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Abstract
The past few years have seen the application of confocal and especially two-photon microscopy to
the dynamic high-resolution imaging of lymphocytes and antigen presenting cells within organs such
as lymph nodes and thymus. After summarizing some of the published results obtained to date using
these methods, we describe our view of how this technology will develop and be applied in the near
future. This includes its extension to a wide variety of non-lymphoid tissues, to the tracking of
functional responses in addition to migratory behavior, to the analysis of molecular events previously
studied only in vitro, to dissection of the interplay between hematopoietic and stromal elements, to
visualization of a wider array of cell types including neutrophils, macrophages, NK cells, NKT cells
and others, and to the interaction of the host with infectious agents. Reaching these goals will depend
on a combination of new tools for genetic manipulations, novel fluorescent reporters, enhanced
instrumentation, and better surgical techniques for the extended imaging of live animals. The end
result will be a new level of understanding of how orchestrated cell movement and interaction
contribute to the physiological and pathological activities of the immune system.
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1. Introduction
In contrast to the cells of most adult tissues, which are typically sessile and do not rapidly
change intercellular contacts or body location, the cells of the immune system are highly motile.
They move from blood to lymphoid tissues to peripheral sites of infection and inflammation
or from the latter sites to lymphoid organs [1]. Within lymphoid tissues, both antigen presenting
cells and lymphocytes of multiple lineages interact transiently and then change partners or
location within these organs. Lymphoid and myeloid cells also exit the circulation and enter
tissues in response to local signals [2]. In all of these sites, hematopoietic cells undergo
differentiation, leading to changes in their patterns of gene expression, alterations in their
repertoire of surface proteins, and production of effector molecules. They interact not only
with each other but also with parenchymal cells throughout the body, as well as with infectious
agents.

Until recently, our understanding of when, where, and in what manner lymphocytes and other
cells of the immune system engaged in cell–cell interactions, and what the consequences were
for variations in the partners involved, the duration of association, or the specific molecular
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signals exchanged, came from serial static analysis of tissue sections combined with in vitro
dynamic studies [3]. Over the past 3 years, new methods that utilize advanced light microscopy
techniques for visualizing cell behavior directly in intact lymph nodes and other tissues have
provided a new window on the dynamic aspects of cellular immune function. Some initial
studies tracked the movements of naïve B lymphocytes or CD4+ and CD8+ T cells after
adoptive transfer in the absence of antigenic stimulation, revealing the rapid and extensive
trafficking of all these cell types within their respective follicular or paracortical zones of
accumulation in non-inflamed lymph nodes [4,5]. Other analyses involved the transfer into a
single animal of T cell receptor (TCR) transgenic lymphocytes and antigen-bearing dendritic
cells, revealing a sequence of cell interaction behaviors within lymph nodes that included early
transient associations, followed by prolonged (>1 h) contacts, and then separation and rapid
movement of the activated T cells [5-10]. Very recent work has visualized the antigen-
dependent association of T and B lymphocytes at the border of the T and B cell zones [11], the
migration of thymocytes undergoing positive selection [12], the movement of NKT cells within
liver sinusoids [13], and the behavior of effector cells in the central nervous system of animals
with autoimmune encephalomyelitis [14].

In the process of conducting these studies, many previous insights into lymphoid behavior and
the relationship between lymphoid tissue architecture and function [15-17] have been
rediscovered and some new ones revealed. A renewed appreciation for the connection between
the anatomy of the lymph node and efficient onset of adaptive immune responses is emerging
[1,18], as is an understanding of the need to develop better tools for visualizing not only one
or another lymphoid or DC subset, but simultaneously the tissue context in which these cells
conduct their business [18-20]. This latter consideration has pushed the limits of available
technology, leading to multiplex analysis with three and even four distinct fluorescent probes.
Yet these published methods still lack a capacity to reveal the biological response of the
involved cells in terms of intracellular signaling events or to routinely report the redistribution
of molecules whose location we believe reflects their function based on in vitro studies
[21-23]. Techniques for co-tracking of infectious agents, the production of immune mediators
such as effector cytokines, or the visualization of the interaction of activated immune cells with
host non-lymphoid tissues are still very limited. Finally, only a subset of all the relevant cell
types involved in innate and adaptive immunity has been examined and only a small number
of tissues have been imaged, all under a very limited set of conditions.

Here we review past work that established the basic methods for dynamic in situ imaging, the
relationship of our early studies on T-DC interactions to those that have followed, and our
ongoing attempts to develop new tools and techniques that will allow a more complete and
informative analysis of immune cell function in vivo.

2. Modes of T-DC interaction
A key step in the development of an adaptive immune response is the recognition of processed
antigen on the surface of dendritic cells (DCs) by CD4+ and CD8+ T cells [24]. Prior to the
emergence of live tissue imaging tools, two widely cited in vitro studies explored the
relationship between lymphocyte activation and the dynamics of T cell contacts with DCs
bearing cognate antigen. While both studies focused on the duration of such associations in
relation to the resulting functional state of the T cell, they reached drastically differing
conclusions. Using pMHC-coated plastic and soluble anti-CD28 antibody, Iezzi et al. found
that naïve T cells required approximately 10 h of co-stimulation and TCR signaling or more
than 20 h of TCR signaling alone before they committed to cell division [25]. A subsequent
report using a more physiologic model with antigen on live presenting cells suggested that
continuous stimulation during this prolonged interval was required for a proliferative response
[26]. In contrast, by employing a system involving DCs as antigen presenting cells and a
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collagen gel matrix to mimic a three-dimensional tissue environment, Gunzer et al. found that
T cells engaged in sequential and short (10–15 min) contacts with the same or different DCs,
eventually resulting in the activation of these T cells as measured by cell proliferation and
changes in surface marker expression [27,28]. Consistent with these data, a recent report found
evidence for “biochemical memory” in T cells after separation from TCR ligand [29].

