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pressed on various organs would allow the 
suppression of activated autoreactive B cells 
at the target site without the need for T cell 
involvement. This would be sufficient to pre- 
vent the subsequent differentiation of these B 
cells into cells (Fig. 2). 

In summary, there are two types of B cells 
that appear to be regulated in a T-independent 
manner. B 1 cells, well known for their unique 
surface markers, have distinct pathways for 
their activation and migration. The physio- 
logical importance of B1 cells in maintenance 
of the homeostasis at the mucosal surface is 
clearly demonstrated. The other T-indepen- 
dent B cells, MZ B cells, also appear to have 
distinct activation and pathways. In 
addition, studies on BLyS, PD-1, and several 
other molecules have started to elucidate the 

mechanisms positive and nega-
tive regulation of T-independent immune re- 

sponse. Thus, B cells appear to "have their 
own kingdom": they are not always subordi- 
nate to T cells. These new aspects of B cell 
biology will not only affect strategies of im- 
mune therapy but also the conceptual frame- 
work of evblutional immunolog~ 
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Dynamics of T Lymphocyte Responses: 

Intermediates, Effectors, and Memory Cells 


Antonio Lanzavecchia and Federica Sallusto 

The immune response is initiated in organized lymphoid tissues where 
antigen-loaded dendritic cells (DCs) encounter antigen-specific T cells. 
DCs function as packets of information that must be decoded by the T 
cell before an appropriate immune response can be mounted. We 
discuss how the dynamics of DC-T cell encounter and the mechanism 
of T cell differentiation make the decoding of this information sto- 
chastic rather than determinate. This results in the generation of both 
terminally differentiated effector cells and intergediates that play 
distinctive roles in protection, immunoregulation, and immunological 
memory. 

T lymphocytes recognize antigens by en-
gaging the T cell receptor (TCR) with pep- 
tide-MHC (major histocompatibility com-
plex) displayed on the surface of antigen- 
presenting cells (APCs) (1, 2). Triggering 
of TCRs results in T cell proliferation and 
differentiation into a variety of cell fates 
that determine the class of immune re-
sponse. CD4+ T lymphocytes can polarize 
toward T helper 1 (TH1) or TH2 cells, 
which produce different sets of cytokines 
[interferon-? (IFN-7) or interleukin-4 (IL- 
4), IL-5, and IL-13, respectively] and me- 
diate protection from intracellular or extra- 
cellular pathogens (3, 4). CD8+ T lympho- 
cytes differentiate into cytotoxic T cells 
capable of killing virus-infected cells (5).T 
lymphocytes can also differentiate into reg- 
ulatory cells, for example, helper cells that 
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migrate to the B cell areas to initiate T 
cell-dependent antibody responses or sup- 
pressor T cells that down-regulate immune 
responses by secreting inhibitory cytokines 
( 6 ) .  Some T cells generated during the 
primary response survive for years as mem- 
ory cells, which can confer immediate pro- 
tection and generate more rapid and effec- 
tive responses upon reencounter with anti- 
gen (7-9). 

T cell responses are initiated in the T 
cell areas of secondary lymphoid organs 
where naive T cells encounter antigen-load- 
ed dendritic cells (DCs), a professional 
type of APC (10). There is growing evi- 
dence that the information needed to gen- 
erate different classes of immune response 
is carried by DCs. Here we focus on the 
dynamics of DC-T cell interaction. First, 
we discuss how DCs classify pathogens and 
assemble packets of information that are 
delivered to T cells. Then, we consider how 
T cells decode this information-generat- 
ing, along a linear differentiation pathway. 

different types of T cell fates (intermediates 
as well as effectors). In conclusion, we 
propose a unified model for DC control of 
T cell responses. 

