receptor when they are in close proximity. The sig-

nal is then quantified by flow cytometry ex vivo. This methodology

enables isolation of cells based on their intercellular interaction

in vivo, making it a potentially valuable complement to IV‐MPM.
5 | TRANSLATIONAL POTENTIAL OF
IV‐MPM FOR CANCER

A large portion of chemotherapeutic agents fail to deliver the prom-

ised results in clinical trials, despite their potency in in vitro assays

and animal models.132,133 This lack of success is due, in part, to the

fact that drug efficacy is based on endpoint measures, such as reduc-

tion in tumor size and/or decrease in the number of metastases. How-

ever, the dynamics and spatial heterogeneity in cell behaviors

significantly influence treatment response but remain unknown. In this

section, we demonstrate how IV‐MPM is uniquely positioned to pro-

vide real‐time insights into the pharmacokinetics (drug delivery), phar-

macodynamics (drug effect), and resistance to chemotherapeutic

agents. Additionally, we cover the development of new label‐free

imaging methods, which may boost the clinical utility of IV‐MPM by

guiding researchers and clinicians in designing more efficient screen-

ings and cancer therapies for patients.
5.1 | Monitoring chemotherapy distribution, effects,
and resistance in preclinical models

IV‐MPM can be used to monitor the distribution of fluorescent drugs.

Doxorubicin, a cytotoxic drug used to treat human cancers,134 is nat-

urally fluorescent, providing a direct way to image its pharmacokinet-

ics in vivo. Using the transgenic breast carcinoma model MMTV‐PyMT

and IV‐MPM, Nakasone et al measured changes in sensitivity to and

distribution of doxorubicin during tumor progression.33 The autofluo-

rescence of this drug combined with IV‐MPM allowed them to dem-

onstrate that distribution and retention of drugs in a tumor can be

heavily influenced by the tumor stage, a key finding that is valuable

to optimize drug delivery.

However, naturally fluorescent drugs are rare. Therefore, fluores-

cent analogs of chemotherapeutic agents with preserved functions

need to be created to image drug effects in vivo.135,136 Laughney

et al generated a fluorescently tagged analog of the microtubule inhib-

itor eribulin.35 At the time, eribulin appeared to be a promising chemo-

therapeutic agent for advanced, taxane‐resistant breast cancers,137

but only particular patient subgroups were benefiting from this drug,

raising the question of its mechanism of action.138 IV‐MPM showed

that eribulin is progressively delivered from the blood vessels into

the tumor tissue over 2 hours and that eribulin uptake is blocked in

cells with high expression of the multidrug resistance protein 1

(MDR1) known to confer resistance to taxanes by increasing drug

efflux (Figure 4A). On the basis of these results, the authors

redesigned the therapeutic strategy such that an MDR1 inhibitor,

HM30181, which sensitizes the MDR1‐high resistant cells to eribulin,
was coadministered with eribulin. In this example, IV‐MPM at a single

cell resolution was able to demonstrate heterogeneity in MDR1

expression within the tumor cell population, pointing at a strategy

for potentiating eribulin efficacy.

IV‐MPMof fluorescent drugs provides invaluable information about

drug distribution; however, the data do not provide information about

the specificity of action of the drug or whether the drug is engagedwith

its target. Recently, Dubach et al developed a method to determine the

unbound vs bound state of a drug based on fluorescence

polarization/fluorescence anisotropy, a technique called multiphoton

fluorescence anisotropy microscopy (MALM).139 Measurements of

anisotropy indicate the rotational diffusion rate of molecules, the value

of which increases as a function of the drug binding its target. The

authors used BODIPY‐AZD2281, a fluorescently labeled version of

olaparib, a PARP1 inhibitor that is currently in phase III clinical trials

(ClinicalTrials.gov Identifier: NCT03286842). As PARP1 is a large pro-

tein, binding of olaparib to PARP1 (ie, “target‐bound” state) yields a sig-

nificant increase in anisotropy compared with unbound drug (ie, “free”