Each of these in vitro systems has limitations, with one lacking living antigen-bearing DCs
and a three-dimensional environment and the other exposing T cells to collagen fibers, a
situation not normally encountered by the T cells in lymph nodes (LNs) [17]. In addition, the
conclusion that sequential short interactions support full cell activation as measured by cell
division is made problematic by the wide range of cell–cell interaction times observed in the
collagen matrix cultures. While most interactions were short-lived, some lasted more than an
hour. As discussed below, it may be the case that only these long-lived interactions result in
cytokine (especially IL-2) secretion, which could then recruit into cell cycle the remainder of
the cells in the gel whose transient interactions with antigen-bearing DCs have led to CD25
upregulation without cytokine secretion. From this perspective, long-lived T-DC association
would be required for a productive response, but the trans-activity of soluble factors could
serve as an amplifier that acts on cells engaging in short-lived contacts. Resolution of these
apparently conflicting datasets required direct observation of T-DC interactions in situ,
accompanied by an assessment of individual T cell activation (cytokine) responses and cell
division.

The high-resolution dynamic studies necessary to address these issues are now possible using
new techniques for applying conventional laser-scanning confocal microscopy and, most
importantly, two-photon imaging to intact lymphoid tissues studied either as explants or in the
living animal [30,31]. While standard epifluorescence microscopy yields an image that
contains emitted light from both above and below the focal plane within a specimen, both
confocal and two-photon imaging limit the collected light to a small axial (z) distance, thus
improving the resolution of objects in three-dimensional space. In addition, these methods can
generally penetrate deeper within dense tissue and are less prone to image degradation due to
light scattering. Based on these properties, confocal and two-photon imaging techniques allow
for the simultaneous dynamic tracking of the shape, movement, and even gene activation
responses of several cells or cell types within a tissue through the rapid sequential collection
of multispectral x–y images at successive z levels in a thick specimen over time. Two-photon
methods of data collection offer benefits over confocal methods in terms of deeper tissue
penetration and less photodamage of tissue samples and have become the techniques of choice
for in situ fluorescence imaging [19,30-32].

Two methods of tissue preparation have been employed for in situ dynamic imaging studies:
tissue explant microscopy and intravital microscopy. By using two-photon imaging of
explanted LNs bathed in medium perfused with 95% O2, Miller et al. provided the first detailed
quantitative description of the movement of adoptively transferred, ex vivo fluorescent dye-
labeled naïve B and CD4+ T cells in lymphoid tissue at a depth >100 μm below the LN capsule
[4]. They found that both B and CD4+ T cells were extremely mobile, moving at 4 and 11
μm/min, respectively. Remarkably, this is the same migration rate seen for these two
lymphocyte types in vitro after their isolation from the thoracic duct of rats [15]. A comparable
motility for CD8+ T cells was subsequently reported based on data from a similar explant tissue
preparation at similar imaging depths [5]. Although these data were obtained using surgically
isolated LNs, which lack blood flow, lymph flow, and innervation, these lymphocyte motility
characteristics were subsequently confirmed using intravital microscopy of LNs in
anesthetized animals [7,10,33,34]. Although clearly a superior method in terms of physiology,
one limitation of intravital imaging is that anatomical constraints can prevent effective data
collection due to restrictions on the field of view within the target lymphoid structure. Explant
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methods, on the other hand, circumvent this problem by allowing multiple imaging angles and
the collection of more representative data throughout the sample, while also minimizing motion
artifacts that prevent effective dynamic data collection [12,19]. The combination of the two
methods provides a means of obtaining more complete and physiologically relevant data sets.

Contemporaneously with the migration studies of Miller et al., other groups first used explant
imaging to explore the dynamics of T cell interaction with antigen-bearing DCs. Initial studies
were conducted using a method first established for static imaging of cell location during
immune responses in which T cells from TCR transgenic mice with a known specificity were
adoptively transferred into recipients that also received injections of cultured DCs bearing the
corresponding peptide-Major Histocompatibility Complex molecule (pMHC) ligands [35,
36]. Employing explants of intact LNs from such recipient animals and dual color, confocal
time-lapse volume imaging to visualize both the transferred T cells and DCs, Stoll et al.
provided the first clear dynamic evidence in support of a long-lived interaction model. In their
system, the bulk of transferred CD4+ T cells present in the subcapsular region of the LN (30–
80 μM deep) formed highly stable, antigen-dependent associations with DCs during the first
24 h, with individual unbroken associations tracked for >8 h in some cases [6]. This situation
changed between 30–36 h after cell transfer, at the time when cell division of the antigen-
activated CD4+ T cells began. Many of the lymphocytes left their initial DC partner and began
to move rapidly within the paracortical region of the LN, making only transient secondary
contacts with antigen-bearing DCs.