Dendritic Cells: Packets of Information 
for T Lymphocytes 
DCs are scattered throughout all nonlym-
phoid tissues where they reside in a resting. 
so-called immature, state. In response to 
"danger" signals such as pathogens, inflam- 
matory cytokines, or necrotic cells, DCs mi- 
grate to the T cell areas of secondary lym- 
phoid organs and switch from an antigen-
capturing to an antigen-presenting and T 
cell-stimulating mode (1 0, 11).During this 
process, defined as DC maturation, the cells 
assemble peptide-MHC complexes. up-regu- 
late costimulatory molecules, and elaborate 
cytokines. This results in the formation of 
packets of information that are delivered to T 
cells in the draining lymph node (Fig. I ). 

Immature DCs efficiently capture exoge- 
nous antigens (12) and. upon maturation. load 
the antigenic peptides on preformed empty. 
as well as newly synthesized. MHC class I1 
molecules (13-16). While maturing DCs shut 
off antigen capture and class 11 synthesis, the 
newly formed complexes accumulate on the 
cell surface and acquire extremely long half- 
lives, exceeding 100 hours. This mechanism 
allows DCs to retain peptide-class I1 com- 
plexes for se~eral  days once they have been 
assembled. thereby maximizing presentation 
of those antigens associated with the infec- 
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tious organisms that triggered the maturation boosted by activated, memory T cells by T Cell Activation and Differentiation 
process. DCs process and present on MHC CD40L (37). Recent evidence indicates that Programs 

class I molecules viral proteins that are either IL-12 production is also subject to a tight The TCR is a complex signaling machine that 
synthesized within the cell or are taken up kinetic regulation. DCs produce IL-12 only allows T cells to monitor the continuous pres- 
from apoptotic cells (1 7, 18). Peptide-class I within a narrow time frame, between 8 and 14 ence of antigen. Signaling in T cells is sus- 
complexes have short half-lives (- 10 hours), hours after appropriate stimulation, and be- tained, through a serial TCR triggering pro- 
and their presentation must therefore be sus- come unresponsive to further stimulation at cess, for as long as T cells are in contact with 
tained by continuous synthesis of class I mol- 
ecules and loading from internal sources of 
antigen. It is possible that some antigens (and 
pathogens) may reach lymph nodes either 
directly, via afferent lymph, or via migrating 
DCs such that they are released when the DC 
dies. In both cases, the antigen will be taken 
up and subsequently processed and presented 
by DCs that are resident within the lymph 
node that have different properties than mi- 
grating DCs (19, 20). 

Upon maturation, DCs rapidly up-regulate 
B7.1 and B7.2 (16,21,22). By engaging CD28 
on naive T cells, these molecules amplify TCR 
signaling and facilitate the initial phase of T 
cell activation (23-25). At a later stage, B7.1 
and B7.2 may modulate TH1/TH2 differenti- 
ation (26) and down-regulate T cell respons- 
es either directly, by engaging CTLA-4 (24), 
or by promoting the generation of regulatory 
T cells (27-29). Mature DCs also express 
4-lBBL, which costimulates CD8+ T cells 
(30, 31), and upon CD40 ligation, DCs up- 
regulate OX40L, which specifically promotes 
T, cell differentiation (32). ICOS, a receptor 
expressed by activated T cells, costimulates 
IL-10 production (33), but it is not clear 
whether ICOS ligands are up-regulated by 
specific stimuli in maturing DCs. 

DCs are probably the most relevant source 
of IL-12, the principal cytokine that drives 
T,1 polarization (34, 35). In DCs, IL-12 

later time points (38). In addition to IL-12, 
DCs produce IL-18 and IFN-a, which pro- 
mote TH1 development and, in same cases, 
IL-4, which promotes TH2 development (1 7, 
39). DCs can also produce IL-10, which 
down-regulates their own function as well as 
T cell responses (40). Although these latter 
cytokines have been reported to influence T 
cell differentiation, it is not clear whether 
they are regulated by maturation stimuli. 