state, if the drug is in the extracellular space or “intracellular” state). Fol-

lowing drug administration, Dubach et al saw an immediate engagement

of the drugwith PARP1 in the nucleus. This nuclear “target‐bound” drug

pool remained stable while the free and intracellular drug pools were

cleared over time, highlighting the longevity and specificity of the

drug‐target interaction. By being able to assess drug‐target interaction,

MALM is a promising tool to accelerate testing of chemotherapies in

preclinical mouse models.143

After monitoring the delivery of chemotherapeutic agents and the

interaction between these agents and their targets, IV‐MPM can be

used to ensure that the tumor mass is eliminated. To be able to mon-

itor the fate of tumor cells post‐therapy, some of the single cell and

subcellular strategies presented in section 3 can be used as a real‐time

readout of the host response to therapies. One such example is

assessing the efficacy of a widely used microtubule modulator, pacli-

taxel, which causes mitotic arrest and leads to cell death. To under-

stand whether the single cell, in vitro response to paclitaxel was

similar to the in vivo response, Orth et al used a cell line expressing

H2B‐mRFP (with fluorescent chromatin) and mEGFP‐α‐tubulin (with

fluorescent mitotic spindle).144 IV‐MPM imaging through the mouse

dorsal skinfold chamber revealed that paclitaxel is significantly less

apoptotic in vivo than in vitro: in vivo, tumor cells remained arrested

and survived for longer after mitotic arrest than did paclitaxel‐treated

cells in vitro. However, these observations relied on the morphological

signs of apoptosis via monitoring chromatin morphology, which typi-

cally appear in the late stages of apoptosis. To assess early stages of

apoptosis specifically, Janssen et al used a FRET biosensor for

caspase‐3 activity, along with the photoswitchable protein H2B‐

Dendra2, to monitor mitotic progression and the onset of apoptosis

within the same cell, following docetaxel treatment (Figure 4B).140

Strikingly, IV‐MPM performed upon docetaxel treatment revealed that

the vast majority of apoptosis originated from mitosis‐independent

effects of docetaxel, indicating that the drug had different mecha-

nisms of action in vitro and in vivo. In separate IV‐MPM studies, the

antimitotic drugs eribulin, paclitaxel, and ispinesib were also shown

http://ClinicalTrials.gov


FIGURE 4 Translational potential of intravital multiphoton microscopy (IV‐MPM) of cancer. (A) Imaging pharmacokinetics using fluorescently
labeled chemotherapeutics. IV‐MPM images of a taxane‐resistant HT1080 xenografts engineered to heterogeneously express MDR1‐mApple
(red) and ubiquitously express H2B‐iRFP (blue). Intravenously injected BODIPY‐mesylate (green) is dynamically monitored over the course of 2 h.
Blood vessels are segmented in dotted lines. Fiducial markers (stars) are placed for visual registration between frames. Scale bar, 100 μm.
Reprinted with permission from Dubach et al.139 (B) Imaging pharmacodynamics. Representative images of cells in vitro and in vivo showing an
increase in the CFP/YFP ratio of the Caspase‐3 Föster energy resonance transfer (FRET) biosensor as apoptosis progresses. Reprinted with
permission from Janssen et al.140 (C) Imaging the role of the microenvironment in drug resistance. Representative IV‐MPM images of ERK
biosensor‐expressing WM266.4 cells in nude mice treated with DMSO control (top panels) and PLX4720 (middle panels) for the indicated days.
The high magnification images of the areas in white boxes are shown in bottom panels. In PLX4720‐treated mice, there are “safe havens” of thick
collagen fibers (SHG signal, left panels) containing tumor cells with high ERK activity (FRET biosensor, right panels). Scale bars, 500 μm (low
magnification), 100 μm (high magnification). Reprinted with permission from Janssen et al.140 (D) Label‐free imaging with combined 2‐photon/
coherent anti‐Stokes Raman spectroscopy (CARS) microscopy. Direct interaction between adipocytes (AC, CARS, cyan) and tumor cells
(exogenous labeling, green) during local invasion. SHG signal from collagen fibers is shown in red. Scale bar, 25 μm. Adapted and reprinted with
permission from Lee et al.141 (E) Label‐free imaging of the tumor microenvironment using simultaneous label‐free autofluorescence‐multiharmonic
(SLAM) microscopy. Pseudo‐colored image of a 1.5 mm × 1.5 mm field of view of a rat mammary tumor showing collagen fibers (SHG signal,
green), interfaces (THG signal, magenta), flavin adenine dinucleotide (FAD) (2P autofluorescence, yellow) and nicotinamide adenine dinucleotide
(NADH) (three‐photon autofluorescence, cyan). The zoom ins of boxed areas are displayed on the right. (i) NADH signal allows visualization of
tumor cells (yellow arrows). (ii) Due to their shape, the FAD signal is stronger in macrophages (white dashed arrows) than in vascular endothelial
cells (red arrows). (iii‐iv) the deeper z‐sections of the area show a mature blood vessel containing red blood cells (red arrows). Adapted and
reprinted with permission from You et al.142
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to exhibit nonmitotic effects and reduced efficacy compared with

