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Abstract
Cellular interactions in lymphoid organs initiate the immune response and determine its outcome. Using two-photon microscopy in the lymph
node, several groups have begun to investigate the motility characteristics and interactions among T lymphocytes, B lymphocytes, and dendritic
cells (DC) in lymphoid organs. In the first “close encounter”, T cells of a particular antigen specificity interact with antigen-bearing dendritic
cells and begin to activate. Activation of both CD4+ and CD8+ T cells evolves through several stages; from transient interactions to stable
clusters and later to dissociation and proliferation of T cells (clonal expansion). The second “close encounter” requires that antigen-engaged
B cells become accessible to T cells by directed migration to the edge of the follicle. T cells and B cells then pair up and waltz together for
an extended period, while helper T cells provide signals for B cells to differentiate into plasma cells. In this topical review, we compare the
activation choreography of CD4+ T cells interacting first with dendritic cells, and then with B cells, during initiation of the humoral immune
response.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction
To mount an effective immune response, lymphocytes must
home to lymphoid organs; recognize specific antigens presented by antigen-presenting cells (APC); proliferate (enabling
clonal expansion in response to a specific antigen); differentiate (to anergic, apoptotic, or effector cells); exit the organ; and
finally migrate to tissues to mediate a variety of effector functions. Effector responses depend upon secretion of lymphokines,
chemotactic agents, perforins, or antibodies, depending upon
the lymphoid subset. All these processes involve cell recognition dynamics and intracellular Ca2+ signaling that take place
hidden from view within lymphoid organs.
A key component in the normal course of an immune response
to an infectious agent or immunization is the formation of
an ‘immunological synapse’; a structure enabling signaling
between different immune cells. The concept of the immunological synapse encompasses a wide variety of immune cell
interactions that trigger intracellular signaling by promoting
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local clustering of receptors, adapter molecules, cytoskeletal elements, and kinases in the region of contact [1–3]. CD4+ helper
T cells initially form immunological synapses with dendritic
cells (DC) and subsequently with B cells that have encountered
antigen. These are the first and second ‘close encounters’ that
take place within the lymph node and lead to a humoral immune
response.
Fig. 1 illustrates some of the main events that take place
within the lymph node during an immune response. Our
understanding of these events derives largely from histological studies of fixed tissues, which provide only a ‘snapshot’ view and cannot convey the single-cell dynamics that
are clearly essential for functional responses. However, the
recent application of two-photon microscopy for immunoimaging [4,5] has allowed visualization within intact lymphoid
organs of the dynamic aspects of many processes that initiate an adaptive immune response. Each process involves
cell motility and cell–cell recognition events that we are now
beginning to elucidate. In this review, we focus on two distinct types of cell recognition events that lead to a humoral
immune response: T cell–DC interactions that initiate an antigen
response; and T cell–B cell interactions that lead to secretion of
antibodies.
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Fig. 1. Cell migration and interactions within the lymph node. T-cell homing from high endothelial venules (HEV) constitutes the entry step of lymphocytes moving
into the lymph node. The migration of rapidly moving T cells and slower B cells within the diffuse cortex and follicles, respectively, consists of an amoeboid random
walk. Antigen scanning is accomplished by random encounters between motile naı̈ve T cells and actively probing dendritic cells (DC). The activation choreography of
T cells and antigen-bearing dendritic cells evolves in stages during a specific antigen response for both CD4+ and CD8+ T cells. T-cell clusters form differently during
immune response priming or tolerance. The proliferation of activated antigen-specific T cells takes place after the first day in a priming response. Antigen-engaged
B cells migrate to the follicle edge by chemotaxis and then encounter CD4+ T cells that provide help for antibody production at the start of the humoral immune
response.

