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unable to induce immunity, despite developing a mature surface phenotype. Generation
of CD4+ T helper cell effectors and T cell–
dependent B cell responses required that
those DCs presenting antigen be licensed by
direct detection of the pathogen. This series
of studies thus provides important evidence
that maturity, based on the ‘classical’ phenotypic markers (abundant surface expression
of MHC class II and costimulatory molecules)
and the ability to stimulate naive T cell proliferation, is not synonymous with the capacity
to prime helper T cell immunity.
The definition of two states of mature
DCs, licensed and unlicensed, prompts a
re-evaluation of the functions of the different lymphoid organ DC types. The spleen
contains four DC subsets derived from
blood precursors (plasmacytoid DCs and
three conventional DC subsets), all of which
constitutively present self antigens while, in
the steady state, maintaining an immature
phenotype8,9. The lymph nodes contain
these same blood-derived DCs as well as
migrating DCs (for example, Langerhans
cells), which continually traffic to the lymph
nodes and there express a mature phenotype8, even in germ-free mice (N.S. Wilson
and J.A.V., unpublished data). Because the
mature migrating DCs in germ-free mice are
clearly not licensed by pathogens, they presumably represent unlicensed DCs, similar
to those exposed to inflammatory cytokines
as described by Sporri and Reis e Sousa. As

they do not seem to mediate autoimmunity,
it is conceivable that these cells participate in
the induction of self-tolerance. Consistent
with this, DCs matured in vitro by cytokines
have been shown to be tolerogenic for CD8+
T cells5. Furthermore, self-tolerance to stomach antigens was shown to be mediated in part
by migrating DCs10, generally of a mature phenotype9, though antigen transfer to immature
blood-derived DCs was also indicated.
Antigen transfer from migrating DCs to
blood-derived DCs has also been described
in situations that lead to immunity (such as
in viral infections)11. This creates a situation
that could not be analyzed by Sporri and Reis
e Sousa3: the coexistence of two populations of
DCs presenting antigen, one that captured the
antigen directly and thus became licensed; the
other that acquired antigen from another cell
but did not interact directly with the pathogen.
Perhaps the effector T cells generated by the
licensed DCs can, in turn, license a new wave
of DCs that acquired the antigen indirectly. If
so, this would provide a means for the amplification of T cell responses. This scenario is
consistent with elegant in vivo evidence that
memory T helper cells can ‘educate’ DCs to
in turn induce effectors of the same T helper
phenotype as the memory cells12. Similarly,
when cytokine-matured DCs were mixed with
memory helper T cells in an in vitro model5,
they were licensed to stimulate CD8+ T cell
immunity. Thus, mature unlicensed DCs may
be transformed with help into licensed DCs.

Finally, in speculating on a function for
mature unlicensed DCs, it must be considered
that at least some of these cells will lack, and
thus fail to present, foreign antigen, despite
the presence of an infection and the licensing of local DCs by pathogen products. Thus,
perhaps such mature unlicensed DCs are
required for efficient self antigen presentation and maintenance of tolerance in the face
of ongoing presentation of both pathogen
and self antigens by licensed DCs capable of
inducing effectors. In conclusion, phenotypic
maturity of DCs can no longer be seen as evidence of licensing to drive effector formation,
but must be viewed with caution until we
understand the potential function(s) of the
mature unlicensed DCs.
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STOP! In the name of positive selection
Michael D Cahalan
Calcium signaling is essential during thymocyte development. It seems that calcium oscillations trigger thymocytes
to become immotile, prolonging interactions with stromal cells that are critical for positive selection.