effects measured in vitro.38 Overall, measuring responses to chemo-

therapeutic agents by IV‐MPM may help explain varied and limited

responses in clinical trials and improve current cancer treatment

strategies.

The development of therapy resistance is a key contributor to

therapeutic failures, caused in large part by interactions between

tumor cells and their microenvironment. Therefore, to understand

how resistance develops over time, it is essential to longitudinally

image drug response in the native tumor microenvironment. Hirata

et al established the chronology of biochemical events in response

to the BRAF inhibitor PLX4720, in the BRAF‐mutant melanoma mouse

model.145 In this model, a rapid initial response to the drug was

observed, followed by an emergence of resistance. Interestingly, no

genetically resistant subclones were detected prior to the treatment,

hinting at extrinsic factors being involved in the observed response.

To understand the emergence of resistance in this model, the activity

of the ERK/MAPK pathway, which mediates BRAF function, was mon-

itored by a FRET‐based biosensor.146 IV‐MPM revealed that upon

PLX4720 treatment, fibroblast deposition and ECM remodeling

increased, creating niches of resistant tumor cells with high

ERK/MAPK signaling activity. Via ECM‐derived signals activating the

integrin β1/FAK signaling axis, ERK/MAPK signaling was upregulated

independently of BRAF. This allowed for large numbers of cells to sur-

vive BRAF inhibition (Figure 4C). These results pointed to a combination

therapy in which for BRAF inhibition and FAK inhibition synergized to

eliminate melanoma tumors and prevent the emergence of resistance.

Interestingly, the tumor‐stroma dynamics proved to be integral in the

development of resistance to other inhibitors as well. For example, mel-

anoma cells adjacent to bundled collagen fibers survived after treatment

with the MEK inhibitor trametinib.147 Vascular leakage and infiltration

of myeloid cells were important for the response to doxorubicin or cis-

platin in breast carcinomas.33 These findings have underscored the

importance of considering the role of the tumor microenvironment

when designing chemotherapeutic strategies.148

IV‐MPM can be used to monitor therapy response and improve

already effective therapies, such as immunotherapy. Adoptive cell

therapy and cyclophosphamide (ACT‐CTX) is one of the most effective

treatments against melanoma.149,150 ACT is the isolation, expansion,

and reinfusion of tumor antigen‐specific lymphocytes from patients,

which triggers a powerful antitumor response by tumor‐specific cyto-

toxic T lymphocytes (CTLs). CTX is a potent immunosuppressant that

selectively targets and depletes regulatory T cells in the tumor micro-

environment, which can weaken the activity of CTLs.150-152 However,

it is unclear how these two therapies synergize and no spatio‐temporal

dynamics have been described in vivo. By imaging implanted mela-

noma tumors, Qi et al showed that regulatory T cells form an “immu-

nosuppressive ring” around the solid tumor that prevents infiltration

by the adoptive CTLs and other anticancer immune cells.153 Pre-

treatment with CTX before ATC not only led to the removal of the

immunosuppressive barrier but also promoted the accumulation of

adoptive CTLs and endogenous immune cells in the tumor area.