2. Functional immunoimaging
2.1. Two-photon microscopy
Two-photon microscopy offers a nearly ideal technique for
studying live cell behaviors within their native environments. In
contrast to other optical imaging technologies (such as epifluorescence and confocal microscopy), two-photon imaging has
unique advantages that enable imaging at much greater depths
within biological tissue while causing minimal photodamage.
Moreover, it provides a spatial and temporal resolution more
than adequate to monitor the motility and interactions of single
living cells deep within intact organs and even inside the living
animal. An individual two-photon image provides an optical
‘section’ into tissue with a thickness typically <1 m, and by
acquiring a sequence of images at differing focal depths (z-stack)
it is possible to reconstruct a three-dimensional volume within a
lymph node or other tissue. Off-line measurement using multidimensional image analysis software then allows quantitative
tracking of cells to derive velocities and motility coefficients, as
well as measurements of cell–cell contact durations and surface
areas.
To visualize different immune cell types, most imaging experiments have utilized adoptive transfer of cells labeled with
fluorescent cell tracker dyes into the tail vein of a mouse. By
adjusting the number of injected cells and the time of imaging following homing, an appropriate density of labeled cells
can later be imaged either in organ explant preparations or by

intravital microscopy [4]. Alternatively, cells can be visualized
by making them express fluorescent proteins [6] although relatively high expression levels of GFP or YFP are required to
obtain signals as bright as those readily obtained with fluorescent
dyes. DC may also be labeled in vivo [7], simply by including
a cell tracker dye (CFSE) in an alum adjuvant mixture injected
under the skin along with cytokines to promote DC maturation
and trafficking.
A secondary advantage of two-photon excitation is that excitation spectra of many fluorophores are broader than with conventional (one-photon) excitation. Thus, a femtosecond laser
tuned to a fixed wavelength can be used to simultaneously excite
three (or, in principle, even more) dyes having distinctly different
emission peaks (e.g. blue, green, and red). Three photomultiplier
detectors then permit simultaneous and independent tracking of
different cell types labeled with different dyes—for example, T
and B cells together; or control and experimental groups of cells
treated with drugs in vitro; or control and transgenic or knockout donor animals; or ratiometric [Ca2+ ]i images together with
a second cell type.
2.2. Applications of immunoimaging
Apart from the sheer pleasure in being able to see living
cells and their responses to antigen inside lymphoid organs,
and even in the living animal, several important insights have
emerged from immunoimaging that were previously unsuspected or merely surmised from ‘snapshot’ immunology of fixed
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tissue. For example, two-photon microscopy has provided the
means to investigate living T cells, B cells, and DC within intact
lymphoid tissue, thereby linking results from in vitro and in
vivo immunological approaches, and changing the way many
immunologists think about how an adaptive immune response
is initiated and regulated. Immunoimaging techniques have now
been applied to isolated organ and tissue preparations, including lymph node [6–13], thymus [14–17], spleen [18], intestinal
tissue [19], skin [20], and in brain and spinal cord slices [21,22].
In addition, for the first time, immune cells have been imaged in
living, anesthetized mice, using intravital preparations of lymph
nodes [5,23,24].
Two-photon microscopy is not limited to mere visualization,
but further permits quantitative analysis and testing of specific mechanisms. Moreover, there is no doubt that the largely
phenomenological aspect of current immunoimaging studies
will soon be enhanced by pharmacological approaches, and by
[Ca2+ ]i imaging in combination with knockout and transgenic
mice to gain further mechanistic insights at a molecular level. As
a specific example, thymocytes in thymic slices undergo [Ca2+ ]i
oscillations in response to antigen encounter [15]. The Ca2+ signal stops thymocytes in their tracks and promotes prolonged
interactions with stromal cells that are important for positive
selection and differentiation to become mature T cells. Such
[Ca2+ ]i oscillations may result from a stable T cell–APC interaction and immunological synapse or from a T cell–APC union
whose stability is in dynamic competition with the mechanical
forces of its integrin-rich cellular environment. To characterize early antigen presentation and associated activation events,
it will be important to image [Ca2+ ]i within the lymph node
in conjunction with genetic deletion, reporter gene expression,
and specific pharmacological agents as independent experimental approaches to elucidate signaling pathways in the natural
tissue environment.
We have barely scratched the surface of what has now become
possible through immunoimaging. The field is now poised to
use functional imaging to investigate the molecular events that
underlie lymphocyte homing, motility, and antigen recognition
in the living animal.