Mature DCs have a finite life expectan- 
cy, which affects their capacity to stimulate 
T cells. There is evidence that once they 
have reached the lymph node, DCs survive 
for only few days and disappear within 48 
hours after interacting with antigen-specific 
naive T cells (41,42). However, it has been 
shown that activated T cells, expressing 
RANK ligand, can trigger RANK on DCs, 
thereby enhancing their viability (43, 44). 
The life-span of DCs during ongoing re- 
sponses is a critical aspect that needs to be 
addressed. In addition, it is worth consid- 
ering that antigen presentation can be car- 
ried out by other cell types including B 
cells, activated T cells, macrophages, and 
even fibroblasts. These cells may contrib- 
ute to the expansion of already primed T 
cells, thus amplifying and possibly modu- 
lating T cell responses (45). 

In summary, migrating DCs can be 
viewed as disposable cells that function as 

APC but ceases immediately when antigen is 
removed (46,47). The duration of TCR stim- 
ulation represents the driving force for T cell 
activation, differentiation, and ultimately 
death (48). Nalve T cells require stimulation 
for -20 hours in order to be committed to 
proliferate (49). This high activation thresh- 
old is due to an inefficiently coupled signal- 
ing machinery (50-55). In naive T cells, 
CD28 engagement recruits membrane mi- 
crodomains containing kinases and adapters 
to the triggered TCR, thereby amplifying the 
signal transduction process and allowing the 
activation threshold to be reached more rap- 
idly and at lower doses of antigen than would 
be required in its absence (25,49). In contrast 
to naive T cells. mimed. effector T cells have , . 
a low activation threshold, because their sig- 
naling machinery is fully coupled (50-55). A 
short TCR stimulation (-30 min) in the ab- 
sence of CD28 engagement is sufficient to 
trigger proliferation and IFN-y production in 
TH1 cells, whereas an even shorter stimula- 
tion triggers cytotoxicity by CD8+ T cell 
clones (56, 57). A prolonged stimulation of 
activated T cells leads, however, to activa- 
tion-induced cell death, an end-stage result 
that can be prevented to some extent by 
CD28 engagement, through Bcl-XL up-regu- 
lation (49, 58, 59). 

After completion of the first round of 
mitosis, activated T cells divide every -10 

is controlled by the nature of the discrete packets of information, conveying to hours, giving rise to large numbers of cells. 
maturation stimulus, by environmental fac- the T cell areas of lymph nodes, for the As they divide under continuous TCR and 
tors, and by feedback signals from T cells duration of their life-span, details concerning cytokine stimulation, T cells progressively 
(36). Thus, lipopolysaccharide, poly(I:C), antigen specificity and quantity, costimula- differentiate and acquire the capacity to pro- 
bacteria, and viruses induce IL-12, whereas tory molecule identity and concentration, and duce effector cytokines (60,61). Polarization 
tumor necrosis factor-, IL-1, and cholera cytokine identity and concentration (Fig. 1). to TH1 or TH2 is promoted by IL-12 and IL-4, 
toxin do not. Furthermore, IL-12 production Thus, by virtue of the pattern of information respectively (34, 62-64), as well as by the 
is enhanced by IFN-y and inhibited by PGE2. they cany, DCs encode a specific T cell strength and duration of TCR stimulation 
Finally, in maturing DCs that reach the T cell differentiation fate. Below we discuss how T (65-67). T cell polarization involves the ex- 
areas, IL-12 production can be potently cells decode this information. pression of specific transcription factors (68- 

immature DC mature DC 

stimulation 
signal 

amplification 
\ polarization / 

naive T cell 

Fig. 1. Mature DCs function 
as packets of information for 
na'ive T cells. The maturation 
process is triggered in tissue- 
resident immature DCs bv 
stimuli (in red) such & 
pathogens, inflammatory cy- 
tokines, or necrotic cells and 
results in migration to lymph 
nodes where the maturation 
process can be reinforced by 
activated T cells. Maturation 
(in blue) leads to the assem- 
bly of an information packet 
(antigen, costimulation, and 
cytokines) that is decoded 
by T cells. 
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70), as well as epigenetic changes in cytokine 
genes that increase their accessibility (71- 
74). This process is relatively inefficient, be- 
cause stable TH1 and TH2 phenotypes are 
acquired after repeated stimulation in a pro- 
gressive and stochastic manner. 