Guided by their IV‐MPM data, the authors proposed a novel regimen
of three rounds of metronomic CTX‐ACT treatments that yields the

most efficient results.

In summary, IV‐MPM can be employed to explain the successes or

failures of cancer therapies and help design more effective strategies.

However, applying discoveries from preclinical models to humans still

requires caution. For example, measurement of tumor vasculature

using IV‐MPM in mice underestimated the size of tumor vessels in

humans,154 leading to potential differences in pharmacokinetics.
5.2 | Label‐free IV‐MPM

Label‐free, nonlinear optical methodologies, such as multiharmonic

signals (SHG and THG) and detection of autofluorescence are increas-

ingly used in IV‐MPM of cancer to visualize tissue features. These

eliminate the need for injectable fluorescent markers (dyes, quantum

dots, nanoparticles154,155) or cells and animals expressing fluorescent

proteins (see section 4.3), which can introduce unexpected perturba-

tions to cellular behavior and/or the microenvironment.

In biomedicine, SHG is used to visualize noncentrosymmetric

structures such as collagen fibers and striated myofibers.156 Using

SHG to image collagen architecture at the tumor‐stroma interface in

preclinical models, the Keely lab demonstrated how ECM organization

and density affect tumor progression. They outlined three tumor‐

associated collagen signatures, termed TACS‐1, ‐2, ‐3, which accom-

pany breast cancer progression in a predictable manner.157,158 Impor-

tantly, their work further showed that the invasion‐associated

signature, TACS‐3, can predict disease recurrence and survival in

human patients.159

THG primarily occurs at local transitions of optical refractive index

in the tissue, which can include water‐lipid or water‐protein interfaces

providing additional information beyond SHG about tissue structure

and organization.17 The THG signal is primarily induced by wave-

lengths greater than 1200 nm, which typically requires the use of

OPOs to extend the laser wavelength (see section 2.1) or custom build

fiber lasers.160 Due to limited applications of such high‐price light

sources outside of THG in microscopy, THG is not as extensively used

as SHG to date (this is likely to change with the recent development of

fiber lasers50-52). In IV‐MPM of cancer, THG so far has aided in the

imaging of the blood vessel walls and blood cells161 and provided out-

lines of adipocytes162 and extracellular vesicles.142

Autofluorescence allows imaging of metabolites and structural tis-

sue components. Metabolic cofactors nicotinamide adenine dinucleo-

tide (NADH) and flavin adenine dinucleotide (FAD) are of particular

interest, as they emit the strongest autofluorescence signals. Given

that changes in the metabolic state contribute to tumorigenesis, imag-

ing NADH and FAD levels can serve as cancer biomarkers.163 Further-

more, the abundance and redox state of these metabolites can be used

to distinguish between different cell types present in the tumor micro-

environment. Notably, the identification of tumor‐associated macro-

phages, which are high in FAD has been enabled by quantitative

FLIM‐based imaging.164 The infiltration and recruitment of macro-

phages to the tumor tissue are associated with poor prognosis.165-168
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The ability to noninvasively image and quantify macrophages without

the use for exogenous labels meets the critical need in the clinic for

assessment of fresh biopsies. In addition to the intracellular metabo-

lites, structural tissue components, such as elastin, can be visualized.

While elastin autofluorescence has been useful for ex vivo studies in

the lung,169 so far, no IV‐MPM study of lung elastin has been reported.