migration in vivo, suggesting that antigen recognition may arise,
instead, through a stochastic mechanism [31,32].
Once T cells encounter APC, questions then arise as to the
nature of the cell–cell interactions that lead to T-cell activation. Two competing models have been proposed [33]. In the
stable interaction model based on studies utilizing 2-D surfaces in liquid culture systems and in lipid bilayers, one or
more naı̈ve T cells remain in sustained close contact with a
single antigen-presenting cell (APC) to form an immunological synapse [34,35], and become activated over the course of
hours [36–39]. Synapse formation is initiated by interaction of
adhesion molecules LFA-1 on T cells with ICAM-1 on APC
upon contact, thus encouraging sampling between the cells.
In the presence of cognate antigen, these complexes move to
the periphery of the contact area to form the pSMAC (peripheral supramolecular activation cluster) while MHC-peptide and
TCR migrate together with other molecules to form the cSMAC
and complete the mature synapse [34,40]. In contrast, the serial
encounter model downplays the importance of a stable immunological synapse for cells in a more physiologically relevant
three-dimensional fibrillar environment; contending that stable
synapses may arise only in an environment lacking in competing integrin interactions [3,41]. Instead, short-lived, transient
exchanges between T cells and dendritic cells (DCs) are proposed to enhance antigen sampling, and integrate signaling
events generated by serial productive encounters until a threshold for commitment to activation is reached. In support of
this hypothesis, transient rises in [Ca2+ ]i were observed during
sequential encounters with one or more APC in 3-D collagen
gels, and such short-lived serial interactions were sufficient to
cause T-cell activation [41].
The real test of such models must come from imaging the
motility and interactions of lymphocytes and APC under physiological conditions within their native environment. As described
below, recent studies employing two-photon microscopy to visualize deep inside intact lymphoid organs are now beginning to
cast light on these processes.

3. Initiation of the immune response by direct T
cell–DC contact: close encounters of the ﬁrst kind

Miller et al. [8] described the first application of two-photon
laser microscopy to image the dynamic behavior of individual
living lymphocytes within an intact lymphoid organ. T and B
cells in excised lymph nodes were observed to move rapidly and
in an amoeboid manner in their native environment. The cells
crawl over each other and contact fibrous elements in the lymph
node, pausing every few minutes before continuing their journey.
When actively moving, T cells are elongated and move with
velocities that exceed 20 m/min, averaging 10–12 m/min. For
a cell that has a diameter of 7 m when rounded up, the motion
of T cells is very rapid indeed.
By comparison, B cells within the follicle move more slowly,
averaging 6 m/min. Tracking the cells in three spatial dimensions revealed that both T and B cells meander in a random
walk through, respectively, the diffuse cortex and in follicles,
without indication of directed migration. The net displacement
from any given position is proportional to the square root of

The initiation of an immune response first requires that
antigen-presenting dendritic cells (DCs) physically contact
antigen-specific T cells within the complex environment of the
lymph node. Although DCs are remarkably efficient in evoking
T-cell responses with few antigen–MHC complexes (1–100 per
DC) [25–27], they must first encounter a T cell with appropriate
antigen specificity (one in 105 –106 ). This presents a ‘needle in
a haystack’ problem, in that DCs must rapidly scan a large portion of the T-cell repertoire to establish rare cognate interactions.
The mechanisms by which this is accomplished are only now
beginning to be understood. Chemotaxis has been proposed to
guide T cells toward DCs, thereby increasing the likelihood of
productive interactions [28–30]. However, recent observations
by live-cell imaging indicate that naı̈ve T cells exhibit random