T

wo-photon microscopy permits imaging
inside the tissue environment1, and this
method continues to demonstrate dynamic
aspects of cell interactions in lymphoid tissue. In this issue of Nature Immunology, Lewis
and colleagues use two-photon microscopy
to track thymocytes inside thymus slices prepared using a new technique and to measure
Ca2+ signals during positive selection2. Ca2+
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signaling during positive selection inhibits
motility and prolongs interactions with stromal cells, reinforcing the interaction that is
essential during differentiation from doublepositive thymocytes to mature T cells.
During their lifetime, lymphocytes must
first differentiate from an immature state in
the thymus, acquiring the capacity to survive
and migrate through the blood and peripheral
lymphoid organs, where they can subsequently
respond to antigen challenge. The process of
differentiation parallels antigen activation.
Positive selection in the thymus and activation of mature T cells by antigen require direct
cell contact between the T cell receptor (TCR)

and peptide–major histocompatibility complex (MHC) complexes, and both processes
require calcineurin, a Ca2+-dependent phosphatase. Double-positive thymocytes need to
be ‘tickled’ in the right way by stromal cells
to differentiate into mature CD4 or CD8 T
cells. During this interaction, the checkpoint
for positive selection is a low-affinity interaction between TCR and self peptide–MHC. Cell
migration within the tissue is vital for such
interactions to occur.
Mature T cells require sustained periods of
Ca2+ signaling to turn gene expression on or
off 3. But in addition, Ca2+ signaling regulates
motility, an aspect of lymphocyte biology that
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Figure 1 Two-photon microscopy permits tissue visualization of dye-labeled cells in a thymus slice preparation. Bhakti et al. show that increased Ca2+
concentrations are induced inside thymocytes during positive selection and that the rise in Ca2+ is necessary and sufficient for reduced motility.

has been demonstrated by imaging. In liquid
culture systems, T cells crawling on a twodimensional substrate initiate contact with an
antigen-presenting cell and follow an orchestrated sequence of events that includes Ca2+
signaling and extension of the contact zone,
followed by rounding and inhibition of motility4,5. It has been suggested that T cells linger
at the site of antigen presentation as a result of
inhibition of motility by the Ca2+ signal itself
or as a result of altered adhesion via integrin
signaling6. In either case, contact stabilization
in turn may help to organize molecular interactions at the immunological synapse. This is
the ‘stop’ signal hypothesis.
Within the past 2 years, lymphocytes have
been shown to be unexpectedly motile in the
dense tissue environment of a lymph node7. By
moving rapidly on random trajectories, lymphocytes make frequent contacts with dendritic
cells in the absence of antigen8,9. After antigen
challenge, the activity of T cells changes progressively for both CD8 and CD4 cells10,11. T
cell motility is altered from a random pattern of
tissue migration to one that promotes localized
but transient interactions. After several hours,
contacts with dendritic cells stabilize, resulting
in the formation of clusters. Ca2+ signaling is
likely to underlie these changes in activity but
has not yet been monitored.
Bhakta et al.2 have succeeded in measuring
intracellular Ca2+ concentration ([Ca2+]i) in
immature thymocytes using a new thymic
slice preparation technique. Much like the
brain slice preparation used in neurobiology,
the living thymus can be cut into thin tissue
sections that maintain the local architecture
and, importantly, the capacity to support positive selection. Previously, imaging studies of
thymocytes had been performed on reaggregate thymic organ cultures (RTOCs)12; one

