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Short Communication

Since the first application of two photon intravital microscopy
(2PM) to the study of the immune system in 1997 [1], 2PM imaging
has offered several major advantages over previous techniques for
study immune interactions. Such as 2D plate based culture systems, as
cells exhibit significantly different migratory behavior in 2D as
compared to 3D. Whilst, 3D matrigel systems allow cells to migrate in
a more natural manner, they fail to adequately replicate a physiological
environment which is densely packed with other cell types and
contains a myriad of environmental cues such as chemokines, adhesion
molecules and lymphatic flow, these factors are largely overcome by
the use of ex-vivo/explant organ imaging. However, this system also
has significant limitations in that cells cannot be recruited to or exit the
organ of interest and due to limitations in tissue oxygenation, imaging
sessions can generally only be conducted for less than one hour [2].
Therefore, the use of intravital 2PM has opened up a new era of
understanding in immunology. Especially in terms of how we view the
importance of the migratory behavior and the interactions that occur
between cells of the immune system under both homeostatic and
inflammatory conditions.

Perhaps this has been most enlightening when applied to the study
of the adaptive immune system and the interaction between CD4+ and
CD8+ T cells with dendritic cells (DC). These studies have revealed
that T cells are constantly forming non-cognate interactions with DC
as they migrate through the lymph node (LN) at an average velocity of
10pm/min, allowing individual DC to briefly interact with an
estimated 5000 T cells an hour [3,4]. This behavior allows for the rapid
scanning of the TCR repertoire during an immune response and the
swift activation of antigen specific T-cells. Initial cognate interactions
consist of brief phase I interactions (~0-6 h) typically lasting 10-30
minutes each, before progression to phase II interactions where stable
immune synapses are formed at ~6-18 h post-activation, a transition to
phase III interactions then occurs between ~18-30 h, which is typified
by multiple short lived interactions and a pattern of swarming
behavior [5,6]. The quality or quantity of the cognate antigen and both
the phenotype and activation status of the stimulatory DC have all
been shown to influence the process of activation and differentiation
[7,8], and the application of novel techniques for probing this process
will undoubtedly allow for a much greater understanding of the
adaptive immune response.

Tracking with Novel Fluorescent Proteins/Dyes:

The capabilities and application of intravital 2PM for the analysis of
cellular processes and the dynamics of interactions has seen an
exponential growth with the introduction of several novel fluorescent
proteins, optical markers and NIR (Near Infrared) fluorophores. The
use of optical markers such as photoactivatable (PA) [9] fluorescent
proteins PA-GFP and photo-convertible fluorophores (e.g. Kaede [10]
and kikGR [11]), have become an invaluable tool for the longitudinal
imaging of immune responses [12]. These fluorescent proteins are
capable of exhibiting prominent changes in their spectral properties in
response to light irradiated at a specific wavelength, allowing for their
use in labelling specific cells or populations within lymph node
microenvironments. The combination of high spatio-temporal
resolution, low bleaching and minimal photo-toxicity to cells, makes
long term imaging feasible for numerous hours or even days. Studies
have demonstrated the use of PA-GFP in precise bulk labeling and
migration tracking of B cells between the dark and light zones within
the GCs [13]. Due to the irreversible photo-convertible properties of
Kaede, discontinuous tracking of the optically highlighted cells using
two photon intravital imaging is possible, where the highlighted cells
can be tracked even after they have left the initial imaging volume and
migrated to distant LN compartments or organs. Following
photoconversion optically highlighted B cells were shown to spread out
over the entire B cell compartment within 24 hours of activation, with
additional data gained from studying Kaede labelled cells confirming
results from previous lymphocyte recirculation studies, indicating that
the average lymph node residence time is 12-24 hours [13]. Hence, the
use of the optically highlighted fluorescent proteins in conjugation
with 2PM imaging is ideal for migration tracking and fate analysis of
large numbers of immune cells from one region of interest to another
over several days to weeks.

The brainbow system has additionally proved to be highly useful in
the study of immune cell development. Brainbow utilizes a Cre-Lox
recombination approach featuring multiple XFP expression sites, in
which the protein Cre recombinase drives inversion or excision of
DNA between loxP sites, allowing for expression of single or multiple
XFPs allowing for the expression of distinct cell lineage tracing colors
to be expressed. This multicolor imaging method, traditionally
developed to study neural circuits is now being used in studying
immune system such as the development of Langerhans cells and
follicular dendritic cells and antigen class switching during B cell
maturation in the germinal center [14-16], indicating the potential to
use the brainbow system for tracking specific T-cell clones or
differentiation states.