3.1. Lymphocyte motility in the excised lymph node

M.D. Cahalan, I. Parker / Seminars in Immunology 17 (2005) 442–451

time—analogous to Brownian motion and diffusion—enabling
a “motility coefficient” to be defined.
3.2. Intravital imaging of lymphocyte motility: in vivo
veritas
The study by Miller et al. [8] described results obtained in
explanted lymph nodes that, despite being warmed to 35 ◦ C
and superfused with medium bubbled with 95% O2 /5% CO2 ,
were necessarily deprived of their normal blood and lymphatic
circulations. What is truly important is what happens in a living animal. Are lymphocytes highly motile in vivo, or are they
not? To address this question, the authors went on to image
the locomotion and trafficking of naı̈ve CD4+ T cells in the
inguinal lymph nodes of anesthetized mice [5]. That study provided the first look at single lymphocytes in a living animal.
Intravital imaging deep within the inguinal lymph node revealed
T cells flowing rapidly in the microvasculature, and captured
individual homing events. After extravasation into the diffuse
cortex, T cells display robust motility with an average velocity
of 11 m/min and cycle between states of low and high motility roughly every 2 min, achieving peak velocities >25 m/min
(Fig. 2A and B)—values remarkably close to those obtained
in lymph node explants. In particular, T-cell migration again
revealed a default trafficking program analogous to a random
walk (Fig. 2C). Thus, naı̈ve T cells within the cortical T-cell
zone do not migrate collectively (Fig. 2D), as they might under
the direction of pervasive chemokine gradients, and their mean
displacement from an initial starting point increases as a squareroot function of time (Fig. 2E). Subsequent intravital imaging
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studies confirmed the robust basal motility of T cells in vivo
[23,24].
T cells appear to migrate as autonomous agents, each taking an independent, apparently random trafficking path. These
findings call into question the role of chemokine gradients for
basal T-cell trafficking within T-cell areas, and suggest that antigen detection may result from a stochastic process in which the
robustly motile random walk of T cells facilitates contact with
antigen-presenting dendritic cells.
3.3. Dendritic cell gesticulations and motility
After initial reports describing imaging of T and B cells,
methods were developed to fluorescently label dendritic cells
for visualization by confocal microscopy [42] or two-photon
microscopy [6,7,12,13,23]. DCs initiate the adaptive immune
response by capturing antigen in the periphery—for example at a
site of immunization, injury, or infection—and then transporting
the antigen into lymph nodes and presenting antigenic peptides
bound to MHC along with co-stimulatory interactions to specific T cells. Inclusion of a green cell-tracker dye (CFSE) in the
adjuvant mix was found to efficiently label DCs that expressed
appropriate surface markers, and these DC trafficked into the
node where they clustered near high endothelial venules outside B-cell follicles, ideally situated for interaction with newly
homed T cells [7]. Viewed within the lymph node, living dendritic cells were observed for the first time to extend and retract
long processes (Fig. 3A; Video 1). Thus, although DCs migrate
only slowly (mean velocity 2.7 m/min; Fig. 3B and C), the
rapid and extensive ‘gesticulations’ of their fine dendritic pro-

Fig. 2. Random walk motility of T cells within the cortical T-cell zone of an inguinal lymph node in vivo. (A and B) Panels show ‘snapshots’ of fluorescently labeled
CD4+ T cells captured 5 min after one another. Each image represents a z-axis compression (top view). Four selected T cells are shown in different colors, and the
dotted lines trace out their tracks. (C) Superimposed tracks of several T cells within the same imaging field (different colors) after normalizing their starting positions.
The tracks follow random walk patterns, without any preferred direction of motion. (D) T-cell populations show no bulk motion. Traces show mean coordinates of
three populations of T cells. (E) Plot shows the mean absolute displacement of individual T cells away from their origin as a function of square root of time. A random
walk process is expected to yield a straight line on this transformed scale, and the red line shows a linear regression. Data are reproduced with permission [31].
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Fig. 3. Dendritic cell gesticulations and motility. (A) High-resolution monochrome and color depth-encoded z-projections of a DC, illustrating elaborate dendritic
morphology, shown at indicated times (in min:s); note rapid changes in morphology. Insets show enlarged views of the selected region. Scale bar = 25 m. (B)
Histogram of instantaneous DC velocities derived by tracking the center of fluorescence of 15 DCs in the x–y plane. (C) Tracks of 15 DCs in the x–y plane, normalized
to their starting positions. (D) Three-dimensional representation of a DC, illustrating complex dendritic morphology. See also Video 1. Data are reproduced with
permission from Miller et al. [5].

