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Abstract

Tumor growth, invasiveness, and metastasis are dynamic processes involving cancer interactions
with the extracellular matrix, the vasculature, and various types of non-cancerous host cells that form
the tumor stroma. An often-present stromal component is the immune cells, such as tumor-associated
myeloid and lymphocytic infiltrates, yet endogenous anti-tumor immune responses are typically
ineffective in tumor rejection and may even contribute to the progression of some cancers. How
exactly cancer cells interact with the stroma and invade healthy tissues while avoiding anti-tumor
immune responses, and which interactions should be targeted for anti-tumor therapy, can now be
studied by minimally invasive observation using multi-photon and other low impact confocal
microscopy techniques and fluorescent animal tumor models. Intravital video microscopy has already
been instrumental in defining the roles and modes of cellular motility in the angiogenic process and
during tissue invasion at the tumor margin. In the hands of cancer immunologists, intravital video
microscopy is beginning to unravel the complexity of effector and suppressory lymphocytic
interactions in tumors and in the draining lymphoid organs. As the intravital microscopy approach
is beginning to move beyond fundamental description and into analyzing the molecular
underpinnings of cell’s dynamics, future technical advances will undoubtedly provide yet deeper
insight while stitching together a systems dynamics view of cancer—host interactions that will keep
on inspiring cancer researchers and therapists.
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Introduction

Besides uncontrolled proliferation, tumor pathogenicity is attributable to malignant cell
migration, which contributes to tumor invasiveness and metastatic potential (Fig. 1). When
migrating between other cells and through the extracellular matrix (ECM), cancer cells can
cause tissue damage and remodeling. Some migratory cancer cells can traverse epithelial
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barriers and enter blood circulation to disseminate in new locations. Cancer cell motility is thus
harmful and constitutes an important target for therapeutic intervention. On the other hand,
however, cellular motility is required for the surveillance and effector functions of the immune
system, which has the capacity to recognize cancers and mount therapeutically valuable anti-
tumor immune responses. To be effective, tumor-specific cytotoxic T lymphocytes (CTL) must
first interact with antigen-presenting dendritic cells (DC) that migrate from the tumor to the
draining lymph nodes to cross-present tumor antigens. CTL motility is then critical to home
to and infiltrate the tumor mass and engage in direct killing interactions with cancer cells. While
it is possible and, indeed, informative to study the migratory characteristics of malignant or
immune cells under in vitro conditions, critical information is inevitably lost about the
spatiotemporal regulation that takes place in the 3D environment of living tissues. Particularly
difficult to reproduce is the impact of the vascular blood flow and the lymphatics function on
such events as metastasis or immune cell recruitment. It is likewise difficult to recreate ECM,
in which cells move through fibrillar protein networks and respond to chemotactic gradients.
It is thus with a great enthusiasm that cancer biologists and immunologists welcomed the
development of multiphoton microscopy (MPM) and novel fluorescent cell labeling methods
that allowed high-resolution visualization of cellular behaviors in intact living tissues and
intravital preparations.

Over the recent decade, MPM was applied to address a variety of questions in tumor biology
and immunology, each field exploring the behavioral characteristics of the cells that they study.
For the most part, cancer biologists and immunologists who embarked on intravital imaging
projects were working in separation. Incidentally, significant breakthroughs were made by
others that led to defining the molecules, such as CTLA4 [1], and immune cell types, such as
the CD4* FoxP3* regulatory T cells (T-reg) [2-4], that began explaining why anti-tumor
immune responses are so ineffectual. Since then, cancer immunology is undergoing revival,
and new potentially powerful anti-tumor immune therapies directed against the immune-
suppressory pathways are being tested in the clinic. It is still unclear, however, how exactly
the immune system interacts with cancer at steady state and during therapy, enticing both cancer
biologists and immunologists to join forces applying MPM and other intravital imaging
techniques to reveal such interactions in intact tumors.

Advantages of MPM and other low impact confocal microscopy for cancer
and immunology research

MPM is a variation of conventional laser scanning confocal microscopy (LSCM) that excels
in the depth of imaging in light scattering specimens, such as tissues, and by greatly limiting
laser phototoxic damage to living cells. As such, MPM has become the method of choice for
the investigation of single cell dynamics in living tissue specimens and in vivo [5]. The key
advantages of MPM come from using ultra short-pulsed near-infrared lasers instead of
continuous visible and ultraviolet lasers that are typical for LSCM. Unlike the continuous,
hence relatively low intensity illumination, femtosecond pulsed near-infrared lasers distribute
the same average power into highly intense light packets. As the light intensity is further
focused by the objective lens, fluorophores can become excited by almost simultaneously
absorbing two (or more) low energy near-infrared photons, thus generating fluorescence with
an intrinsic optical sectioning ability, i.e., without the need for a confocal pinhole. Highly
sensitive wide field non-descanned detection is therefore applicable that can efficiently gather
photons emitted and scattered deep in tissues. The phototoxic effects of multiphoton excitation
are likewise confined to the focal plane only, while the linearly scaling adverse effects, such
as infrared heating, are largely avoided at low average laser powers [6].

