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Studying interactions between dendritic cells
and T cells in vivo

Aleksey Chudnovskiy, Giulia Pasqual1 and Gabriel D Victora
Antigen presentation is the key first step in the establishment of
an antigen-specific T cell response. Among professional
antigen presenting cells (APCs), dendritic cells (DCs) are the
major population responsible for the priming of both CD4+ and
CD8+ naı̈ve T cells. This priming requires physical interaction
between the DC and the T cell; during which signals are
exchanged that determine both the magnitude and the quality
of the ensuing response. The nature of these signals varies
widely depending on the nature of the antigen, the anatomical
site in which they take place, and the phenotype of the antigenpresenting DC, making the study of the dynamics,
microanatomical distribution and phenotypic variation of DCs a
key part of our understanding of adaptive immunity. Here, we
provide a brief survey of how our view of T cell activation by
DCs has evolved over recent years as intravital multiphoton
microscopy and other emerging technologies have expanded
our ability to study these events in vivo.
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Speranza, Padova, Italy and Department of Biomedical Sciences,
University of Padova, Padova, Italy.
Current Opinion in Immunology 2019, 58:24–30
This review comes from a themed issue on Antigen processing
Edited by Justine Mintern and Jose Villadangos

https://doi.org/10.1016/j.coi.2019.02.002
0952-7915/ã 2018 Elsevier Inc. All rights reserved.

the exact nature of the activating stimulus [5]. DCs are,
therefore, key players in the balance between tolerance
and the various types of cellular and humoral immunity
[2–5]. T cell activation by DCs involves physical contact
between the DC and the T cell. During these interactions, DCs present antigen to T cells in the context of
major histocompatibility (MHC) molecules, with additional input delivered in the form of costimulatory surface
ligands and cytokines [5]. Thus, DC–T cell interactions
have become a subject of study in their own right [6–17].
In the present review, we discuss how technological
advances, primarily in microscopy, have improved our
ability to monitor such DC–T cell interactions, highlighting selected findings emerging from these studies.
Conventional (c)DCs in lymph-nodes can be subsetted
according to two major axes. First, DCs can be classified
according to the route they take from bone marrow to
the LN: resident DCs arise from blood borne precursors
that enter LN through HEVs [18]; migratory DCs
initially travel from blood to non-lymphoid tissues,
subsequently migrating to the tissue-draining LN
through lymphatics carrying antigen sampled while in
the tissue [19]. Migratory DCs are characterized by high
expression of MHCII class II and intermediate expression of the integrin CD11c, while the reverse is true for
resident DCs (although there is evidence that this
dichotomy may be influenced by the DCs activation
state) [20,21]. Both migratory and resident DCs can be
further subdivided, along a second axis based on phenotype, into cDC1 and cDC2 [2,3]. cDC1 express the
chemokine receptor XCR1, and the E-cadherin receptor CD103 (when of migratory origin) or CD8 (when
resident) [2]. cDC2 are characterized by expression of
the integrin CD11b [2,3]. A number of studies have
shown that cDC1 are superior to cDC2 in their capacity
to cross-present antigen to CD8+ T cells [2,3,22,23].
cDC2, on the other hand are more potent in direct
presentation of antigen to CD4+ T cells [2,3,24–27].

Introduction
Dendritic cells (DCs) are the immune system’s prototypical antigen-presenting cell (APC), responsible for the
vast majority of the priming of naı̈ve CD4+ and CD8+ T
cells under most conditions [1–3]. As such, DCs are
uniquely positioned to influence the magnitude and
quality of T cell responses. While steady-state DCs are
classically thought to promote T cell tolerance to selfantigens [4], DCs that have been activated (e.g. with Tolllike receptor ligands) promote effector T cell responses,
which vary quantitatively and qualitatively according to
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Studying T cell–DC interactions by intravital
imaging
Mainstream immunological techniques such as flow
cytometry, cell co-culture systems, and gene expression profiling have been powerful in defining how the
phenotypes of different DC populations correspond to
different roles in initiating and maintaining cellular
immune responses. Classic histological approaches add
a spatial dimension to these functional and phenotypic
analyses, so that the general compartmentalization of
www.sciencedirect.com