cesses (Fig. 3D) greatly expand the effective swept volume
within which migrating T cells may contact, and thereby likely
enhance scanning of the T-cell repertoire.
3.4. Interactions between naı̈ve T cells and DC: stochastic
repertoire scanning
Simultaneous two-photon visualization of T cells together
with DC was enabled by labeling each with differently colored
fluorescent cell tracker dyes [7]. T-cell migration with respect
to DCs demonstrated that the initial encounter between a naı̈ve
T cell and a DC is a stochastic event resulting from a random
walk by the T cell. Specifically, it appears not to be guided
by a simple chemotactic process as there was no evidence for
preferential motion of T cells toward DCs. Moreover, DCs are
clearly active partners in initiating and terminating contacts with
T cells, as they vigorously extend and sweep their dendrites
in all directions. Encounters occur preferentially on dendritic
processes many microns from the DC body, thereby increasing
the surface area of DC membrane available for interaction and
minimizing steric hindrance among T cells.
In the absence of specific antigen, these chance encounters
result in interactions lasting only about 3 min before T cells
resume their autonomous migration pattern and leave DCs free
to interact with other T cells (Fig. 4A and F (left panel)). Each
DC makes ∼20 T-cell contacts per hour individual contacts last-

ing about 3 min, so that on average a single labeled T cell is in
contact with a DC at any given time. Because labeled T cells in
those experiments comprised only ∼0.4% of the total number of
T cells in the node, each DC would be in contact with about 250 T
cells at any instant—a number that is likely to be limited simply
by the available membrane surface of DCs. A single DC may
thus turn over about 5000 T cells per hour (an order of magnitude
larger than derived in another study that used CD8+ T cells and
in vitro-derived dendritic cells [12]) at a rate limited primarily
by contact duration. Assuming that a node contains 100 antigenbearing DCs, this scanning rate would give a 95% probability
of contacting an antigen-specific T cell present at a frequency
of 1 in 106 within ∼6 h. This admittedly over-simplified calculation assumes an even distribution of T cells that can each be
sampled more than once, and verifies that a stochastic scanning
mechanism is compatible with the kinetics of immune response
initiation in vivo. Recently, resident DC have been observed to
localize near sites of T-cell homing at high endothelial venules
(HEV) [43]; this would enhance the efficiency of stochastic scanning, since DC would be more likely to encounter newly arrived
T cells than resident T cells that may have already been scanned.
Even though T-cell motions are random, and must incur a
substantial energy cost, stochastic encounters allow efficient
scanning of the T-cell repertoire. The rate-limiting step, instead,
appears to be the turnover of T cells as they sample the DC surface for cognate antigen. Collectively, the behavior of T cells
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Fig. 4. Multiple phases of T-cell behavior during initiation of the immune response. (A–E) Each panel shows a schematic diagram characterizing the nature of the
interactions between T cells (red) and a DC (green) during different phases together with a representative two-photon ‘snapshot’. (A) In the absence of specific
antigen, T cells follow random paths and make only brief (ca. 3 min duration) contacts with dendrites of DC. (B–E) Cell behaviors at different times after adoptive
transfer of T cells in the presence of specific antigen (ovalbumin). (B) After 1–3 h, T cell–DC contacts are still transient, but are longer on average (ca. 11 min) than
in the absence of antigen. These contacts are sufficient to result in CD69 upregulation. (C) Long-lived (ca. 1 h) dense clustering of T cells around DC, associated
with cytokine expression. See also Video 2. (D) After 16–24 h, T-cell clusters dissociate, but T cells continue to ‘swarm’ around DC, making contacts lasting for ca.
20 min. (E) After about 24 h, T cells begin to resume normal motility, and undergo multiple rounds of cytokinesis. (F) Displacement plots showing representative
T-cell tracks (normalized to their starting positions) in the absence of antigen (left), and at different times following adoptive transfer in the presence of ovalbumin.
Data are reproduced with permission from Miller et al. [9].