Inaddition to fluorescence-based contrast, MPM allows label-less or intrinsic contrast imaging.
The primary sources of intrinsic contrast in MPM are the fibrillar collagen and elastin, which
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are the primary ECM constituents, as well as certain cellular metabolites. The underlying
mechanisms of signal generation are twofold. Collagen fibers and other highly repetitive chiral
structures interact with femto-second light pulses causing nonlinear light scattering and
interference, termed second harmonic generation (SHG), which produces visible light of
exactly half the wavelength of the illumination [7,8]. While SHG is the most intense in the
forward direction, it can be acquired in the back-scattered direction using high numerical
aperture objectives, therefore being applicable to thick tissues and intravital preparations.
Elastin, on the other hand, and certain cellular metabolites, such as nicotinamide adenine
dinucleotide (NAD, NADH) and flavin adenine dinucleotide (FAD), emit intrinsic two-photon
excited autofluorescence, each at its characteristic, rather broad range of wavelengths [9-11].
The structure of the ECM can thus be revealed by simultaneous imaging of collagen SHG and
elastin autofluorescence. Intracellular redox states can be assessed by imaging the NAD/FAD
ratios, which is of interest to visualize tumor hypoxia.

Leaping improvements have also been made in the conventional, single photon microscopy
domain, resulting in new low impact confocal techniques that are applicable to intravital
imaging. Rapid resonant scanning LSCM and spinning disk confocal microscopy are
particularly notable in that regard, offering low phototoxicity at high temporal and spatial
resolutions, although not as deep axial penetration as MPM. The improvements can be traced
to much shorter laser beam dwell times allowing the excited triplet states to dissipate prior to
photochemical fluorophore inactivation, as well as, in spinning disk confocal microscopes,
more efficient, camera-based detection. Resonant scanning is also applicable to MPM, further
improving temporal resolution and decreasing phototoxicity [12] (and our unpublished data).
While other, lower resolution intra-vital imaging techniques are increasingly used for tumor
imaging, for example, nuclear radiotracer imaging and whole body fluorescence imaging, only
MPM and the low impact confocal microscopy techniques provide the necessary combination
of subcellular spatiotemporal resolution, biocompatibility, and multiplex detection that is
necessary to reveal individual cell interactions.

Fluorescent labeling strategies to reveal cell populations and tumor
microenvironment

Visualizing individual cell behavior in vivo generally requires appropriate fluorescent labeling
of pre-determined cell populations. In general, two labeling strategies are applicable: by ex
vivo labeling of purified cell populations with fluorescent dyes or genetically-encoded
fluorescent proteins, followed by adoptive transfer to syngeneic mice, and by using fluorescent
reporter transgenic mice. Dye dilution in proliferating cells limits the usefulness of chemical
labeling for long experiments (while allowing the number of cell divisions to be measured),
which can be avoided by retroviral expression of fluorescent proteins. By using lineage-specific
fluorescent protein reporter transgenic mice as tumor recipients, truly endogenous host cells
can be followed indefinitely in their entirety, allowing a quantitative outlook over the cell’s
representation. Deregulation of tumor vasculature and vascular leakage, which are hallmarks
of the tumor microenvironment, can be visualized by intravenous injection of high molecular
weight fluorescent dextrans or quantum dots. Alternatively, the vasculature can be visualized
in vivo using reporter mice expressing green fluorescent protein (GFP) under the epithelial
Tie-2 kinase promoter [13]. Angiogenesis can be monitored using the nexin promoter-GFP
mouse strain, which reveals the nascent blood vessels [14].

Intravital tumor preparations for time-lapse microscopy

Skilled surgery and stable positioning are critical for successful intravital time-lapse
fluorescence microscopy, as even slight movements due to bodily functions, such as breathing
or heartbeat, can render the data unusable. Stable tumor positioning for vital imaging studies
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has been possible before the advent of MPM using a skin-fold chamber/window device [15,
16]. Cancer cells are placed underneath a glass window in the skin stretched on the back of the
animal. If the growth is sufficiently shallow, the skin flap model is optically compatible with
various imaging modalities, including camera-based (wide field and spinning disk confocal),
LSCM, as well as MPM.

The skin-fold window was applied to a human HT-1080 fibrosarcoma model implanted in
immune-compromised recipient mice to study the growth rates, tumor-induced angiogenesis,
and tissue invasion [17]. By expressing the DsRed?2 red fluorescing protein in the cytoplasm
and histone 2B linked to enhanced GFP (H2B-EGFP) in the nucleus, the tumor volume (based
on the DsRed2 signal) and the frequency of mitosis (based on the nucleus shape) could be
measured, demonstrating the high spatial resolution attainable with this technique. Longitudal
imaging of the same area showed that tumor volume increased faster after the onset of
angiogenesis (days 3—4 after implantation). The frequency of mitosis (2-5%) and apoptosis
(<1%) could be estimated based on the ratios of the nucleus to cytoplasm areas and nuclear
morphology. The skin flap window preparation is thus invaluable for the longitudal studies of
angiogenesis in small tumors [18].

The drawbacks of the skin flap window model include poor thermoregulation, adverse tissue
reactions, and limited tumor size. Moreover, the skin flap model does not fully recapitulate the
intricacies of non-skin tumors—an important dilemma for cancer researchers and tumor
immunologists interested in orthotropic tumor models and tissue-dependent immune
responses. Modified tumor window preparations are now possible for breast cancer [19] and
bone or bone marrow cancers, the latter using a cranial bone window preparation [20]. Our
own studies are focused on the lungs, an organ that is a physiological target of tumorigenesis
and metastasis but a challenging one to image due to the breathing action. The strategy that we
applied is based on a suction device similar to that described for rat lung positioning [21]. When
miniaturized and equipped with electro-thermal control systems, the lung holder device enables
stable intravital imaging of tumor metastases in surgically exposed, breathing lungs (Fig. 2).