Currently red and far red fluorescent dyes and proteins are widely
used as fluorophores in intravital 2PM. However, a new generation of
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NIR dyes, which allow for deep tissue penetration, minimal photo
damage and low background auto fluorescence are currently being
developed, including squaraine and squaraine-rotaxanes derivatives,
with cross sections of 33,000 GM and molecular weights much smaller
than current quantum dots, the results of early studies are proving
promising for the development of novel tools for subcellular imaging
[17-19]. Additionally, fluorescent proteins [20] and nanotube-based
optical sensors [21] that are excitable in the 1000-1300 nm range are
being designed to allow for imaging at greater depths than what is
achievable with conventional fluorophores.

2MP Analysis of Transcriptional Factor Activation and
In Vivo Signaling:

In addition to tracking cellular migration and the dynamics of
interactions, several systems have been developed to study the
downstream signaling events that occur during T cell activation.
Multiple studies have used intracellular Ca?* dyes [8] and protein
based fluorescent indicators, such as GCamp [22] to study the release
of calcium as a proximal indicator of activation. 2MP imaging can also
be used in vivo to study the translocation of transcriptional regulators
during immune responses. Marangoni et al. [23] reported expression
of a modified NFAT1-GFP in combination with H2B-RFP in CD4+ T
cells led to the determination of the relative time differences in nuclear
import and export of NFAT into the nucleus during activation in both
lymph node and tumor environments. Here, NFAT nuclear export was
found to have a t1/2 of 20 minutes indicating that this temporary
period of NFAT recruitment may act as a mechanism of transcriptional
memory, capable of recording previous interactions and adding them
in an iterative fashion [23,24]. Additional, studies assessing other
proximal measures of TCR activation have relied on the use of a semi-
automated quantification methodology to assess PKC{-GFP and LAT-
GFP activity following retroviral expression. In order to study the
subcellular distribution of fluorescent fusion proteins in cells,
migrating within tissues. Here, GFP-PKC{ was found to accumulated
in the rear end of the migrating thymocytes and researchers further
observed a differential distribution of LAT-GFP within T-cells [25].
Additionally, transgenic biosensor models for measuring cellular
activation through the expression of FRET based biosensors for PKA
[26] and ERK [27] have also been developed.

Dynamic in situ cytometry (DISC), represents a readily accessible
method for the use of 2PM imaging for studying in vivo activation and
for phenotypic analysis [28]. By utilizing the in vivo antibody labeling
of CD4+ T cells with CD62L and then tracking T cell dynamic
interactions with DC, TCR signaling was assessed by analysing
shedding of CD62L. Here, CD62L shedding was found to be a marker
of early TCR signaling, allowing for the examination of how T cells
sense TCR ligands of varying affinities in vivo [28]. A similar
technique has also been applied by other researchers to study blood
and lymph vessels during intravital imaging [29].

Recent advancements in optogenetic tools with ion sensitivity in
near-infrared regions have been developed for wireless modulation of
immune responses and cellular immunotherapy. Peter et al. [30]
recently engineered a complex consisting of an opto-Ca?* release
activated calcium channel (opto-CRACs) coupled to an up conversion
nanoparticle (UCNP) doped with lanthanide. Whereby the UCNPs act
as nano-transducers, converting tissue penetrating NIR into visible
light emission for the remote activation of opto-CRACs [30,31],
allowing for cellular activation of the Ca?* secondary messenger
system. Imaging applications of the opto-optoCRACs systems are

multifold, including the modulation of calcium dependent T cell
activation, DC maturation and modulation of antigen presentation
and the activation of inflammatory pathways [30,31].

The application of 2PM imaging to the study of in vivo immune
interactions has already led to major insights into the dynamics of
cellular behavior during the activation of T cells by DCs. Future studies
will undoubtedly benefit from the advent of the range of new
technologies described here allowing investigators to probe additional
characteristics of activation, by quantifying single cell signaling,
analyzing cell behavior in novel lymph node areas and by tracking
these cells for extended periods of time.
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