and DCs emerges as an efficient search strategy of stochastic
repertoire scanning to identify foreign antigen and to assure that
T-cell responses are rapidly initiated during the early stages of
infection.
3.5. Kinetic stages of an immune response
Prior to the development of in situ live cell imaging technologies, little was known regarding the cell–cell interactions
during initiation of the immune response. In liquid culture systems, T cells and APC make contact and remain together for
hours, forming the immunological synapse at the zone of contact
[40,44,45]. The initial study of T cell–dendritic cell interactions
in lymph node captured confocal images of antigen-pulsed dendritic cells associated with T cells primarily in a one-to-one ratio
and showed molecular evidence of synapse formation in situ
using live imaging [42]. A more complex picture of the evolution of cell–cell interactions now emerges from two independent

two-photon imaging studies of CD4+ T cells [9] and CD8+ T
cells [23] in the lymph node. T cells and DCs were found to
display an elaborately choreographed sequence of interactions
during antigen activation leading to a robust T-cell response.
The presence of antigen, brought to the draining lymph node
by dendritic cells from the adjuvant injection site under the
skin, triggers a sequence of behavioral changes in CD4+ T cells.
Instead of immediately forming stable interactions as seen in liquid culture systems, antigen activation evolves in distinct stages
(Fig. 4). After homing to the lymph node, CD4+ T cells in the
vicinity of antigen-bearing dendritic cells initially make contact
intermittently with several partners. As the immune response
runs its course, interaction times lengthen and tracks become
more confined. In the first 2 h after adoptive transfer, T cells
make brief, serial interactions lasting 11–12 min (Fig. 4B). The
mode of interaction then switches to stable clusters consisting
of about a dozen T cells firmly attached to dendritic cells for
1 h or longer (Fig. 4C; Video 2). Still later during the activation
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sequence, T cells dissociate from dendritic cells and begin to
swarm locally (Fig. 4D). After >24 h of activation, and having
already detached from dendritic cells, T cells round up and begin
to divide, the daughter cells continuing their rapid migration
immediately thereafter. Over the next few days, T cells divide
five to eight times and then exit the lymph node to take up residence in distant lymphoid organs as central memory cells.
These observations suggest that the immunological synapse
in native tissues is remarkably fluid during the first hours of an
immune response, and that stable synapses form only at specific stages of antigen presentation to T cells. Furthermore, the
serial nature of these interactions implies that T cells activate by
way of multiple antigen recognition events. The initial period
of scanning for specific antigen interactions may be optimized
by serial interactions with several DCs during the early phase of
T-cell activation.
3.6. Tolerance and priming responses
Recognition of antigen may result in either priming or tolerization; that is to say, the respective enhancement or diminution
of a subsequent response to antigen, respectively. Three recent
studies have imaged antigen-specific T cells in real-time within
lymph nodes to determine how their behavior during initial
exposure to antigen may influence the decision between oral
priming versus oral tolerance. In the first [13], the engagements
between CD8+ T cells and DC differed depending upon whether
the DC were treated in a tolerogenic regimen or were primed
to elicit the immune response. During a priming response, T
cells stopped moving and formed stable clusters, while in a
tolerizing response they continued to move and failed to form
clusters, establishing only brief serial contacts with dendritic
cells. The authors concluded that stable DC–T cell interactions
occur during the induction of priming, whereas brief contacts
may contribute to the induction of T-cell tolerance. In contrast,
two subsequent studies reported only subtle differences between
priming and tolerizing stimuli within the first day. Zinselmeyer et
al. [46] administered oral ovalbumin in the presence or absence
of cholera-toxin adjuvant to induce priming or tolerance, respectively, and then imaged mucosal and systemic lymph nodes at
early and late time points after feeding antigen. As described in
the preceding section, there were marked differences in behaviors between naı̈ve CD4+ T cells and those exposed to antigen,
but differences between priming and tolerizing responses were
less obvious. In both cases, stable clusters formed after several
hours. However, during priming T cells formed larger and longer
lived clusters within both mucosal and peripheral lymph nodes at
later time points (20 h), suggesting that delayed events may regulate the commitment to tolerance or priming. In the third study,
Shakhar et al. [24] compared priming and tolerizing responses
of CD4+ T cells and could not distinguish any significant differences in T-cell behavior; in both cases T cells arrested in stable
contacts with dendritic cells.
Reasons for the discrepancies between these studies remain
to be resolved, and may include differences in experimental procedures and immunization regimens and possible differences in
the way CD4+ and CD8+ T cells become tolerized. In particu-