Intrinsic contrast MPM imaging of the ECM and cell metabolism

Increased deposition of collagen, or desmoplasia, is a characteristic of many tumors [22]. By
using SHG and tissue autofluorescence-based MPM, ECM was analyzed in esophageal cancer
at different clinical stages, showing that desmoplastic collagen fibers lost their typical fine
structure and their area became reduced [9]. In contrary, the amount of elastin in neoplastic
stroma was increased, with elastin fibers becoming shorter and more fragmented, compared to
healthy tissues. In a breast cancer model, tumor-associated collagen signatures were identified
that could be used as characteristic markers of tumor expansion [23]. In addition, cancer-
affected tissues changed their intrinsic femtosecond pulse-excited autofluorescence and
morphological characteristics. Using intrinsic contrast MPM, at least five autofluorescence-
detectable features could be identified in 7,12-dimethylbenz(a)anthracene-inducible hamster
cheek squamous carcinomas that were diagnostically distinct when compared to normal
epithelium: the nuclear density ratio, the keratin layer and epithelial thickness, and the
fluorescence intensity in the keratin and epithelial layers [24].

Rapid tumor growth and poor vascularization often result in tumor hypoxia, which causes cells
to switch from the oxidative phosphorylation to glycolysis [25-28]. The altered cellular
respiration is detectable by MPM imaging of the intracellular ratios of the reduced form of
NAD (NADH) and the oxidized form of FAD. In addition to altering the relative intensities of
NADH and FAD, which can be assessed ratiometrically, intracellular redox states also affect
fluorescence lifetimes, whose measurements are intrinsically compatible with pulsed excitation
[10,11]. It was possible that way to differentiate precancerous or cancerous cells from the
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surrounding normal tissue, as well as the invading metastatic cells from noninvasive cells, all
without additional fluorescent labeling [29-33]. Since no fluorescence labeling is required,
SHG and intrinsic autofluorescence MPM hold promise for noninvasive imaging of human
tissue biopsies and in vivo subjects [34]. By combining SHG with cell tracking, cellular motility
can be studied in relation to the ECM structure [35-38].

Tumor cell migration and tissue invasion

Tumor pathogenesis is primarily attributed to tumor invasiveness, which is largely determined
by the migratory behavior of cancer cells towards and into the surrounding tissue (Fig. 1).
Intravital MPM was instrumental in revealing two distinct modes of cancer cell motility, as
distinguished by morphological changes during cell movement [39,40]. The migration of cells
with spindle-like shape, termed mesenchymal or fibroblastic migration, proceeds via pseudo-
pod protrusion at the leading edge, followed by focal attachment to the ECM, and detachment
of the trailing edge. To pass through the fibrous ECM networks without inflicting excessive
distortion to the rigid nucleus, cancer cells created openings between the fibers to then squeeze
through the openings. Indeed, the mesenchymal migration was associated with ECM
degradation and formation of tube-like tracks lined with ECM degradation products. The
dynamics of ECM degradation and cell translation depended on a matrix metalloproteinase
(MMP) activity at the focal attachment points as well as integrin-driven adhesion. Interestingly,
upon inhibiting extracellular proteases, tumor cells underwent a mesenchymal-amoeboid
transition. In particular, they acquired a more spherical morphology, became highly
deformable, and instead of digesting their way through the ECM, moved in a propulsive,
amoeboid manner by cytoplasmic streaming and squeezing [41]. The amoeboid movement was
associated with short-lived and weak interactions with the substrate, allowing the cells to reach
higher velocities. The process of mesenchymal-amoeboid motility transition could be involved
in increasing tumor invasiveness and, if it enables cancer cells crossing into the blood
circulation, it could increase metastasis.

Collective cell movement refers to coordinated translational motility of cell sheets, aggregates,
or clusters migrating as a functional unit [42-44]. Multiphoton imaging of a sarcoma tumor
margin revealed that cancer cells could proceed into the surrounding tissue in a collective
manner by assembling and migrating together in highly asymmetrical multicellular strands
[17]. The cells at the leading edge were highly motile, guiding the cells that followed, whereas
the cells in the inner and rear regions of the collective movement unit were pulled passively.
The pack’s movement through the collagen network was facilitated by membrane-bound
MMPs on the anterior cells. The MMP activity cleaved collagen fibers in such a way that the
fibers become aligned parallel to cell body to form tracks of least mechanical resistance, thus
facilitating the passage of the cells that followed [45]. The consecutively passing cells further
amplified the process, such that large macrotracks formed that guided the collective invasion.
In addition to MMPs, the joint movement also depended on the activity of f1 integrin. Upon
blocking both B1 integrins and MMPs, the collective cell motility pattern was abolished,
transitioning to more random singular motility; a similar phenomenon was also triggered by
TGFp signaling [43,45,46]. Interestingly, the ECM-derived peptides that were produced by
tumor-mediated proteolysis further stimulated cancer cell motility, suggesting a chemokinetic
positive feedback loop that could enhance cancer cell migration and tissue invasion [40,47].