Concurrent with the Stoll et al. report, Cahalan and colleagues also reported stable (>50 min)
clusters of DO11.10 CD4+ TCR transgenic cells in draining LNs 24 h after a subcutaneous
ovalbumin immunization [4]. Although the antigen-bearing DCs were not directly visualized
in this study, previous experiments demonstrated that with the same combination of antigen
and transgenic T cells, antigen-specific T cells formed clusters exclusively around DCs at this
time after immunization or direct injection of antigen-pulsed DCs [36,37]. This suggested that
the T cell aggregates observed by Miller et al. most likely contained antigen-bearing DCs,
consistent with a long-lasting T-DC conjugation model [30], a conclusion confirmed in more
recent studies from this group [9]. Recently, Shakhar et al. visualized resident DCs that had
taken up antigens under tolerogenic and priming conditions by using a chimeric DEC-205
antibody to target antigen to DCs in vivo and again observed prolonged CD4+ T cell-DC
interactions for the first 18 h after CD4+ T cells entered the LN [10].

In agreement with the long-lived CD4+ T cell-DC contacts seen by several groups, Bousso et
al. first reported prolonged associations between CD8+ T cells and antigen-bearing DCs in
explanted LNs [5]. Other investigators refined these results through the use of intravital
techniques. Mempel et al. used a monoclonal antibody specific for CD62L two hours after
transfer of dye-labeled CD8+ T lymphocytes to interfere with the tethering of circulating
lymphocytes to high endothelial venules (HEV) [1,2,38] and to prevent T cells that had not
already entered the LN from doing so [7]. Using this in vivo manipulation, it was possible to
conduct intravital imaging studies of the behavior of a labeled T cell cohort within the LN that
was synchronized in terms of its residence time in the tissue. This analysis led to evidence for
three rather than the two sequential phases of T-DC interactions first described by Stoll et al.
[6]. For the first few hours after entering into the LN, T cells engaged in brief and multiple
contacts with antigen-bearing DCs. This “Phase 1” was followed by a 12-h interval (“Phase
2”) during which antigen-specific T cells established and maintained stable conjugates with
DCs. After this period of prolonged interaction, T cells left the DCs and moved rapidly within
the tissue, with many undergoing cell division (“Phase 3”), in accord with the behavior also
reported by Stoll et al. [6]. Hugues et al. studied CD8+ T cell-DC interactions in a model
involving antigen-loading of resident DC and also found that T cells established prolonged
interactions with antigen-carrying DC 15–20 h after immunization [8]. Thus, accumulating in
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situ observations involving both CD4+ and CD8+ T cells now support the notion that long-
lasting physical conjugation with well-activated DCs bearing high antigen densities is the
predominant mode of lymphocyte interaction in the period preceding initiation of clonal
expansion. This conclusion echoes observations made more than 25 years ago involving guinea
pig lymphocytes and antigen presenting cells analyzed in vitro, which showed evidence of
prolonged antigen-specific interactions that preceded the onset of cell division [39].

Nonetheless, some of these studies clearly indicated that short-lived, repetitive T-DC
interactions, as first reported in vitro [27,28] also occurred in vivo, although their physiological
significance is currently unclear. Miller et al. observed “swarming” behavior by some
activated, antigen-specific T cells in which the lymphocytes confined their migration to a
relatively small volume (presumably the neighborhood of an antigen-bearing DC) [4].
However, this behavior seems to involve T cells that had been activated several hours
previously, not the naïve lymphocytes whose initial responses are in question. In other cases,
transient contacts involving naïve CD4+ T cells were clearly delineated [9]. Analyses at higher
imaging resolution raise the question of whether in some instances the T cells appearing to
make transient contact are actually touching dendrites [34] or if they are truly dissociated from
the DC under these conditions. Most relevant from a functional perspective are the data of
Mempel et al. [31]. These investigators reported that T cells engaged in brief and multiple
contacts with antigen-bearing DCs during “Phase 1” but did not produce IL-2 or interferon-γ
(IFNγ) during this period, despite their multiple contacts with DCs. A similar type of transient
contact without full activation that preceded prolonged cell–cell association was also seen in
another study of CD8+ T cell in explanted LNs [8].

One explanation offered for this phase of transient contact without full activation is that T cells
need to “resensitize” their TCR signaling capacity after they emerge from residence in the
blood [31], where these cells are deprived of the self-recognition necessary for optimal foreign
antigen reactivity [40]. Until such re-sensitization can occur, the T cells may be unable to
upregulate integrin affinity upon initial antigen recognition [41,42] and establish tight binding
to antigen-bearing DC. An alternative interpretation is that the change in contact duration is
not the result of alterations in T cell physiology, but rather reflects the further differentiation/
maturation of the co-transferred DCs over the observation period. This is supported by various
studies showing that more mature or activated DCs express increased levels of adhesion
molecules [43] that are important in establishing long-lived contacts with T cells [44]. Hugues
et al. also reported serial brief contacts between CD8+ T cells and antigen-carrying DCs, but
they visualized this behavior at a time (15–20 h) well beyond “Phase 1” as reported by Mempel
et al. and only under tolerogenic conditions [8]. Presently it is not clear whether these late-
occurring brief interactions between T cells and DCs is a special feature of CD8+ T cells
undergoing tolerization or may be generalized to other T cell subsets.

