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Abstract

Dendritic cells (DCs) regulate T cell function by promoting either tolerance or activation, and in
the latter case, by directing response quality. New imaging tools now permit direct visualization of
the relevant DC-T cell interactions /77 vivo and have provided a new perspective on the dynamics
of these crucial cellular contacts. Here we discuss the insights generated by these analyses and the
controversies/unanswered questions that need to be addressed in future work.

Introduction

1. Progressive dynamic changes in DC-T interactions during early immune responses

Proper functioning of the immune system is clearly dependent on the correct localization of
cells within and outside of lymphoid tissues, on the trafficking of cells between distinct
tissue sites, and on the physical interaction of various myeloid and lymphoid cell
subpopulations, accompanied by exchange of information through local cytokine secretion
and direct membrane molecule binding events. All of these are dynamic events that occur
over time spans ranging from seconds to days. Collecting quantitative information on these
attributes of the immune system has been a problem for the field until recently due to the
lack of suitable tools for conducting spatio-temporal studies with adequate resolution /in
Vivo.

With respect to DCs, for the first 30 years after their discovery [1], examination of their
interaction with T cells was confined to static immunohistochemical studies and /n vitro
time-lapse imaging. Classic /n vitro experiments with guinea pig cells indicated that antigen-
unspecific interactions a few minutes but that associations between antigen-specific T cells
and lasted for antigen-bearing DCs could last for hours [2], but the relevance of these
observations to /n vivobiology remained unknown.

This situation changed dramatically a decade ago with the first application of advanced
microscopy tools (confocal and especially 2-photon methods) to the direct dynamic
visualization of DCs and T cells in lymph nodes. Initial work with LN explants and later
studies using intravital imaging approaches revealed that antigen-specific interactions
between T cells and DCs occur in several distinct phases [3-5], (Figure 1). First, T cells scan
DCs for relevant antigenic epitopes. When they have found an antigen-bearing DC they
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form long-lasting and stable interactions that often persist for several hours, in agreement
with the guinea pig results. There is some evidence that T cells can integrate suboptimal
signals before passing a threshold that leads to prolonged stopping and DC contact, whereas
with optimally activated DCs and high levels of strong agonist ligands, T cells stop and
engage the first antigen-bearing DC they encounter [6]. Irrespective of whether there is a
transient interaction phase preceding the stable contact period, all studies suggest that after
24-30 hours of interaction, the T cells disengage, often in concert with the onset of
proliferation [3-5, 7], followed by rapid migration within the LN and transient interactions
with DCs. CD4+ T cells in particular seem to require a prolonged phase of stable
interactions with DCs for full activation [8]. How these progressive changes in the dynamics
of T-DC association play out in situations in which the interaction leads to tolerance rather
than immunity is an area of controversy. Using DEC205-OVA for antigen delivery one
study suggested that CD8+ T-cells fail to establish long-lasting interactions with DC during
tolerogenic conditions whereas others using the same antigen delivery CD4+ T cells showed
similar stable long-lasting interactions of priming and tolerance but these interactions were
further prolonged (>) during priming [9, 10].

Interestingly, T cells are not the only lymphocytes that scan DCs for antigen shortly after
entering the LN parenchyma from the HEVs. The application of intravital 2P imaging
allowed direct tracking of B cells as they emerged from HEV, revealing that naive B cells
also probe DCs on their way to the follicle. If they encounter antigen, they can form
functional, activation-promoting associations that last many times longer than the few
minutes seen for antigen-unspecific contacts between these cell types [11].

2.How to find the right DC in an efficient manner

The initial imaging studies of naive T cell migration in LNs analyzed displacement vs. time
behavior and concluded that these lymphocytes followed a random walk pattern within the
paracortical region [12]. Calculations based on the rate of T cell migration and the volume
swept by the dendrites of a DC indicated th there was a 95% likelihood that a single antigen-
specific T cell would encounter at least 1 of a few hundred antigen-bearing DCs during a
single passage through a LN, suggesting that random interactions would suffice for effective
initiation of adaptive immune responses. However, these studies assumed that random walk
behavior by the T cells meant free movement within an unstructured space, whereas many
earlier anatomic and histological analyses revealed a rather well-ordered stromal
architecture in LN that had to be taken into account in understanding the movement of
lymphocytes and the placement of DCs within the node. By developing a novel means of
revealing the previously non-fluorescent and hence, invisible stromal components of the LN
at the same time as imaging T cells, Bajenoff et al. identified the fibroblastic reticular cell
(FRC) network as a fine meshwork on which naive T cells moved during their passage in the
LN from HEV to lymphatic exits [13], (Figure 1). While T cell migration within the LN is
random when viewed on a large spatial scale, on a smaller scale the movements of naive T
cells are guided and limited by the FRC network, which also defines the extent of the T cell
zone [14].