The acquisition of migratory behavior by cancer cells is suspected to contribute to metastasis,
a poorly understood process of remote tissue colonization requiring, at an initial stage, cancer
cell intravasation into the bloodstream or the lymphatics. Interestingly, intravital tracking of
quantum dot-labeled tumor cells in mice showed that, in addition to the hematogenous and
lymphatic routes, cancer cells can use primo-vessels—semitransparent fluid-conducting multi-
lumen channels—to disseminate and form metastases in the peritoneum [48]. Using MPM, the
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migratory capacity of non-metastatic and metastatic cells was compared in primary mammary
carcinoma tumors [49]. The cells of the metastatic line MTLn3 interacted more often with
collagen fibers than the non-metastatic MTC cells, despite higher collagen content in the non-
metastatic tumors. Although their migration rates were similar (3.4 um/min), the metastasis-
prone MTLn3 cells tended to move in a more linear fashion along collagen fibers, stopping
whenever fibers were missing. The metastatic capacity also correlated with the ability of tumor
cells to reorganize the collagen networks [23,50]. In the vicinity of blood vessels, the
metastasis-prone MTLn3 cells polarized and migrated toward the vessels, indicating sensitivity
to a guiding gradient—a behavior that contrasted with mostly random motility of non-
metastatic MTC cells. Epidermal growth factor receptor (EGFR) could be involved in the cell
guidance since metastatic tumors had high levels of EGFR and responded to EGF gradients
[49], which originated from tumor stroma and vasculature [47]. Indeed, over-expression of
EGFR in MTC cells increased their chemotactic responses to EGFR ligand in correlation with
the metastatic potential [51]. Only few MTC cells were observed entering the blood vessels,
and those that did underwent fragmentation due to the hydrodynamic shearing of pseudo-pods
that penetrated into the blood stream, resulting in the cell’s death by apoptosis. The
intravasating MTLn3 cells, in contrast, remained intact, their mechanical stability being greater
due to increased cytokeratin content. The results of the experiments with the implanted MTLn3
and MTC cell lines, which were further corroborated in spontaneous tumor models [52],
support the notion that the acquisition of metastatic potential by cancerous cells can be in part
attributed to a coordinated deregulation of multiple pathways involved in directional cell
maotility, including chemotaxis, ECM-mediated guidance, and cellular polarization.

Intravital imaging showed a spatial heterogeneity in the ability of tumor cells to migrate within
tumors [53]. Using a chronic cranial window, the matility of red fluorescent protein (RFP)-
expressing glioma was recorded in vivo in relation to blood vessels, which were visualized by
intravenous injection of high molecular weight fluorescein isothiocyanate-dextran. Tracked
over 48 h, the cells migrated predominantly away from the tumor center (84% of cells),
stretching out along the abluminal site of the endothelial cells of brain microvessels (91% of
cells). The speed of perivascularly moving cells, while relatively slow (0.024 um/min), was
3.6-fold higher than the cells positioned away from capillaries. The perivascular cancer cell
motility coincided with vessel remodeling, capillary dilation, vessel splitting, and glomeruloid
bodies (loops) formation.

The mechanisms of tumor invasiveness were further corroborated in a breast cancer window
model [54]. Orthotopically implanted mammary tumor MTLn3 cells expressed the
photoswitchable protein Dendra2, whose fluorescence can be changed from green to red by
intense UV illumination, thus allowing individual cells to be marked. In the region that lacked
discernable blood vessels, UV-photomarked cancer cells stayed close together, whereas in the
vascularized regions, photomarked cancer cells spread out over a larger area, demonstrating a
higher migratory potential. A faster drop in the number of photo-marked cells in the
vascularized region suggested ongoing intravasation. It is thus likely that tumor vascularization
can increase its metastatic potential by affecting cancer cell migration.

To study the mechanisms of cancer cell extravasation, leukemic cells were injected
intravenously and followed in the bone marrow. Circulating metastatic cancer cells
extravasated preferentially in distinct “hot spot” sites that were demarcated by increased
concentration of the vascular cell adhesion molecule E-selectin and the SDF-1 chemokine
[55]. Interestingly, not only leukemic cells but also hematopoietic stem/progenitor cells and
lymphocytes used the same hot spots to arrive in bone marrow. SDF-1 binding to its receptor
CXCR4 was critical, since CXCR4 blockade and/or downregulation inhibited cancer
engraftment.
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Angiogenesis and metastasis establishment

Once blood-carried metastatic cancer cells lodge in a target tissue to form micrometastases,
their survival depends on physical proximity to a blood vessel for nutrient access. Beyond a
submillimeter size, further growth requires successful neovascularization. The early stages in
metastasis establishment were studied by comparing melanoma and lung carcinoma
interactions with brain capillaries in a chronic cranial window preparation [56]. The initial
stages were similar: arriving cancer cells became arrested at microvascular branches due to
size restriction, followed by extravasation over the following 3 days. After that, the cells stayed
close to the vessel wall and maintained a direct contact with abluminal endothelial cells—an
interaction that was essential for their survival [56]. From then on, different strategies were
employed by the melanoma and carcinoma micrometastases to ensure sufficient blood supply.
Melanoma micrometastases could grow as big as ~380 um without triggering angiogenesis
and vascularization, but carcinoma micrometastases triggered early vascularization, after
reaching a diameter of~150 um, which could be related to the production of vascular epidermal
growth factor (VEGF) by the carcinoma but not melanoma cells. But how could the melanoma
grow up to ~380 um without forming new vessels? Interestingly, by migrating along micro-
vessels, melanoma cells distorted them into small loops, thus increasing the micrometastasis-
to-vessel contact area without new vessel formation. Two critical, vasculature-dependent
phases of metastasis development were thus identified by dynamic imaging: the angiogenesis-
independent growth of perivascular micrometastases, and the VEGF and angiogenesis-
dependent transition from micro- to macro-metastases [56].