T cell-dendritic cell interactions Chudnovskiy, Pasqual and Victora 25

DC functions within the LN can be discerned. A
common feature of classic techniques, however, is that
they do provide information on fine spatiotemporal
aspects of antigen presentation—including the dynamics of cellular migration and cell–cell interactions—
beyond the limited resolution provided by analyzing
different mice at arbitrary time intervals. As a remedy
to some of these problems, intravital multiphoton laser
scanning microscopy (MPLSM) has emerged in the last
two decades as the tool of choice for studying antigen
presentation in situ (Figure 1a). The use of brief,
concentrated pulses of near-infrared laser light restricts
the excitation of shorter wavelength fluorophores to the
focal plane, allowing deeper tissue penetration with
less photodamage [28–30]. The practical consequence
of this property is that cells can be imaged in real time
while performing their functions, deep inside intact
LN of live mice, providing key insight into cellular
dynamics of antigen presentation [7–17].
Introduction of intravital imaging quickly provided a
wealth of insight into the T cell priming process that would
not be available otherwise. For example, DCs are highly
efficient at screening large swaths of the T cell repertoire
before engaging with specific T cells in long-lasting interactions [7,14,31]. One DC can simultaneously engage
several (often as many as 10) antigen-specific T cells, with
the amount of antigen present on the DC determining both
the number of T cells per DC and the duration of interactions [7]. Intravital imaging also delineated three major
phases in T cell priming by DCs: in phase 1 (up to 8 hours
after entering the LN), motile naı̈ve T cells scan multiple
DCs for antigen; in phase 2 (8–24 hours), sessile cognate T
cell–DC pairs form, which can last for several hours; finally,
in phase 3 (24–48 hours), activated T cells disengage from
DCs, resume their motile behavior, and start proliferating
[10]. Largely equivalent findings were reported for CD4+ T
cells after vaccination [13]. By targeting antigen to endogenous DCs using a fusion of ovalbumin to an antibody
against the DC surface lectin DEC-205 (anti-DEC-OVA)
under inflammatory and steady-state conditions, it was later
determined that long-term interactions between antigenspecific CD4 T cells and DC is a shared feature of
tolerogenic and immunogenic T cell priming [15].
More recent studies have used intravital imaging to probe
the role of DCs in priming CD8+ and CD4+ T cell
responses during viral infection. In early stages of vaccinia
virus infection, for example, CD4+ and CD8+ T cell
priming occurs in distinct locations in the LN, on anatomically segregated and phenotypically distinct DC subsets.
Depletion of XCR1+ DCs during this early time point did
not affect initial priming of CD8+ T cells. During later
stages of the infection, however, both CD4+ and CD8+ T
cells formed clusters around XCR1+ DCs. Late depletion
of either XCR1+ DCs or CD4+ T cells in this model
impaired effector and memory CD8+ T cells responses,
www.sciencedirect.com