of the contributions of the work by Bhakta et
al. is to image within a fully mature stromal
architecture with the full complement of cell
types; that is, the normal tissue environment
that supports differentiation. Using the thymus slice, the authors were able to observe
dynamic, single-cell activity at relevant tissue depths while minimizing phototoxicity.
Double-positive thymocytes were pipetted on
top of the slice and the cells then actively burrowed into it, migrating on average at velocities of 3–4 µm/min, but with episodes peaking
at more than 20 µm/min. Although somewhat
more sluggish than naive T cells in the lymph
node (averaging 10 µm/min), the migration of
each seems similar to a random ‘walk’, with no
indication of directed migration.
Ca2+ signaling conveys information that
can selectively activate ‘downstream’ signaling pathways through the amplitude and
frequency of oscillations13. Although it is
not unexpected that Ca2+ signaling is initiated during positive selection, ratiometric
Ca2+ imaging in intact tissue represents a
substantial advance in providing quantitative
measurement of the vital second messenger.
The authors found that immature thymocytes
in a nonselecting thymic environment move
rapidly through the tissue while maintaining low [Ca2+]i. In the nonselecting environment, Ca2+ concentrations were less than 200
nM, with occasional fluctuations to 500 nM.
When encountering a selecting environment,
double-positive thymocytes produced irregular [Ca2+]i oscillations ranging from 300 nM
to more than 1 µM, concomitant with a substantial reduction in velocity (Fig. 1). Even
low-amplitude Ca2+ fluctuations were associated with inhibition of motility, similar to
the Ca2+ sensitivity of motility in vitro4. The
correlation between Ca2+ and motility was
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further probed by manipulation of ionic gradients and by treatment of the slice with thapsigargin, a procedure requiring pretreatment
to allow the drug to penetrate. Disruption of
Ca2+ signaling restored thymocyte motility,
and the increase in [Ca2+]i was found to be
necessary and sufficient to abolish thymocyte
motility, confirming the Ca2+ control of motility and the ‘stop’ signal hypothesis in the tissue
environment. Although not imaged directly,
the stromal cells are probably being surveyed
continuously by immature thymocytes. The
authors conclude that Ca2+ oscillations during positive selection in the thymus serve to
prolong interactions with stromal cells for up
to 30 min; this may facilitate gene expression
associated with survival and maturation.
Two-photon imaging literally enables visualization of the immune response in vivo. Cell
tracking has already shown migration patterns
and dynamic interactions between cells in
lymphoid tissue. It will be important for future
work on T cell development to image directly
in the thymus. For now, what has been seen
in the thymus slice and RTOC preparations
can be compared with that in lymph node. It
seems that in thymus, as in lymph node8, random motion is an important characteristic of
basal motility. Like the diffusion of molecules
in solution, a random walk by cells would
enable them to disperse and survey the tissue
environment. A mechanism that combines a
random walk with contact-induced inhibition of motility may result in the formation
of clusters and the decidedly nonrandom pattern of T cell activity after contact with the
relevant peptide-MHC. Other groups will
likely soon describe Ca2+ signaling associated
with antigen presentation, either by the use
of dyes that are loaded into T cells, as in the
work here by Bhakta et al., or by the use of
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genetically encoded Ca2+ indicators. A challenge for future work will be to relate the pattern of Ca2+ signaling seen in individual cells
to gene expression. To do this, it will be important to track single cells for longer periods
of time. By combining Ca2+ indicators with
expression of fluorescent protein as reporters
of gene expression, we can now look forward
to the investigation of intracellular signaling
cascades in single cells in vivo.
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A move to exclude
Ranjan Sen
It is not clear how lymphocytes establish monoallelic gene expression of antigen receptor genes. New data linking
local chromatin modifications with nuclear movements provide a framework for deciphering this process.