Antiangiogenic therapeutics is pursued to slow down tumor growth by depriving it of blood
supply. Sunitinib is a multi-targeted tyrosine kinase inhibitor that exhibits multiple, including
antiangiogenic, effects by interfering with the VEGF receptor and other Stat3-dependent
growth factor receptor signaling, but the exact mechanism of its efficacy is not clear [57]. Using
intravital microscopy in a renal carcinoma model and intravital annexin V staining to reveal
apoptosis, the effects of sunitinib were followed in vivo soon after treatment. Interestingly,
tumor apoptosis was apparent as early as 1 day after administering the agent and before the
collapse of tumor vasculature, thus revealing a previously unappreciated, non-antiangiogenic
activity of sunitinib and demonstrating the potential of intravital microscopy to study
pharmacological function.

Visualizing the role of tumor stroma in cancer cell dynamics: TAM and TAF

Among the most reliably found stromal components in most tumors are tumor-associated
fibroblasts (TAF) and macrophages (TAM), both of which were implicated in promoting tumor
growth and progression. In agreement with histological observations, intravital microscopy
showed that TAM tended to concentrate at the tumor margin [58-60], as well as associating
with blood vessels inside tumors as single cells or small clusters. Time-lapse recordings showed
that TAMs, which can be labeled in vivo with fluorescent dextrans and other cell-ingestible
contrast agents, were motile, moving with the median speed of 2.9 um/min, which was faster
than tumor cells (1.8 um/min), but slower than activated tumor antigen-specific CTL (4.2 um/
min) [60]. Both TAMs and tumor cells released chemotactic factors (EGF and colony-
stimulating factor 1, respectively) that acted to regulate their motility in paracrine and autocrine
manner [59,61,62]. Interestingly, TAMSs engaged in close interactions with tumor cells, guiding
them outwards and into the surrounding tissue. Perivascular TAM coincided with intravasating
tumor cells, suggesting that TAM could assist tumor cells in migrating through the vascular
endothelium [59,61,62]. Fibroblast-like cells can be induced by tumor cells to express VEGF,
which is normally associated with wound healing [63]. Intact tissue imagery showed that
VEGF-active fibroblasts formed a dense, up to 50-um thick layer around tumors and up to 200-
um thick layers around angiogenic vessels [64]. TAFs were also implicated in relaxin-
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dependent collagen fiber remodeling [65], which was dependent on 1 integrin and MMPs.
These and other non-imaging studies reinforced the notion of TAM as critical modulators of
tumor growth and invasiveness. Whether TAFs modulate tumor cell migration remains unclear.

Intravital imaging of tumor-associated immune activity

Tumor growth can stimulate and modulate the immune system, which in return can exert potent
yet opposing influences over tumor progression. Most tumors are more or less antigenic owing
to the mutations and gene deregulation, giving rise to tumor antigens and stress molecules,
which can be recognized by aff and yd T cells, NK cells, and other effector lymphocytes. In a
process known as anti-tumor immune surveillance, precancerous and cancerous cells can thus
be deleted (reviewed by Dunn et al. [66]). Likewise, the growth of advancing cancers can be
counteracted by tumor-infiltrating NK cells and tumor-specific CTLs, as indicated by a reverse
correlation between the content of such lymphocytes and the rate of tumor progression in
patients and experimental animals. Despite demonstrable anti-tumor cytotoxicity in vitro,
however, tumor-infiltrating CTLs are typically ineffectual in the killing of cancerous cells in
vivo—an effect that has defined the immune-suppressory properties of the tumor
microenvironment. Several mediators of intratumoral immune suppression have been
documented, including tumor-associated regulatory T-reg, myeloid-derived suppressor cells
(MDSC), and TAM.

What is the role of TCR specificity in T cell homing and migration in tumors?

Some of the most pressing questions in tumor immunology that are being addressed by
intravital microscopy concern the mechanism and specificity of T cell recruitment and tumor
killing, as well as the role of T-reg. In general, the relative roles of T cell receptor (TCR)
specificity versus other non-antigen-specific interactions were studied by visualizing the
behavior of fluorescently labeled, adoptively transferred T cells in tumor-bearing mice. Upon
adoptive transfer of polyclonal tumor-immune CTL or naive T cells into mice implanted with
colon carcinoma, their relative retention in the tumor vasculature was followed in real time
[67,68]. As expected, tumor-immune T cells extravasated preferentially while naive T cells
passed by, in agreement with poor retention of naive T cells in peripheral tissues [68]. In a
subsequent study, Ali et al. compared two effector T cell populations, one raised against a
tumor and the other against a control antigen [67]. The comparative analysis of the frequency
of T cell flow and stoppage in tumor vasculature performed in that study indicated that the
tumor-specific, but not the irrelevant peptide-specific, CTLs adhered to the tumor endothelium
and extravasated in much higher numbers. In other studies, however, non-tumor-specific CTLs
initially accumulated in tumors in only slightly lower numbers compared to tumor-specific
CTLs, suggesting that the state of T cell activation and adhesive interactions, but not TCR
specificity, were critical for T cell extravasation into tumors [69,70]. In the subcutaneous EL4
thymoma model [69], ovalbumin (OVA)-expressing tumors were confronted by adoptively
transferred OV A-specific OT-1 TCR-transgenic CTLs or non-tumor-specific CTLs. Again,
the co-transferred tumor-specific and non-tumor-specific CTLs homed into the same tumor in
similar numbers and migrated with the average speed limited to 6 um/min. Later on, however,
the tumor-specific T cells but not the control T cells increased their motility over time, which
was attributed to TCR-mediated antigen recognition.