indicating that CD4+ T cell help to CD8+ T cells is
delivered later in the response, and primarily through
licensing of XCR1+ DCs [32]. A second group reported
similar findings using herpes simplex virus as an infection
model. By painting skin with the fluorescent dye tetramethylrhodamine (TRITC), the authors demonstrated
that during early time point after infection (18–20 hours)
TRITC+ migratory DCs travel through the paracortex
and form clusters with antigen-specific CD4+ T cells in
the proximity to medullary regions of inguinal LN. At
later time points (40–42 hours) both CD4+ and CD8+ T
cells clustered together, but this time around XCR1+
TRITC (resident) cDCs. [33]. The common model
emerging from both models is that CD11b+ cDC1s initially activate CD4+ T cells, which later license XCR1+
cDC2s to effectively prime CD8+ T cells. Thus, XCR1+
DCs serve as the platform for delivery of CD4+ T cell
help to CD8+ T cells.
Intravital microscopy has also been used to visualize
DC–T cell interactions in non-lymphoid tissues, most
prominently within the tumor microenvironment. For
example, using a transgenic mouse line expressing
mammary tumor virus-polyoma middle T antigen
(MMTV-PyMT), Engelhardt et al. showed that DCs
directly contact tumor cells in vivo, and also interact
with tumor antigen-specific T cells [34]. The same
group later showed that CD103+ migratory cDC1s
present in the tumor environment can engage in
long-lasting interactions with transferred antigen-specific CD8+ T cells, and are required for effective
adoptive CTL therapy [35]. Subsequently, multiple
studies have confirmed CD103+ DCs as the major
population responsible for cross-presenting tumor antigens to CD8+ T cells both in the draining LN and
within the tumor itself [36,37]. A very recent study
combining intravital microscopy with single-cell RNA
sequencing described a novel form of crosstalk
between tumor-infiltrating DCs and T cells: in
response to anti-PD-1 therapy, CD8+ T cell produces
IFN-g, which directly stimulates tumor-infiltrating
DCs to produce IL-12. IL-12 in turn acts on CD8+ T
cells, enhancing their ability to kill tumor targets [38].
While the earliest studies of DC–T cell interaction in
vivo used adoptive transfer of dye-labeled cells into
non-fluorescent mice [6,10], several genetically
encoded fluorescent reporter strains are now available
to visualize endogenous DCs in their native context,
using different promoters that highlight distinct DC
populations more or less specifically. These include the
CD11c-YFP transgene [11], Zbtb46GFP [39], Xcr1Venus
[40], and the photoactivatable Xcr1KikGR [41]. Each of
these models have advantages and limitations. For
instance, CD11c-YFP is expressed by all DC subtypes,
but also by macrophages and B and T cells [2,11].
Zbtb46GFP is much more specific to cDCs, but does
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Studying the spatiotemporal dynamics of antigen presentation. (a) Intravital imaging. (I) Interacting cells are labeled with different fluorescent
dyes or by expression of different fluorescent reporter proteins. (II) A two-photon microscope is used to visualize DC–T cell interactions in LN or
other locations in explanted tissues or more often within living mice. A cluster of CD8+ T cells (red) undergoing stable interactions with a single
antigen-pulsed DC (yellow) is shown (image by G. Victora and K. Swee). (b) Histo-cytometry. Histo-cytometry combines multicolor
immunophenotyping with automated image analysis, providing detailed information on the microanatomical location and phenotypic identity of
cells in a tissue. (I) A series of confocal images of tissue sections is taken. (II) Images are segmented into cells and, analogously to flow cytometry,
channels are compensated for fluorophore spillover. (III) Image analysis allows for quantitative visualization of phenotypically distinct immune cell
populations. Images by M. Gerner and R. Germain, adapted with permission from Ref. [42]. (c) In situ photoactivation. (I) A microanatomical
region of interest is photoactivated within a tissue using MPLSM. An example of photoactivation of cells within a single germinal centers TPLSM is
shown (red, follicular dendritic cells; green and arrowhead, photoactivated cells). Image by J. Jacobsen. (II) The tissue is then isolated and
dissociated, and photoactivated cells can be easily identified based on their fluorescence in the photoactivation channel by flow cytometry. Cells
can then be used for downstream analyses such as RNA-seq. (d) LIPSTIC. (I) A receptor-ligand pair of interest is genetically tagged with the
transpeptidase sortase A (SrtA) or with the SrtA target, 5 N-terminal glycines (G5). The peptide substrate biotin (red)-LPETG is administered by
injection, and DCs that interacted with T cells can be isolated based on presence of the biotin-LPETG tag using flow-cytometry. (II) Flowcytometry contour plot showing biotin-positive cells after in vivo LIPSTIC labeling of DC–T cell interactions via the CD40–CD40L axis.
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not segregate between cDC1 or cDC2, nor between
resident and migratory cDC subsets [39]. Xcr1Venus is
specific for the XCR1+ cDC1 subset but cannot distinguish migratory and resident DCs. The elegant
Xcr1KikGR model addresses the resident versus migratory issue by using light to photoconvert the reporter
protein Kikume Green-Red (KikGR). This allows
migratory DCs to be marked by illumination of their
tissue of origin (e.g. skin), and subsequently identified
after they have migrated to the draining LN [41].
However, no such system is yet available for cDC2.
Thus, while several reporter systems exist, even the
broad categories of cDC populations are yet to be
completely resolved by intravital microscopy. As
we will see in the next section, a number of techniques
that combine various degrees of spatiotemporal resolution with improved phenotyping capabilities have been
developed, and promise to bridge the gap between
dynamic behavior, microanatomical localization, and
cellular phenotype.