3. Relationship of lymph node structure to development of T cell responses
Another important consideration when evaluating data from in vivo imaging studies of the LN
is the question of where within the tissue the images have been collected. Several recent studies
emphasize the importance of conducting imaging studies in the context of appropriate anatomic
landmarks [18-20]. Sequential static imaging has shown that T cells first accumulate in contact
with antigen-bearing DCs just outside the HEV through which the lymphocytes entered the
LN [45]. Likewise, T and B lymphocytes, as well as DCs, congregate in a novel stromal
structure at the boundary between T and B zones termed the “cortical ridge” that is rich in HEV
(S movie 1) and is the preferential location of T-DC interactions after immunization with
antigen in adjuvant [46]. In a model involving DO11.10 CD4+ T cells and peptide-pulsed
splenic DCs, T-DC clusters could be seen in draining lymph nodes as early as 8 h after
subcutaneous DC injection [36]. The size and number of these clusters increased substantially
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within the next 16 h near the HEV-dense paracortical region that corresponds to this cortical
ridge structure [16,17]. Likewise, soluble antigen given subcutaneously first accumulated and
was processed by DCs that are positioned along lymph conduits associated with HEV in this
same subregion of the LN [47]. Earlier studies had revealed these conduits as the routes by
which inflammatory mediators and antigen reached the interior of LNs [15-17]. The peri-HEV
resident DCs were the initial activators of naïve T cells, in accord with other findings [45]. A
second wave of antigen-presentation involved DC migrating from the inoculation site, and
these cells were initially concentrated in the same interfollicular, HEV-rich region before
moving into the deeper paracortex.

Such preferential distribution of incoming DCs to HEV regions has also been confirmed by
two published live imaging analyses [7,9]. Recently, additional information has been provided
by Lindquist et al., who found that both antigen-bearing, migrating DCs from the periphery as
well as resident steady-state DCs form an extensive sessile network near HEV to facilitate
antigen presentation to, and interaction with, migrating T cells exiting the circulation [20]. The
migrating DCs function to present antigens acquired in peripheral sites, while soluble antigens
that reach the draining LN are taken up by resident DCs embedded within the fibroblastic
reticular cell layer that lines the conduit system [16,17,48].

In aggregate, these various findings argue that T cells arriving from the circulation meet a large
network of antigen-bearing DCs immediately after egress from the HEV in what is termed the
cortical ridge region. The early phases of T-DC contact and response occur in this more
superficial region, or in the peri-HEV areas of what is traditionally thought of as the T cell
zone, rather than throughout the latter region. Both the very early transient and subsequent
prolonged (“Phase 2”) T-DC interactions that occur in the first 24–30 h of a response appear
to take place in these sites, leading to cytokine secretion and the initiation of clonal expansion.
The prolonged binding that characterizes this first T-DC interaction makes sense if a series of
reciprocal signaling events must take place to achieve useful T cell activation. Partially
activated, antigen-bearing DC that have received innate signals either while in an infected site
or via soluble material draining in the lymph would first induce partial T cell activation
involving upregulation of CD40L and OX40. Reciprocal signaling within the cell pair via T
cell CD40L engaging DC-expressed CD40 would then promote full DC activation [49],
increasing pMHC display, costimulatory molecule levels, and expression of OX40L. These
DC changes then further stimulate the bound T cell and also endow it with the capacity to
survive during the proliferative and effector differentiation phases that ensue [50]. All of these
events involve transcription, translation, and protein trafficking, processes that require hours
to complete, consistent with the duration of T-DC contact in this part of the response.

After this time, the progeny of the dividing, activated T cells would move more rapidly within
the LN, now making transient interactions with the antigen-rich DCs that have entered from
the infected site [47] and are in the process of moving throughout the deeper paracortex. Such
transient contacts would likely function to sustain signaling in these pre-activated T cells, based
on evidence that such lymphocytes have a heightened capacity to signal in response to low
antigen density and to do so more rapidly than naïve T cells [51-53]. This sampling of many
antigen-laden DCs may be crucial to the development of effector function among the expanding
T cell population [54].

An intriguing possibility is that this mode of behavior enables the T cells to estimate the amount
of antigen present in the host. When antigen levels are high and many DCs display ligand, most
contacts in this dynamic polygamous phase of T cell migration would likely involve productive
TCR signaling. This condition would be a sign that more effector function is needed to fight
the infection and the effects of the many productive contacts would promote just this outcome.
In contrast, if only a few DCs bore antigen, then only a few contacts would be able to sustain
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T cell signaling and fewer effectors would be generated. This state would be consistent with
host defense having been effective in clearing the infection, so that fewer effectors producing
potentially harmful molecules would be needed. Instead, the clonally expanded cells would
begin the contraction phase of the response, with some cells resting down into memory cells
and others dying [55]. In sum, this model proposes that the enrichment of presenting cells near
entry sites for naïve T cells (and central memory cells [56]) fosters effective activation for
clonal expansion during an initial phase of prolonged cell–cell contact, whereas later transient
contacts among many cells within the larger volume of the paracortical region regulates the
extent of effector cell differentiation in proportion to the antigen load (extent of infection) (S
movie 1).

4. Imaging functional responses
The model just proposed incorporates ideas about effector cell differentiation that remain
untested in situ. A shared deficiency in all published live imaging studies is the lack of real-
time functional read-outs. For example, we are still unable to accurately estimate how long a
particular T cell needs to contact an antigen-bearing DC in situ in order to activate a relevant
gene, e.g., IL-2. This leaves the field unable to draw firm conclusions about whether multiple
transient contacts or only prolonged interactions actually result in a functional response from
a given T cell. In vitro studies are more advanced in this regard. For example, green fluorescent
protein (GFP) expressed under the control of an IL-2 promoter fragment was used to assess
the relationship between the longevity of a T cell-DC conjugate and the capacity of a given T
cell to activate the IL-2 reporter in a dispersed cell culture environment [57]. In this study,
several hours of stable contact were necessary before a T cell would show reporter GFP activity.
Brief encounters allowed CD69 upregulation but never IL-2 gene activity.