With the development of the lung imaging window103 (see section

4.3.2), we can expect that more longitudinal studies will harness the

autofluorescence properties of elastin, abundant in the lung.

Another label‐free technique allows imaging of chemical bonds

present in biological specimens. The nonlinear optical technique

called coherent anti‐Stokes Raman scattering (CARS) microscopy is

based on molecular vibrational spectroscopy and provides detailed

information on the chemical bonds present in biological speci-

mens.170 In tumor biology, it has been used in combination with

other imaging modalities to detect changes in adipose tissue of

breast cancer,171,172 brain tumor delineation,173 and blood flow in

the tumor microenvironment.141

Combined use of SHG/THG, 2P excited fluorescence, and CARS

provides an excellent platform to image tumor cell interactions with

their immediate surroundings, such as blood vessels and adipocytes.

For example, fluorescently labeled tumor cells were shown to directly

interact with adipocytes during local invasion141 (Figure 4D). Further-

more, imaging of a carcinogen‐induced breast carcinoma in rats, using

contrasts from molecular vibration (CARS microscopy), harmonic gen-

eration, and autofluorescence, revealed that a concurrent enrichment

of EVs as well as a shift in the metabolic signature accompanied

tumorigenesis.172 Further development of CARS‐based imaging, either

alone or in combination with other imaging modalities will greatly ben-

efit research and clinical applications.

Widespread use of entirely label‐free imaging has been hindered

by the challenge of combining different technologies to provide good

contrast and minimal phototoxicity. For example, the combination of

2P and 3P excitation requires sequential imaging because of the dif-

ferent wavelengths required, resulting in longer acquisition times and

increased photodamage. To overcome such challenges, You et al

designed a novel imaging platform called simultaneous label‐free

autofluorescence multiharmonic (SLAM) microscopy.142 This method-

ology allows simultaneous imaging of NADH and FAD via 2P and 3P

excited autofluorescence, respectively, as well as imaging of

noncentrosymmetric structures via SHG signal and interfacial fea-

tures with THG signal using a single excitation source. Using this

platform, the authors were able to obtain a comprehensive and

detailed view of the tumor tissue composition and organization,

including collagen fibers, tumor cells (high FAD because of increased

glycolytic activity), endothelial cells, and adipocytes (Figure 4E). Imag-

ing deeper into the tissue captured mature blood vessels and red

blood cells, identified by their high FAD signal and absence of nuclei

(Figure 4Eiv). Thus, the SLAM microscopy platform provides fast mul-

timodal visualization of unlabeled tissues at the molecular level with

spatio‐temporal dynamics. The use of a single excitation source and

the label‐free imaging capabilities make this system adaptable for

clinical use. Further development of entirely label‐free imaging
modes will not only allow for the visualization of additional endoge-

nous features but has potential for the use in the clinic.

5.3 | Clinical uses of IV‐MPM of cancer

The recent advances in near‐IR intravital microscopes (see section

2.1), together with the development of novel label‐free imaging

methods (see section 5.2), have opened the door to IV‐MPM in cancer

patients.174-179 For example, the DermInspect and MPTflex devices

(JenLab) were used for melanoma detection in patients.177-179 Confo-

cal laser endomicroscopy is used intravitally, in place of classical histol-

ogy, for gastrointestinal and bladder urothelial tumors.180-184 And in

two current pilot clinical trials, intraoperative microscopy is being

used to directly assess tumor vasculature in melanoma patients

(ClinicalTrials.gov identifiers NCT01886235, NCT02857374). While

the use of IV‐MPM in humans is still in its infancy, the translational

potentials of this technology in intraoperative diagnosis and detection

of tumor edges and/or vasculature are undeniable. With the continu-

ous development of multiphoton microscopy systems and image anal-

ysis software, we anticipate that in the future, IV‐MPMwill become an

integral tool not only for diagnosis and tumor resection but also for

personalized medicine.
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