Dendritic cells are positioned on the same FRC network, a finding that provides a structural
explanation for the observations of the seemingly fixed, distributed positioning of LN
resident DCs and the migration, then stable positioning of newly arriving DCs in LNs [15].
The latter behavior appears to correspond to the new DCs finding niches on the
incompletely occupied FRC network. This concentration of DCs on the same FRC network
that constrains and guides T cell migration provides enhanced efficiency of interaction
between these critical cell populations as compared to purely random distribution and
movement of both cell types within the node structure (figure 1).
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However, even a random walk on the FRC network did not seem able to provide for optimal
function in adaptive immunity when two distinct antigen-specific T cell must find the same
antigen-bearing DC, as is the case for CD4+ T cells helping CD8+ T cells [16, 17]. The
calculation cited above for the good efficiency of antigen-bearing DC identification during a
single pass through a LN for a single antigen-specific T cell changes dramatically if a
second T cell must find not just any of the antigen-bearing DCs, but exactly the same DC as
another rare specific T cell. Some mechanism for reducing the search space seemed
necessary and chemokines were a likely candidate for the cues allowing such selective
migration and cell-cell contact. Indeed, Castellino et al., using a combination of classical
immunological tools and intravital 2P imaging, showed that interaction between a DC and a
CDA4+ T cell leads to local CCL3/4 production [18]. Naive CD8+ T cells in inflamed LNs
are able to follow this chemokine guidance and quickly locate a licensed DC in preference
over a random, non-engaged DC in the same paracortical LN volume (Figure 1). This
principle of chemokine guidance also can involve CD8 T cells ‘communicating’ with each
other [19]. The experimental method used for the analysis of Castellino et al. did not allow a
direct evaluation of whether this ‘GPS’ system in the LN operates during the initial
searching phase 1/2 only or also comes into play after long-lasting T cell DC contacts during
the later phase 3 of T cell priming. This question is of substantial importance because of the
evidence that CD4+ and CD8+ T cells preferentially respond to antigen presenting by
distinct DCs.[20, 21] and that the initial encounters of T cells with DCs might ‘stop’ the
relevant CD4+ and CD8+ T cells on different DCs. This would require a later phase in
which the chemokine guidance cues allow relocalization of one or the other T cell on the
relevant DC, associated with a period of time in which ‘helpless’ CD8+ Tcells that have
already interacted with antigen can be rescued and ‘helped’. This is an important issue for
additional investigation.

As a final comment on the subject of stromal guidance, the recent reports of changes in
chemokine expression by [22] or even physical disruption of the FRC network [23] in
response to various pathogens raises new questions regarding the way in which infectious
agents modulate immune responses, given the role of the stromal network in control of
critical cell-cell interactions in lymphoid tissues, not only LNs but also spleen [24].

3. DC compartmentalization and specialization to optimize the immune response

One common limitation of the above studies is the use of transferred peptide-pulsed DCs,
often neither separated or even characterized with respect to DC subset content, no less
analyzed in the context of natural infections and antigen presentation. Infectious agents can
play a major role in determining the number, nature, and location of antigen-presenting DCs.
For example, using dynamic imaging after VV infection it was found that virus infection is
not randomly distributed throughout the LN, but it is mainly restricted to cells in the
subcapsular sinus (SCS) area, particularly the CD169+ macrophages [25]. In addition, there
are clearly DCs in the same region that acquire antigen, either through direct infection or as
a result of cross-presentation of antigen from infected macrophages and other cell types.
Antigen-specific T cells and to some degree non-specific T cells seem to translocate to the
SCS where they encounter these infected DCs and undergo priming. This work
demonstrated that T cell priming does not randomly occur within the T zone, but rather
takes place in specific compartments of the LN connected to the entry routes and the target
cells of the analyzed pathogen.

When antigen-bearing, migrating DC from the periphery enters the LN via the afferent
lymphatics, they also don't randomly distribute in the LN to find their position somewhere
on the FRC network. Migratory dermal DC colonize a specific area that is distinct from the
region occupied by slower migrating LC [26]. Similarly, resident DC subpopulations also
seem to localize in specific subregions of the LN; for example, CD8+ DC are predominantly
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found in the inter- and subfollicular region [27], (Figure 2). Currently, it is unclear if
chemokine cues help the DC to find their places, or if the stromal network itself supports
attachment of specific DC subpopulations in certain based on adhesive interactions.