Fortunately, production of suitable fluorescent reporter animals is poised to provide the tools
needed for in vivo analyses. Two different “knock-in” mouse lines with GFP under the control
of the IL-4 gene regulatory apparatus have been described [58,59]. Surprisingly, the behavior
of the reporter differs markedly in the two strains, raising questions about how to interpret data
obtained with cells from these animals. The IL4/GFP mouse [59] appears to report the onset
of IL-4 gene transcription whereas the 4GET mouse [58] appears better at labeling cells that
are “competent” to produce IL-4. Another mouse expressing yellow fluorescent protein (YFP)
under the control of the interferon γ (IFNγ) locus also has been generated [60]. However, the
bicistronic mRNA transcripts encoding IFNγ and YFP are longer-lived than unmanipulated
IFNγ mRNAs, leading to a pathological inflammatory state that limits the utility of these
animals. They seem best suited for detection of the onset of IFNγ production in cells that are
clearly YFP-negative at the start of any imaging session. Other animals make GFP under the
control of a large fragment of the IL-2 gene (D. Bruniquel and R. H. Schwartz, unpublished
observations). We have recently been able to show that the latter animals produce a fluorescent
signal upon T cell activation that can be readily visualized by intravital two-photon methods,
whether a bacterial superantigen is used to stimulate polyclonal responses or specific peptide
is employed to trigger cells transferred from a TCR transgenic animals crossed to the reporter
strain (A.Y.C. Huang, D. Bruniquel, R.H. Schwartz, unpublished observations). In concert
with methods for intravital imaging that allow tracking dye-labeled naïve T cells or central
memory cells as they first exit the HEV (when they should be negative for the cytokine reporter
protein), these various animals should permit an assessment of the functional responses of T
cells in the context of the duration of interaction with DCs, their location within the LN, and
with selective antigen targeting to DC subsets, the nature of the presenting cell.

Imaging molecular events such as protein redistribution during immune synapse formation
remain problematic. Although in situ live imaging of a fluorescent chimeric protein expressed
by T cells (CD43-GFP) has been reported [6], the physiological level of expression of most
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relevant proteins is such that it is difficult to attain a sufficient signal from cells deep in a tissue
without gross over-expression of the reporter molecule. Yet such over-expression is highly
likely to perturb the system, making the results obtained of questionable physiological
relevance. Because the quantum yield cannot be substantially increased per fluorescent protein
molecule, the solution to this problem must come from better instrumentation that enables
effective imaging at lower fluorescence levels. In the near term, a new generation of
photodetectors employing gallium arsenide phosphide (GaAsP) may provide the two to four-
fold increase in sensitivity necessary to make such studies possible. The use of fluorochromes
that emit a signal well separated from any autofluorescent signal will be essential for utilizing
this approach, because one needs to increase the signal relative to the noise, not just enhance
all signal capture.

5. Stromal influences on hematopoietic cell behavior
Although many of the movies generated using explant or intravital imaging of LNs show cells
that appear to be swimming in a dark void lacking underlying structure, nothing could be further
from reality. In addition to a dense packing of non-fluorescent lymphocytes and a complex
meshwork of DCs [20], intravital visualization of blood vessels using fluorescent tracers or of
stromal elements such as collagen using second harmonic emission [18] reveals some of the
classically described 3D micro-architecture of lymphoid tissues [15-17]. It is obvious that at a
minimum, migrating cells must respect the physical boundaries of these stromal elements as
they move and interact. Furthermore, the intricate patterning of vessels, conduits, and other
non-hematopoietic components is consistent with them playing an important role in the
behavior and function of the hematopoietic elements [15-18]. There is also a wealth of data on
the secreted mediators within lymphoid tissue, especially chemokines, and on the role of at
least some of the latter in guiding the localization of lymphoid subsets (e.g., CXCL13 (BLC)
in the accumulation of CXCR5-expressing B lymphocytes within primary follicles [61,62]).
Indeed, the clear segregation between the T zone and the B cell follicles appears to involve
remarkably sharp reversals of lymphocyte migratory direction at the borders of these zones,
suggesting that lymphocytes respond very precisely to some combination of physical and
chemical cues to arrange themselves spatially within lymphoid tissue. The dissection of such
guidance cues and the elucidation of the molecular machinery involved in directional sensing
are thus important to understanding the development, homeostasis, and activation of the
immune system.