lar, it will be important to correlate activation signals with cell
behavior.
4. T-cell interactions with antigen-engaged B
lymphocytes: close encounters of the second kind
A second critical antigen-specific interaction within the
lymph node occurs when helper T cells interact with antigenengaged B cells of the same specificity to provide “help” for
these B cells to differentiate into antibody-producing plasma
cells. B cells are initially confined to follicles within which
they migrate by a random walk. So how do the T and B cells
locate each other, and then what happens? A recent study [10]
employed two-photon microscopy to determine how B cells
migrate to the follicle edge and how antigen-specific T and B
cells interact there. The findings provide the first evidence of
lymphocyte chemotaxis in vivo, and begin to define the cellular
dynamics associated with T-cell-dependent antibody responses.
4.1. Chemotaxis of B cells to the follicle edge
Interactions between B and T cells are essential for antibody responses but the dynamics of these interactions are poorly
understood. The imaging studies of Okada et al. [10] revealed
that, in the absence of antigen, T and B cells appear to respect
the invisible boundary at the follicle edge, with each cell type
migrating randomly within its own compartment. However,
upon encountering soluble antigen, B cells near the follicle
edge move along relatively straight paths, directed toward the
follicle edge (Fig. 5; Video 3), where they then continued to
migrate more randomly without deviating far from the T-cell
zone. Simultaneous imaging of antigen-engaged B cells together
with control, unactivated B cells of differing antigen speci-

Fig. 5. Chemotaxis of antigen-engaged B cells to the follicle edge. The diagram
depicts the directional migration of activated B cells to the edge of the follicle.
At distances >100 m from the follicle edge, B cells migrate in a random walk,
resulting in trails that disperse in all directions, as depicted by superimposed
tracks in the white box. Closer to the edge, B cells with upregulated levels of
the chemokine receptor CCR7 detect a CCL21 chemokine gradient and migrate
along relatively direct paths to the edge of the follicle (colored tracks ending
with circles), where they then can encounter helper T cells depicted by the green
track. See also Video 3. B-cell tracks reproduced with permission from Okada
et al. [10].
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ficity revealed that the antigen-engaged cells are selectively
depleted about 20–100 m from the follicle boundary. This
directional migration requires upregulation of the chemokine
receptor CCR7 together with the presence of the chemokine
CCL21, a ligand for CCR7 that is present with a concentration gradient that tapers from the T zone into the follicle.
Levels of CCL21, as detected by immunofluorescence, extend
about 100 m into the follicle, consistent with the region where
directed migration of B cells occurs. Chemotaxis has long been
suspected to direct the traffic of lymphocytes within secondary
lymphoid organs, but this is the first instance where directional
migration was observed.
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pairs (Fig. 6; Video 4) and drag rounded T cells along as they
“waltz” together, sometimes by tethers projecting back from
the B cell to the T cell. Such motile conjugates are quite stably associated. Antigen-engaged B cells remained paired with
antigen-specific helper T cells for 10 to >60 min, whereas nonantigen-specific interactions lasted <10 min. B cells occasionally contacted more than one T cell, leading to serial monogamy,
but T cells remained strictly monogamous. Motility and partner
exchange may be vital to optimize T–B cooperation during a
mixed antigen response and to colonize fresh territory for formation of germinal centers.
5. Comparison of close encounters in the lymph node