Inanother intravital imaging study, the role of T cell specificity in tumor targeting was dissected
in a complementary way by comparing the same OT-1 T cell recruitment to two tumors
differing with respect to the expression of the OV A neoantigen [70]. The OVA neoantigen-
expressing EG7 or the parental EL4 thymoma cells were implanted subcutaneously followed
by adoptive transfer of naive CD8" OV A-specific OT-1 T cells, which resulted in the rejection
of the OV A-expressing tumor. At the earliest time points, comparable OT-1 T cell numbers
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were found in both EG7 and EL4 tumors, which again was in agreement with a TCR-
independent mechanism of CTL homing, but in contradiction with the results by Ali et al. Later
on, OT-1T cell density was higher in OVA-expressing tumors, indicating that TCR activation
regulated long-term retention and/or cell expansion. The contradiction between the results of
Ali et al. [67], who detected tumor-specific T cell extravasation, and those by Mrass et al.
[69] and Boissonnas et al. [70], who showed that the extravasation step was not antigen-specific
(but was followed by antigen-specific T cell retention and expansion), is not readily explainable
but could be rooted in different experimental systems. Polyclonal T cells and a kinetic cell flow
analysis of a relatively small number of T cells were used by Ali et al. in contrast to defined
TCR T cells and more comprehensive in situ evaluations in the other studies.

In the study by Boissonnas et al., intra-tumor T cell migration was further analyzed in more
detail at the early rejection phase, which was defined at the cessation of tumor growth 3—4 days
after the transfer, and at a late phase, on days 5-6 when tumors started to shrink [70]. During
the early phase, OT-1 CTL motility decreased within antigen-expressing EG7 tumors (mean
velocity, 4 um/min) compared to EL4 tumors (10 um/min), the cells moving closely to tumor
cells and often stopping, indicative of antigen-dependent contact stabilization. In the late phase,
when EG7 tumor underwent apoptosis, OT-1 CTLs resumed their migration and behaved
similarly as in an EL4 tumor, indicating that the transient slowdown and prolonged interactions
coincided with the induction of tumor apoptosis. CTLs often migrated along blood vessels, the
cells in close contact with blood vessel becoming more elongated than those further away. In
the early phase, most CTLs were located preferentially at the periphery of the tumor (up to 200
um), although there was no significant difference in the blood vessel density. Later on, during
the late rejection phase, the CTL gradient disappeared, and the density of CTL was equal at
the periphery and tumor center. In EL4 tumors, CTLs accumulated only at the tumor boundary.
A likely trigger for the successful influx of tumor-specific CTLs into the tumor center is a
positive inflammatory feedback between tumor killing and increased blood vessel
permeability.

TCR specificity and tumor killing

Those early studies did not address the issue how in fact tumors were rejected by CTLs. A
direct, CTL-mediated mechanism was one possibility, which would involve the formation of
stable contacts between CTL and tumor cells to deliver cytotoxic, perforin, and granzyme-
containing granules. That scenario was consistent with the observed prolonged interactions of
CTLs with tumor cells. An alternative, indirect mechanism was also possible, whereby the
killing was performed by other immune system cells, for example, macrophages or
granulocytes activated by CTL-released IFNy. An imaging study demonstrated elegantly that
adirect CTL mechanism was involved in tumor clearance [71]. The experimental strategy was
to visualize the behavior of OV A-specific OT-1 CTL in chimeric tumors that were composed
of OVA-expressing EG7 cells and OVA-negative EL4 cells (distinguished by yellow or cyan
fluorescent protein expression (YFP or CFP), respectively). If both cells were killed equally,
such a result would support the indirect mechanism, possibly due to bystander cytotoxic effects
of NK cells, macrophages, or granulocytes, for example. Nevertheless, upon adoptive transfer
of OT-1 CTL into such mixed tumor-bearing mice, only OVA-expressing EG7 cells were
destroyed, and EL4 tumor cells were left intact, demonstrating that antigen recognition of a
tumor antigen by CTL on cancer cells is required for selective tumor rejection. When tumor
apoptosis was visualized at a single cell level using a caspase 3-sensitive Forster resonance
energy transfer (FRET) biosensor, the recordings showed that cancer cell apoptosis was most
likely in those tumor cells that interacted with at least one CTL, lending further support to the
direct, CTL-mediated mechanism of tumor killing [71]. The possibility of a synergistic
involvement of bystander innate effectors could not be ruled out in that system, however.
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The molecules that regulate tumor-infiltrating lymphocyte (TIL) migration could be targeted
to enhance anti-tumor immunotherapies. Intravital imaging was used to show a role of CD44,
acell surface protein whose intracellular domain can recruit ezrin, radixin, and moesin proteins
to the plasma membrane [72]. In contrast to the controls, CD44-deficient TILs migrated at a
lower velocity regardless of the presence of the cognate TCR ligand-expressing tumor, and
they could not sustain a polarized shape, evident in diminished uropod formation. Even though
CD44-deficient TILs interacted with tumor cells for as long as wild-type TILs, the rate of tumor
rejection and survival of animals were diminished. CD44-deficient CTLs could not quickly
regain their motility after engaging a target cell, indicating that CD44 acted to determine the
efficiency of tumor surveillance.