To date, all published dynamic imaging studies examining lymphocyte trafficking within LNs
have reached the conclusion that naïve T and B cells show “random walk” behavior [4,5,7,8,
11,33,34,44]. By this, the authors mean that the cells do not show any preferred direction of
movement, changing course in a non-directed fashion so that over time, their progress
resembles that of a gas molecule undergoing diffusion. Some deviation from a pure random-
walk has been noted in certain analyses [7], but these findings have not changed the prevailing
view that T cells in particular interact with DCs based on random collisions [63]. But is this
the necessary conclusion from the data? Studies in chemical physics have shown that the linear
distance/time1/2 relationship obtained in these imaging analyses is a necessary but not sufficient
condition to prove random walk behavior (A. Chakraborty, personal communication). If the
field within which an object moves is studded with many small local attractors (e.g., many DC
making chemokines that act locally), the overall movement of the objects in that field will fit
the linear distance/time1/2 relationship even though near to the source of the attractor, the
migration of the objects is non-random. Such local directional movement can be distinguished
from true random walk by a correlation analysis and several groups are now collecting the
large datasets involving T cells in LNs containing either unactivated or activated DCs that will
be necessary for such analyses (A. Chakraborty, personal communication).
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This is a critical issue, because there is a great difference in the biological implications of the
conclusion that all DCs are equivalent targets for T cells once they enter a LN versus the view
that a subset of DCs (perhaps those having arrived from an infected site or those acquiring
inflammatory signals through sampling of the lymph draining along with antigen through
conduits [16,17,48]) selectively attract T cells and show an elevated rate of interaction with
lymphocytes. Indeed, recent studies in this laboratory have documented such local chemokine-
guided attraction of naïve CD8+ T cells to DCs that have been activated by TLR signaling and
by interaction with antigen-triggered CD4+ T cells (Castellino et al., submitted). This
chemokine activity increases CD8+ T cell contacts with the activated DC by three to five-fold
over DCs in the same small region of the LN that have not interacted with CD4+ T cells.
Furthermore, interference with this chemokine attraction blocks CD4+-dependent memory
CD8+ T cell development. Such findings point to a crucial role of local directional cues in the
efficient physiological functioning of the LN, at least during primary adaptive immune
responses. It would be surprising if this were not the case for many other cell–cell interactions
that involve rare antigen specific cells and antigen-laden presenting cells. On a broader scale,
these data fit well together with the evidence that antigen-bearing DCs initially form a dense
network just outside of HEV and that emerging T cells first recognize and respond to antigen
as they negotiate this gauntlet of cells [20,45,48,64]. With this anatomic organization favoring
T-DC interactions in a small concentrated region of the node and with local chemokine signals
further enhancing useful associations (for example, CCL19 produced by DCs following
stimulation by innate or inflammatory signals [65] attracting CCR7-expressing naïve or central
memory cells), one begins to understand how the immune system can function efficiently with
only rare antigen-specific cells in the repertoire and an ongoing race with rapidly replicating
infectious agents.

While these concepts provide a broad framework for understanding cell–cell interactions, we
need to develop greater knowledge of the detailed biochemical and structural basis of
lymphocyte mobility and cell localization within complex lymphoid and peripheral tissues. To
date, most of our understanding of the molecular events governing leukocyte directional
sensing and movement derives from in vitro models of neutrophils and of the single cell
eukaryote Dictyostelium discoideum [66]. A powerful tool in these analyses has been chimeric
fluorescent protein reporters for observing the distribution of specific molecules in migrating
cells in the presence and absence of chemoattractants [67]. Despite the insights gained from
these in vitro systems, however, it has been difficult to verify these biochemical models using
other cell types in vitro and in any cells in vivo. The most useful in vitro systems should
accommodate various levels of physical and chemical complexity while allowing experimental
manipulations that may not be feasible in a fully physiological in vivo system. For example,
one can move from the 2D substrates used in the neutrophil and D. discoideum models to
matrices providing a 3D context in which cells can crawl along fibers, squeeze between
structural elements, and even remodel their surroundings, all while being tracked at high optical
resolution suitable for determining fluorescent protein reporter distribution. Among available
model matrices, networks made of polymerized collagen type III fibers have been the most
widely used [27,28,68]. At high magnifications, these macromolecular strands can be imaged
using differential interference contrast, confocal reflection microscopy, or multi-photon second
harmonic generation. When placed in a 3D network, activated T lymphocytes show movement
adapted to the physical structure of the gel matrix (S movie 2).

These in vitro observations emphasize the obvious fact, sometimes ignored by viewers of
published intravital images, that a cell's path and speed are markedly influenced by contact
with its physical surroundings. One striking example involves T cells emerging from HEV.
These cells move slowly at best until they exit into the surrounding parenchyma [19] and if an
imaging field is rich in these vessels, as was the case for the confocal work of Stoll et al. [6]
because of limited imaging depth, then it will appear that the majority of the T cells are poorly
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motile for no apparent reason (S movie 3). Without co-visualization of the vessels, this could
be taken to suggest poor sample viability [5,9], but in truth, it reflects a physiological behavior
whose origin is obscure without the added information provided by vessel illumination.

What are some of the methods that can be used to investigate control of immune cell motility
and provide information beyond that available from the present intravital methods? While the
collagen matrix model is easy to manipulate and image, in normal lymph nodes lymphocytes
are not in direct contact with collagen fibers [15]. Lymph nodes are largely supported by a
reticular network established by fibroblasts and their secreted extracellular matrix products,
and collagen fibers are encased within a sheath of fibroblast cytoplasm and secreted matrix
material [15-17]. Experimental tools other than collagen gels are thus needed to provide a more
physiologic 3D environment for lymphocyte migration studies. Recently, fibroblast reticular
cell lines have been established that when co-cultured with lymphocytes or exposed to an
agonist antibody to the lymphotoxin β receptor and to TNF-α form a reticular network
expressing the marker ER-TR7 and closely resembling that seen in frozen sections of lymph
nodes [69]. The network formed by these cells represents an attractive in vitro reductionist
model for investigating the role of this stromal element of LN structure in lymphocyte
migration, complementing more difficult intravital studies aimed at dissecting the physical and
chemical cues that regulate lymphocyte mobility.