4.2. Motile T–B conjugate pairs
Once the B cells arrive at the follicle edge, they interact with
antigen-specific T cells. In distinct contrast to T cell–DC contacts, these T–B conjugate pairs are highly motile, moving with
a speed (averaging 9 m/min) characteristic of the activated
B cells [10]. B cells always lead the way in motile conjugate

We now have the data to compare the two of the crucial
cell–cell interactions that initiate an adaptive immune response:
the interactions of CD4+ T cells with DC, and with B cells.
Interaction with a DC is initiated by a random encounter in the
T zone near HEV and proceeds through several distinct phases
to generate activated T cells. The cognate interaction between

Fig. 6. Migration of T–B conjugate pairs. HEL-specific B cells (red) and HEL-specific helper T cells (green) form conjugate pairs that migrate near the follicle edge
within the lymph node. (A) B cells and T cells ∼30 h after challenge with antigen in adjuvant. The tracks of a B cell (pink dotted line) and a T cell (blue dotted line)
remaining bound to each other for >1 h are shown. (B) Formation of a T–B conjugate pair. Time-lapse images show the initial encounter between HEL-specific B
and T cells following antigen challenge. T cells sometimes remained attached by a tether to the B cell before rounding up (3.6 min). As the conjugate pair moved,
contact was sometimes maintained by a B-cell tether extending from the trailing edge of the B cell to the T cell (5.7 min). See also Video 4. Images reproduced with
permission from Okada et al. [10].
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Table 1
Comparison of T–DC and T–B interactions

Location
Initial encounter
Recognition and activation
Ratio
Motility of conjugate

T–DC

T–B

T zone near HEV
Random (stochastic scanning)
Serial contacts → stable clusters → swarming, T-cell proliferation
Variable, can be >10:1
Slow

Follicle edge
B-cell chemotaxis (CCR7 → CCL21)
Stable pairs, partner exchange, serial monogamy
Usually 1:1
Fast (9 m/min), B cells lead

T and B cells is favored by CCR7 upregulation and chemotaxis of antigen-engaged B cells to the follicle edge. Unlike the
T cell–DC interaction, this results in formation of conjugate
pairs that are highly motile. These cognate T–B interactions provide “help” for B cells to differentiate into antibody-secreting
plasma cells and are essential for the humoral immune response
(Table 1).
6. Summary
• Motility of lymphocytes in vivo. Within the lymph node, T and
B lymphocytes are highly motile in the diffuse cortex and in
the follicles, respectively.
• T cell–dendritic cell interactions. Dendritic cells (DC) labeled
in vivo are slowly motile within the lymph node, but exhibit
rapid changes in dendritic morphology. Contacts between T
cells and DC are facilitated by robust T-cell motility in combination with rapid extension and retraction of DC dendrites.
The initial recognition of antigen appears to arise through
random encounters.
• Dynamic stages of the immune response. During an immune
response, T-cell contacts with DC change progressively from
intermittent, serial engagements through formation of stable
clusters to swarming and proliferation of T cells.
• T cell–B cell interactions. Chemotaxis of antigen-engaged
B cells, mediated by upregulation of the chemokine receptor CCR7, allows B cells to detect a gradient of CCL21
and migrate to the follicle edge where they form conjugates
with helper T cells. Monogamous T–B conjugates are highly
motile under conditions that lead to antibody secretion.
• Functional immunoimaging. Two-photon microscopy has
already opened a new window onto many cellular events that
were previously hidden within the ‘black box’ of intact lymphoid tissue. Moreover, we anticipate that combination of
this technique together with fluorescent probes of early activation events and gene expression, knockout animals, and
pharmacological approaches will soon permit investigation
of molecular signaling events in lymphoid organs.
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