Visualizing lymphocyte interactions during T-reg immune suppression

To study the immune suppressive role of T-reg in modulating anti-tumor CTL activity, Mempel
et al. used MPM to visualize cell—cell interactions between adoptively transferred CTLs and
surrogate targets (tumor antigen-presenting B cells) in tumor-draining lymph nodes in the
absence or presence of tumor antigen-specific T-regs [73]. In the absence of T-regs, CTL killed
the sentinel B cell targets (and rejected the primary tumor), which involved CTL attaching to
a target cell for 9 to 25 min, prior to cell lysis and CTL detachment. When CTLs were co-
transferred with T-regs, both cell populations expanded, indicating antigen recognition, but
tumors were not rejected. However, the number of CTL-B cell target conjugates was not
changed, and the CTL-target cell interactions were, in fact, prolonged, arguing against a role
of T-reg in regulating CTL motility or conjugate formation with target cells. Instead, the
suppressory effect was associated with decreased CTL degranulation. Direct interactions
between CTLs and T-regs in tumor-draining lymph nodes were rare, indicating that soluble
mediators, such as TGFp, could be involved. One can also envision that, in addition to secreting
soluble factors, T-reg effects may be mediated by intermediary interactions with local antigen-
presenting cells, such as TAM and DC. How T-regs control anti-tumor immune response in
the tumor microenvironment, as opposed to the draining lymph nodes, awaits further
investigation.

To determine whether T-reg influence tumor antigen presentation and CTL priming,
Boissonnas et al. used intravital microscopy and other approaches to characterize the status of
tumor antigen-presenting DCs in tumor-draining lymph nodes [74]. In the presence of T-reg,
the number of DCs presenting high tumor antigen densities was decreased, which reduced CTL
priming and anti-tumor response. Unexpectedly, tumor antigen-bearing DCs were killed by T-
regs in vitro and in vivo in a manner depending on perforin expression in T-reg, thus suggesting
that T-reg directly killed DCs. Further, yet still indirect support to this notion was provided by
intravital recordings that showed that DC killing correlated with the frequency of DC-T-reg
contacts [74]. Interestingly, adoptive transfer of perforin-sufficient non-T-reg T cells into
perforin-negative hosts had a seemingly opposite effect, i.e., decreasing DC death, and the
effect of perforin-negative T-reg supplementation was not tested. Therefore, whether a direct
cytotoxicity of T-reg was indeed operational against tumor antigen-presenting DCs in vivo
represents a challenge for future investigations. In addition to raising DC numbers in tumor-
draining lymph nodes, T-reg inactivation or depletion affected the dynamics of CTL-DC
interactions. In contrast to prior studies showing that co-transferring T-reg with CTL prolonged
the duration of CTL-target interactions [73], in this study, an opposite maneuver, i. e., T-reg
inactivation or depletion, also increased the duration of CTL-DC interactions, which was
unexpected [74]. Since the kind of target cells (B cell tumor cells versus DC) was a main
difference between these studies, it is tempting to speculate that T-regs may have different
effects upon CTL interactions with tumor targets versus DCs.
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Future outlook

While remarkable progress has been made in understanding the spatiotemporal regulation of
cell interactions in tumors, even more remains to be uncovered. Several studies revealed how
cancer cells move within tumors, invade the surrounding tissues, and metastasize. Further
investigation of the effects of pharmacological modulators on the tumor versus stromal cell
behavior would go a long way towards providing a mechanistic insight into those processes.
Tumor migration-related ECM remodeling and vascular changes could have pronounced
influences over the recruitment and behavior of TILs, thus linking tumor—tissue interactions
with anti-tumor immune responses. How would T-reg recruitment and suppressory function
be affected? Many cancer patients’ demise is not due to the primary tumor, but rather due to
metastasis development. Studies so far clearly indicate that the frequency of circulating tumor
cells far exceeds the rate of metastasis emergence, suggesting tissue defense mechanisms that
limit metastasis engraftment. What is the mechanism of the innate and adaptive immune
subsystem’s involvement in this process requires further investigation.