Leukocyte adhesion was originally studied using cryostat sections that retain at least the cell-
associated molecular signals and the stromal structure of the original node [70] and a variant
of this technique has been used to study DC migration in vitro [71]. With this experimental
setup, biochemical treatment or immunostaining can be used to modify the environment of the
cells being studied or to reveal structural elements that would be hidden from view in current
intravital imaging protocols, respectively. In a recent variant of the cryosection model, thick
vibratome sections of thymus have been employed for analysis of the relationship between
Ca2+ signaling and thymocyte migration [72]. We have been able to adapt this method to LNs,
observing the same type of movement of adoptively transferred T cells within such sections
as seen by intravital imaging of lymph nodes from the same animals (L.Y. Koo, unpublished
observations; S movie 4). These sections can be stained with at least some antibodies without
affecting this migratory behavior. T cell mobility in these sections is quite dependent on super-
perfusion with medium containing high O2 levels, as previously reported for thymic sections
(L.Y. Koo, unpublished observations; S movie 5), a result that differs from what is seen with
explants in our hands, which often [but not always] show T cell movement indistinguishable
from that obtained using intravital methods despite the use of normal medium and room air
(A.Y.C. Huang, unpublished observations; S movie 6).

Thus, one can study lymphocyte migration in systems of increasing complexity, ranging from
2D culture plates, to artificial 3D matrices, to complex 3D cell cultures, to thin and then thick
tissue sections, and finally directly in organized lymphoid tissues themselves. Each model has
its limitations in terms of physiological relevance and ease of experimental manipulation as
well as imaging resolution. Used in conjunction with fluorescent reporters that can be employed
in multiplex mode to follow several parameters simultaneously, and with modifiers of the
cellular and extracellular environment such as siRNA and blocking antibodies, the factors
controlling lymphocyte migration and localization can be dissected at various scales.

6. Non-lymphoid tissues
In addition to providing insight into how adaptive immune responses are primed within
lymphoid organs and how haematopoietic cell navigate in LNs, in situ and intravital imaging
has also been applied to visualizing the immune response in peripheral non-lymphoid tissues.
Indeed, much of our understanding of leukocyte recruitment to inflamed tissues and subsequent
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extravasation out of blood vessels has come from imaging blood flow in tissues of living
animals or in explanted, externally perfused organs [31]. In general, these studies have
employed video-rate transmitted or epi-fluorescence wide-field imaging systems to investigate
leukocyte rolling and tethering behavior in a variety of tissue inflammation models, including
the spleen [73], lymph nodes [74], mesentery [75], skin [76], cremaster muscle [77], liver
[78] and retina [79]. While wide-field video-rate imaging is well suited for studying leukocyte
dynamics in blood vessels, as it can provide data acquisition rates capable of capturing rapid
intravascular cell dynamics, it is limited in its ability to visualize cells outside of the blood
vessel due to greater light-scattering and light-absorbing properties of the tissue parenchyma.
Consequently, our understanding of cell recruitment to an inflamed tissue greatly exceeds our
knowledge of how that cell behaves once it leaves the blood vessel lumen and enters the tissue.

Using the recently developed microscopy techniques discussed in the preceding sections, we
and others have begun to investigate the extra-vascular behavior of immune cells by both
intravital and explanted tissue imaging in a variety of non-lymphoid organs, including the
intestines, liver, kidney and skin. In addition, we are working towards developing methods that
will permit microscopic observation of cellular dynamics in the lung. While technical obstacles
exist for all intravital microscopy applications, including limitation of motion artifacts due to
breathing, heart-beat and skeletal muscle contractions, preservation of physiological conditions
during periods of prolonged anesthesia and surgery, and identification of cells and structures
in a non-invasive manner, each organ has unique challenges related to anatomical location and
tissue-specific physiology. The rationale for developing imaging methods and inflammatory
models for multiple non-lymphoid tissues, despite the associated technical challenges, is two-
fold. First, the behavior of immune cells at an inflammatory site may depend upon structural
elements that are unique to a particular tissue. For instance, cellular dynamics within the
extravascular space of the intestines may differ from what is observed within the epidermis of
the skin. Second, different infectious agents and autoimmune diseases may produce unique
pathologies in different tissues. Thus, the relevant study of the interface between the immune
system and infection or autoimmunity requires the ability to visualize cell behavior in multiple
involved organs.

The digestive tract contains the largest collection of lymphocytes in the body and is a site of
constant contact between microbes and the host [80]. How the immune system gathers
information about the microbial flora and directs the host response in a productive rather than
destructive direction are key questions. In the small bowel, there are intraepithelial
lymphocytes, lamina propria dendritic cells, Peyer's patches with associated T and B cells, as
well as several DC subpopulations [81]. We have focused our attention on the lamina propria
subepithelial DC population and its activities. For many years, bacterial transfer from the
intestinal lumen to lymphoid tissue has been attributed to the subset of epithelial-derived cells
called M cells [82]. In 2001, a new mechanism was described for immune sensing of lumenal
small bowel content, one that involved trans-epithelial DC capture of bacteria [83,84]. These
in vitro studies used a monolayer of a human colon-derived cell line (CACO-2) able to mimic
both the basolateral and the lumenal sides of the intestinal epithelium. Human monocyte-
derived DCs were able to extend a dendrite through the tight junction between epithelial cells
in the CACO-2 monolayer without disrupting the seal between these cells. The extended
process of the DC could capture bacteria added on the lumenal side of the monolayer. Recently
Niess et al. broadened this observation using explants from mice heterozygous (sufficient) or
homozygous (deficient) for a targeted mutation that replaced the CX3CR1 gene with GFP
[85]. DCs in the terminal ileum express CX3CR1, the receptor for CX3CL (fractalkine). Using
high-resolution static confocal analyses, this group demonstrated that the presence of a
functional receptor for CX3CL on DCs is associated with the capacity of lamina propria DCs
to extend dendrites into the lumen of the terminal ileum and acquire bacteria. Additional
evidence for epithelial cell-DC communication comes from two other recent studies. In
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unperturbed conditions, the epithelial cells are able to condition resident DCs to promote non-
inflammatory immune responses, whereas in the presence of bacterial compounds, these cells
produce chemokines that attract new immature DCs that can differentiate into inflammation-
promoting presenting cells [86,87].