Such specific localization is likely to relate to distinct functions exerted by different DC
subpopulations. For example, Dudziak et al. have shown that there is a separation of labor
among different DC subsets [20]. While some DC subpopulations seem to be particularly
good at priming CD4+ T cells (these DCs are identified by the 33D1 mAb), others (marked
by DEC-205 expression) seem to be specialized for priming model that lacks the CD8+ DC
population due to a deficiency in BatF3 expression and that seems to have a defect in
priming antiviral CD8+ T cell responses [28]. While such DC specialization makes sense in
terms of activating different T cell subsets and promoting functionally relevant effector
responses, it raises an interesting question given our knowledge of the need for CD4-CD8
communication via a DC intermediary in optimizing memory stage, if not early effector,
cytotoxic responses [29-31].0n which DC is coghate CD4+ help delivered? Or is the
functional separation of DC not as stringent during actual infections as opposed to what has
been observed with targeted antigen delivery? A similar issue can be raised with respect to
activation of naive vs. memory CD8+ T cells. Migratory DC have been reported to have
only a minimal ability to activate memory CD8+ T cells while they are fully capable of
priming naive CD8+ T cells [32]. The reason for this finding remains elusive but imaging
methods should certainly help to shed light on this issue. In this regard, it is worth noting
that nearly all the literature on T cell migration and T cell-DC interactions in LNs involve
naive cells; only recently has one study compared naive vs. memory CD8+ T cells
interactions with DC /n situ [33]. Using Toxoplasma infection the authors found that
memory CD8+ T cells seem to more rapidly engage infected APC at the site of entry in the
LN - the SCS - and form long-lasting interactions with DC similar to those of naive CD8+ T
cells. The question of differential interaction of these same two T cell subpopulations with
migratory DC has not been addressed.

4. Future perspectives

Dynamic imaging has revealed a great deal about the modes of T-DC interaction /in situ. We
now appreciate the key role of stromal elements in guiding T cell movement and relevance
of the colocalization of DCs on the same stromal network for efficient interactions of the
two cell types during the initial scanning process taking place at the onset of an immune
response. Chemokine cues have been shown to bias movement on the stromal network to
further optimize relevant interactions. The association of T cells with DCs changes over
time in a manner that reflects antigen density, quality, and state of DC maturation. There are
hints of regional specialization within the LN, with distinct DC subsets occupying
preferential niches that may correlate with different biological responses (CD8+ cytotoxic
responses, humoral immunity, CD4+ help and perhaps Thl vs. Th2 or Th17 generation).
With the identification of specific markers for DC subpopulations (DNGR-1, XCR-1), new
fluorescent mouse models are being established that will allow in situ imaging of these
populations and direct comparison of the cellular interactions in which they engage [27, 34].
Trackable infectious agents used in concert with such DC-marked hosts and properly labeled
T cells will permit analysis of the entire course of cell-cell interactions during responses to
pathogens. Finally, the development and use of reporters for signaling and transcriptional
events will move imaging from a mere description of dynamics, as important as these are, to
one in which function at a molecular level is connected to the dynamic behaviors our
imaging tools have now revealed.
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Figure 1. Dynamicsof T cell DC Interactionsin Lymphoid Tissues

Upper Panel - T cells and DCs migrate or are positioned on the FRC network (burgundy
interconnected lines), respectively. Antigen-reactive CD4 T cells cooperate with the DCs to
produce CCL3/4 chemokines that cause directed chemotactic migration of CD8 T cells that
have expressed CCR5 under the influence of inflammatory factors in the lymph node
(random walk migration — light-grey arrows; chemotactic migration - dark-blue arrows).
Lower Panels — T cells undergo three phases of interactions with Ag-bearing DCs. During
Phase-I T cells migrate (dashed lines) searching for Ag- bearing DCs and undergo short-
term interactions (left panel). Long-term stable contacts are formed during Phase-11 (middle
panel). Activated T cells resume rapid migration and undergo cellular division (dark-blue
cells) during Phase-I11 (right panel).
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Figure 2. DC Compartmentalization in Lymphoid Tissues
Schematic representation of DC subset localization within skin-draining LN (left panel) and
spleen (right panel). Even though all migratory DCs appear to enter the draining LN through
the interfollicular region, dermal DC are thought to be positioned near the B cell follicles
and the Langerhans cells to be positioned deeper in the T cell zone with other resident DCs.
Resident CD8a+ DCs have also recently been shown to have distinct compertmenalization
in skin-draining LN. Differences in resident DC subset localization have also been noted in
the spleen, with specific regionalization of CD8a+ and 33D1+ DC between the white and

red pulp.
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