Linking cellular dynamics, microanatomy, and
DC phenotype
A drawback of existing immunological techniques is their
limited ability to cross-talk with each other. For instance,
while flow cytometry provides rich information on DC
phenotype, it does so at the expense of obliterating all
spatial context; conversely, traditional histology, while
maintaining anatomical information, is not quantitative
enough to clearly resolve cellular subsets. Likewise,
intravital microscopy can demonstrate and quantify interactions between different cell types, but cannot be used
to isolate interacting cells for phenotypic analysis. In
recent years, several solutions to this problem have
emerged, and techniques now exist that are capable of
linking positional and phenotypic information to an
unprecedented extent.
Deep phenotyping of tissue sections by histo-cytometry

Histo-cytometry combines flow cytometry-like multicolor immunostaining of histological sections or wholemount cleared tissues with downstream automated image
analysis to provide detailed information on the micoanatomical positioning and phenotype of cells within a tissue.
Using computational algorithms, images of tissues are
segmented into individual cells, generating a quantitative
map of the phenotypic diversity, anatomical distribution,
and colocalization patterns of multiple cell subsets within
a tissue [42,43] (Figure 1b). To study T cell–DC interactions, T cells undergoing priming are identified by
transfer of labeled or transgenic populations, and the
identity of the DCs physically contacting these T cells
(information that would be lost in flow cytometry) is then
determined by the markers expressed by the engaged
DCs [44]. Using histo-cytometry, Germain and coworkers
have provided detailed descriptions of the spatial distribution of migratory and resident cDC1 and cDC2 subsets
www.sciencedirect.com

during the priming of T cell responses in skin-draining
LN [44,45,46]. Resident CD11b+ cDC2s are located
within the lymphatic zone of the LN, whereas migratory
cDC2s are positioned in interfollicular regions [42]; in
contrast, resident CD8+ and migratory CD103+ cDC1s
reside in the paracortical T cell zone [42]. These studies
also showed that migratory cDC2s promote clustering of
highly suppressive T regulatory (Treg) cells in the outer
T cell zone and within interfollicular regions, there they
block the activation of self-reactive T helper cells in a
TCR-dependent manner [46]. Among other findings,
studies using histo-cytometry have shown that (i) a population of resident cDC2s populates lymphatic sinuses
and samples the antigen directly from the lymph [44]; (ii)
MHC-I-dependent antigen presentation to CD8 T cells
is more sensitive to antigen availability due to the positioning of resident cDC1 deeper within the LN [45];
and (iii) resident CD8+ DCs directly capture Plasmodium
sporozoites that migrate from their site of deposition in
the skin, triggering CD8+ T cell responses to the pathogen [47]. Variations on the theme of histo-cytometry
using DNA barcodes [48], mass spectrometry on tissue
sections [49], and in situ hybridization [50–52] are also
being developed at a fast pace, and could add further
phenotypic depth to this type of analysis.
Labeling microanatomical niches using in situ
photoactivation