A

critical aspect of antigen receptor gene
assembly involves turning off recombination after the production of a functional gene.
This process ensures, with very few exceptions,
that only one of two alleles of the appropriate antigen receptor gene is expressed in each
lymphocyte. The nonexpressed allele is said to
be ‘excluded’, and the phenomenon is referred
to as ‘allelic exclusion’. Two recent papers in
Nature Immunology provide evidence that
chromosomal dynamics are involved in allelic
exclusion of immunoglobulin heavy chain
(Igh)1 and κ light chain (Igk) genes2.
Using fluorescence in situ hybridization and
confocal imaging, Roldan et al. show that Igh
and Igk loci contract in pro– and pre–B cells,
respectively, where each locus recombines1.
The contracted state, visualized as closely
juxtaposed signals from 5′ variable (V) and
constant region probes, may therefore reflect
chromosomal movements that facilitate variable(diversity)joining (V(D)J) recombination
at these loci. Functional Igh recombination in
pro–B cells, sensed in the context of the pre–B
cell receptor, promotes differentiation to the
pre–B cell stage. Igk recombination takes place
mainly in pre–B cells, but VH genes are excluded
from further recombination. Thus, the Igh locus
is allelically excluded. Concomitant with pre–B
cell differentiation, the Igh locus reverts to an
extended nuclear conformation (‘de-contracts’)
and the unexpressed allele localizes to centromeric heterochromatin (a region of the nucleus
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associated with silenced genes). Centromeric
recruitment does not occur in the presence of
interleukin 7 (IL-7), indicating involvement of
IL-7 receptor (IL-7R) signaling in this process.
Unexpectedly, endogenous Igh loci do not move
to the centromere in allelically excluded pre–B
cells from Igh-transgenic mice.
The implications of these observations for
Igh allelic exclusion are interesting. Transient
IL-7–IL-7R signaling may underlie VH gene
allelic exclusion3. In this model, IL-7 activates
distal VH genes, such as J558 family members, by
the criteria of histone acetylation and nuclease
accessibility at the pro–B cell stage; thereafter,
loss of IL-7 signaling in pre–B cells reverts these
genes to an inactive, nonrecombinogenic state.
Notably, the reduced VH gene histone acetylation in pre–B cells is not as low as that seen in
pro–T cells. Thus, Igh alleles that were active in
pro–B cells retain a mark of prior activation.
Moreover, this mechanism does not apply to
proximal VH genes, which led to the proposal
that they may not be subject to allelic exclusion
as stringently. The chromosomal movements
observed by Roldan et al. complement very well
these molecular ‘signatures’ and, along with
studies from other laboratories, these results
lead to the following composite picture of the
Igh locus during B cell differentiation.
VH activation in pro–B cells is characterized
by movement of these Igh genes away from
the nuclear periphery and locus contraction4,
accompanied by loss of lysine 9–methylated
histone H3 (H3-K9–Me)5, gain of acetylated
histones H3 and H4 (ref. 6) and extensive antisense transcription7. How this state is reached
remains unclear, but the model in Figure 1 is
consistent with the available data. Locus activation, perhaps in the transition between the

common lymphoid precursor and pre–pro–B
cells, first results in movement away from the
periphery; cis sequences that mediate this are
not known, but could reside in the DH-Cµ
(constant µ) part of the locus. It is likely that
some VH gene histone acetylation accompanies this transition and permits antisense
intergenic transcription. This state, reached in
the absence of the transcription factor Pax5,
is ready to undergo DH-to-JH recombination
and to receive additional VH-activating signals,
such as IL-7. Pax5 activation, marked by CD19
expression on developing B cells, leads to further loss of H3-K9–Me histones from VH genes,
and IL-7 induces highly acetylated histones and
increased accessibility of these genes. The locus
contracts and VH-to-DJH rearrangements ensue.
Because a substantial proportion of mature B
cells contain only one VDJH-rearranged allele
(the other contains a DJH rearrangement), a difference in the timing of VH gene recombination
on the two alleles needs to be invoked. However,
unlike the elegant DNA methylation–based
mechanism proposed for asymmetry at the Igk
locus8, the basis for sequential VH gene recombination is not clear.
Functional V(D)J recombination of Igh leads,
through a burst of proliferation, to pre–B cells. At
this stage, distal VH gene acetylation is reduced3,
the locus ‘de-contracts’, and the nonfunctional
allele is shunted to centromeric heterochromatin1. Reduced acetylation can be explained by
active deacetylation of VH-associated histones
or by dilution of acetylated histones during proliferation, together with absence of reacetylation
due to loss of IL-7 signaling in pre–B cells. But, as
pointed out by the authors1, it remains unclear
whether histone deacetylation is the cause or
consequence of subnuclear repositioning. Until
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