Future advances in intravital imaging technology

While allowing increased depth of imaging compared to LSCM, MPM does not allow truly
deep visualization, which limits the capacity of this imaging modality to visualize the events
that take place in the core of large tumors. An increase in the imaging depth is likely by
incorporating long wave infrared lasers and optical parametric oscillators, which extend the
spectral range of femtosecond lasers beyond 1,100 nm [75,76]. As one reason for image
degradation in MPM is defocusing due to tissue curvature and refractive index variations,
significant improvements will be realized by applying fast adoptive optics and software to
dynamically correct for these variations [77,78]. Spectral excitation selectivity, hence the
capacity for multiplexing, can be enhanced by incorporating more than one femtosecond laser
in an interline-switched configuration which, as experienced by us and other developers, can
satisfactorily separate CFP, GFP, YFP, and RFP, as well as enabling specialized applications,
such as sensitized emission-based heterologous FRET [79]. Perhaps the biggest improvements
are waiting to be made after the data is collected. High-resolution time-lapse recordings will
generate vast amounts of 3D multiplex information. The existing analysis software, however,
while allowing breathtaking visualizations, lacks sufficient performance and sophistication for
high throughput quantitative analysis of multicellular interactions, requiring involvement of
biomathematicians to generate new software tools for such analysis. The cost of Ti-Sapphire
lasers and microscope scanners remains high, impeding access to the technology by most
laboratories. The development of fiber-based femtosecond lasers, including inexpensive
telecommunication-grade ultra short-pulsed lasers, and a strong trend towards simplified,
dedicated laser scanners will undoubtedly result in more economical, yet high performance
alternatives.

MPM and other high-resolution live tissue imaging techniques heavily depend on various
fluorescent dyes and reporters for cell tracking and to assay cell functions. Genetically encoded
calcium ion biosensors are one of a great many examples [80]. New fluorescent reporters will
be required, whether small molecule chemicals, genetically encoded fluorescent protein,
biosensors, or specific promoter-driven constructs, for in vivo visualization of apoptosis,
intracellular metabolism, signaling, cytokine production, receptor occupancy, ion channel
activity, or electrical potential, for example. To uncover the mechanisms of anti-tumor immune
surveillance, researchers will reach for inducible cancer models, which will also help dissecting
the role of chronic inflammatory processes and mucosal immune systems in cancer
development. New cell lineage-specific fluorescent reporter mice will be instrumental to study
stromal cell populations that so far escaped attention, such as MDSC and DC subsets. Protein-
linked (as opposed to freely diffusing) fluorescent protein reporter transgenes will be useful to
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visualize subcellular distribution and molecular interactions of receptors, signaling proteins,
and other proteins in cells in vivo, for example, to reveal immunological synapse formation
and cytotoxic granule transfer during CTL Killing of cancer cells.

Conclusions

Intravital microscopy, including MPM, is a powerful experimental approach that will foster

collaborations between cancer biologist and immunologists and inspire future generations of
researchers. It will play increasingly important roles in unraveling the mechanisms of cancer
pathogenesis and immune-cancer interactions by characterizing the spatiotemporal regulation
of cell—cell, cell-matrix, and molecular interactions under maximally physiological conditions.
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Fig. 1.

Schematic representation of cell—-cell and cell-matrix interactions in the tumor
microenvironment. At the invasive edge, cancer cells move through the extracellular matrix
(ECM) outwards into the surrounding tissue. Two types of translational motility can be
distinguished based on cell morphological changes and its interactions with the fibrillar
collagen networks. Mesenchymal motility is typical for connective tissue cells and is
characterized by matrix metalloproteinase—mediated ECM degradation at the leading cell
edge, which leaves tubular tracks that can guide other cells. Collective migration can be
regarded as cooperative mesenchymal motility. Amoeboid maotility is typical for lymphocytes
and occurs without ECM degradation by transient formation of lamellipodia, focal cell
attachment, and uropod retraction. Under certain conditions, cancer cell motility can undergo
a mesenchymal-amoeboid transition. Tumor-associated macrophages (TAM) and tumor-
associated fibroblasts contribute to tumor angiogenesis, and TAM can assist cancer cells
intravasating into the lumen of blood vessels. Lymphocyte interactions with tumors involve
recruitment from the circulation via integrin-mediated rolling followed by extravasation. Upon
amoeboid migration into the tumor mass, tumor antigen-specific cytotoxic T lymphocytes
(CTL) can form stable contacts with cancer cells and kill the cells by apoptosis. Regulatory
FoxP3* CD4* T cells can interfere with CTL effector function by inhibiting cytotoxic granule
release
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Fig. 2.

Live imaging of T cell recruitment to a lung sarcoma tumor. A dual reporter hCD2p-DsRed x
CD8B-YFP mouse was implanted s.c. with the methylcholanthrene (MCA) sarcoma tumor on
day 0 to mimic a primary tumor. On day 7, MCA-mCerulean cells were injected i.v. to induce
lung metastasis. Intravital microscopy of the lungs was performed on day 8 to visualize
cytotoxic T lymphocytes (CTL) recruitment to micrometastases. Blue: MCA-mCerulean
tumor, solid arrow; red: DsRed is expressed in all T cells [81]; green: CD8B-YFP chains are
expressed on the cell surface only in CD8" T cells by pairing with CD8a chains [82]. Cell
tracking analysis was performed on selected CD8* T cells. Note the two CD8* T cells (open
arrows) that extravasate next to the tumor cell at 6 min 20 s and migrate as indicated by the
white tracks. Data acquisition: Leica SP5RS resonant scanning confocal microscope, x20 NA
0.95 water immersion objective, 458, 514, and 543 nm excitation. The images represent
maximum intensity projections from image stack spaced at z=3 um. Temporal resolution, 20
s. The data provides an example of the benefits of fast resonant scanning confocal microscopy
and fluorescent reporter mice for intravital imaging of CTL activity in experimental lung
metastases
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