We have now developed an intravital technique for two-photon microcopy that permits imaging
the small bowel wall from the lumenal surface. Using this method, we have acquired dynamic
images of DCs extending membrane processes through the epithelial monolayer into the
intestinal lumen, under both normal conditions and in response to pathogenic bacteria (M.
Chieppa, in preparation). This process preserves the barrier of the epithelium to small
molecules, consistent with the in vitro data [84], while permitting the movement of bacteria
from the lumen of the bowel into the body of DCs in the lamina propria. Strikingly, the
predominant shape of the DC extensions is not finger-like, as might be expected, but spherical,
giving rise to what we term “balloon bodies” (Fig. 1). The cell biological basis for this structure
and its physiological significance remain unclear. Ongoing studies are examining the nature
of the signals arising from epithelial cell responses to bacterial stimuli interacting with innate
receptors such as TLRs.

Recently, several studies have used intravital and explant imaging techniques to investigate
lymphoid cell behavior in other non-lymphoid tissues. Employing intravital confocal
microscopy and a knock-in animal in which EGFP replaces the gene encoding the chemokine
receptor CXCR6, Geissmann et al. [13] demonstrated that NKT cells continually patrol the
liver sinusoids and stop upon antigen receptor engagement, presumably providing intravascular
immune surveillance of hepatocyte status. Our own non-lymphoid intravital imaging studies
have revealed similar patterns of intravascular myeloid cell migration in the liver sinusoids.
For instance, after induction of endotoxemia, large numbers of neutrophils are recruited to the
hepatic vasculature. These neutrophils show a highly dynamic migration pattern, traveling both
with and against blood flow and often making contact with resident cell populations (J.G. Egen,
unpublished observations; S movie 7). In addition to visualizing immune cell dynamics in the
liver vasculature, we are also utilizing intravital microscopy techniques to investigate cell
migration in the blood vessels and parenchyma of the kidney. To this end, we have developed
methods that permit imaging of the renal vasculature and tubular network (J.G. Egen,
unpublished observations; S movie 8) and are currently applying these new approaches in
studies of immune cell dynamics during renal autoimmune responses and after allogeneic
transplantation.

In situ live cell imaging techniques have also been applied to the study of effector T cell
dynamics at sites of tissue inflammation. Kawakami et al. found that TCR signaling plays a
role in influencing effector T cell migration patterns within an explanted rat spinal cord section
after the induction of experimental autoimmune encephalomyelitis [14]. These studies
demonstrated that the myelin basic protein-specific effector T cells within the spinal cord that
mediate disease had reduced motility compared with a population of antigen non-specific T
cells that were also recruited to the inflamed tissue. This difference in motility was attributed
to antigen-specific interactions made by the T cells with resident MHC class II expressing
APCs. These latter antigen-induced stopping data are reminiscent of findings showing that
thymocytes undergoing positive selection flux Ca2++ and stop migrating [72] and agree with
earlier in vitro studies on the arrest of T cell migration upon contact with an antigen-bearing
cell [41].

These types of studies are just the beginning in terms of what we can learn from imaging studies
of immune responses in the periphery. Visualization of immune cell dynamics in non-lymphoid
organs holds promise for elucidating a number of fundamental biological processes, such as
uptake and transport of pathogens/antigens to lymphoid organs by tissue resident presenting
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cells, inflammatory cell migration and interactions at sites of tissue damage or infection, and
local regulation or dysregulation of inflammatory responses by the adaptive arm of the immune
system. Combining these studies with more traditional approaches for investigating immune
function should yield insight into such diverse fields as infection, autoimmunity, and
transplantation.

7. Closing comments
What might be called anatomical immunology is undergoing a renaissance with the
introduction and dissemination of methods for live imaging of dynamic cell behavior in situ.
As the technology becomes more established and the necessary instrumentation more widely
available, such studies will become a mainstream part of immunological investigation.
Although certain aspects of immune behavior can be profitably analyzed solely by such
methods, in most cases in situ imaging will supplement more conventional experimental tools,
providing additional insight into the processes being examined.

Here we have summarized the current state of the field, with an emphasis on the nature of T-
DC interactions and lymphocyte mobility that have been the subjects of most published studies.
We have tried to point out the underappreciated influence of local tissue organization,
especially of non-visualized stromal elements, on lymphocyte migratory behavior, and what
new experimental tools might be employed to better probe this relationship. The limitations of
current technology in terms of imaging sensitivity, measurement of cell activation status and
response, and the localization of specific proteins in single cells have been described and
possible solutions to these problems discussed. Additional emphasis has been placed on the
study of cell activity outside the lymph node, especially inflamed peripheral tissues. If one can
be permitted to employ the types of puns that seem obligatory in this area of research, the future
of immune system imaging is “bright” and poised to make an increasingly large contribution
to putting decades of deconstructive immunological research back into a holistic perspective.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Lamina propria DCs extend trans-epithelial processes with a “balloon-body” appearance. The
terminal ileum of a CD11c-EGFP mouse was isolated and the lumen exposed. Villous epithelial
cells were stained using the red fluorescent dye SNARF and the tissue imaged by two-photon
microscopy. A reconstructed transverse section shows a single z slice from one villus with 2
“balloon bodies” formed by DC trans-epithelial membrane extensions marked by white arrows.
The cropped field is 170 μm × 133 μm from an original field of 560 μm × 560 μm.
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