A second, conceptually simple, solution to merging
microanatomical and phenotypic information is in situ
photoactivation (ISPA) [53,54] (Figure 1c). In ISPA, a
photoactivatable protein is expressed in most or all cells
of a transgenic mouse using a ubiquitous promoter (e.g.
our UBC-PAGFP mouse line). LN or other tissues from
these mice can be photoactivated with microanatomical
precision using MPLSM, either as explants or in live
mice. Tissues are then dissociated, and cells within the
photoactivated area can be identified by virtue of their
fluorescence in the photoactivation channel. These cells
can be further phenotyped using flow cytometry markers, or sorted and subjected to gene expression profiling. This technique was first developed to obtain gene
expression profiles of B cells occupying the light and
dark zones of germinal centers [53], and has been extensively used in this context [55–59]. More recently, ISPA
has been coupled to single-cell RNA-seq (scRNA-seq)
approaches to determine the cellular composition of
distinct cellular niches (referred to as NICHE-seq
[60]). While ISPA has not yet (to our knowledge) been
applied to DC–T cell interactions, broader photolabeling approaches (where the entire tissue of origin is
illuminated and DC migration from tissue to dLN is
monitored) have [41,61–63]. We, therefore, expect
that ISPA, especially if combined with scRNA-seq,
may prove useful as a means of identifying the full
transcrirptional programs of T cells and DCs occupying
the same microanatomical niches, complementing
Current Opinion in Immunology 2019, 58:24–30
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insights obtained histo-cytometric analysis of T cell–DC
superposition.

resolution of our understanding of how DCs shape the
adaptive immune response in in vivo systems.

In vivo labeling of cell–cell interactions
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Whereas both intravital microscopy and histo-cytometry can be used to identify cells in direct physical
apposition, a limitation common to both techniques
is their inability to retrieve cells for further downstream
analysis. To circumvent this, we recently developed a
novel technique we call LIPSTIC (Labeling Immune
Partnerships by SorTagging Intercellular Contacts)
which allows us to enzymatically label cells undergoing
a given ligand–receptor interaction within live mice in
such a manner that these cells are later identifiable by
flow cytometry [64] (Figure 1d). In LIPSTIC, a ligand
and receptor are genetically fused to the Staphylococcus
aureus sortase A transpeptidase (SrtA) and to a fiveglycine acceptor tag, respectively. Upon cell–cell interaction, a labeled SrtA substrate injected into the live
mouse is covalently transferred from the SrtA+ donor
cell to the G5+ acceptor, enabling the chemical recording of cell interaction history. We employed this
approach to monitor CD40–CD40L interaction in vivo
between DCs and CD4+ T cells during the different
phases of T cell priming by DCs [10], and found
different modalities of CD40–CD40L interaction during these stages. While naı̈ve CD4+ T cells initially
interact with DCs in an antigen-dependent fashion
during phase 2, subsequent phase 3 interactions do
not require TCR engagement for delivery of a
CD40L-dependent signal [64]. A recent report has
described a LIPSTIC-based system that relies on a
SrtA variant with increased ability to label non-modified endogenous N-terminal glycines on the acceptor
cell. This may provide additional flexibility to the
system by not requiring engineering of an acceptor
mouse strain [65].

G.P. and G.D.V were awarded a U.S. Patent on LIPSTIC
technology (US Grant US10053683B2).

Future directions

Each of the technologies delineated above contributes an
additional dimension to the study of spatial and dynamic
aspects of DC–T cell interaction, but also brings along its
own caveats and limitations. While intravital imaging
provides the most detailed description of the dynamic
behavior of cells, it is not suitable for downstream analysis; histo-cytometry and in situ photoactivation add phenotypic information to microanatomically defined cell
populations but do not provide quantitative information
on cellular interactions; and LIPSTIC allows easy quantitative measurement of a cell’s cumulative history of
interactions, but provides no dynamic or microanatomical
information. We expect that future studies will combine
these techniques so as to maximize resolution while
compensating for each other’s limitations. In the context
of the ongoing revolution in single-cell genomics [60,66],
these techniques promise to increase enormously the
Current Opinion in Immunology 2019, 58:24–30
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