During T cell differentiation, effector 
function and migratory capacity are coordi- 
nately regulated (75-77). Whereas nayve T 
cells traffic constitutively through secondary 
lymphoid organs, effector and memory T 
cells must migrate to peripheral tissues to 
perform their function (78, 79). NaTve T cells 
express the chemokine receptor CCR7, which 
is required to enter lymph nodes through high 
endothelial venules and to localize to the T 
cell areas, where the cognate ligands SLC and 
ELC are present (80,81). In contrast, effector 
TH1 and TH2 cells lack CCR7 and express 
partially divergent sets of receptors specific 
for inflammatory chemokines that are re- 

pendent life-style and slowly cycle in re- 
sponse to cytokines (88-90). For example, 
memory CD8+ T cells respond to IL-15, 
which is essential for their maintenance, but 
they are inhibited by IL-2 (91, 92). The cy- 
tokines responsible for the survival of mem- 
ory CD4+ T cells have not yet been identi- 
fied. Thus, the acquisition of cytokine recep- 
tors by differentiating CD4+ and CD8+ T 
cells represents a critical factor in determin- 
ing their life expectancy. 

In summary, the duration of TCR stimu- 
lation (i.e., the duration of contact with APC) 
represents a major factor in T cell fate deter- 
mination, because it drives cell proliferation, 
controls various differentiation programs (to- 
gether with cytokines), and ultimately leads 
to activation-induced cell death. 

Linear T Cell Differentiation: End 
Products and Intermediates 

quired for migration to sites of delayed-type TH1 or TH2 polarization is not an inevitable 
hypersensitivity or allergic inflammation consequence of T cell activation. Even under 
(82-84). the strongest polarizing conditions, only a 

The capacity to survive in the absence of fraction of responding T cells acquires effec- 
antigen represents an essential part of the T tor function and tissue homing capacity, 
cell differentiation program. Whereas surviv- while the rest remain nonpolarized, retaining 
a1 of naive T cells requires continuous low- lymph node homing capacity. Furthermore, 
affinity interactions with self-MHC mole- nayve T cells can be activated and expanded 
cules (85-87), antigen-primed T cells that in a nonpolarized state by supplementing cul- 
survive after the primary immune response as tures with transforming growth factor-p 
memory cells are promoted to an MHC-inde- (TGF-f3) (82,93) or by offering a short round 

duration of TCR and cytokine stimulation 

7 

homlng: lymph nodes 

function: regulation lntlammatlon 
effector precursors cytotoxlcity 

Fig. 2. Linear T cell differentiation driven by the duration of TCR stimulation. In the primary 
immune response activated T cells proliferate and, depending on the duration of stimulation by DCs 
and cytokines, reach hierarchical levels of differentiation characterized by distinct effector function, 
homing and survival capacity. Proliferating T cells may be eliminated at two levels. Cells receiving 
excessive stimulation die by activation-induced cell death, whereas cells receiving insufficient 
stimulation may remain non-fit and die by neglect. The fittest cells survive and enter the memory 
pool as central and effector memory T cells. This model applies to both CD4+ and CD8+ T cells. 

of TCR stimulation (67). Nonpolarized T 
cells can be expanded with IL-2 and even 
cloned, and retain the capacity to differentiate 
into either TH1 or TH2 when restimulated 
under polarizing conditions (93). Nonpolar- 
ized cells generated in vitro in the presence of 
TGF-fi or by short TCR stimulation maintain 
CCR7 expression and migrate to T cell areas 
of secondary lymphoid organs (82, 94). 

The inefficiency of T cell differentiation 
is dependent primarily on two factors: the 
~robabilistic nature of T cell-DC interac- 
tion and the slowly progressive and sto- 
chastic nature of the T cell differentiation 
process. Consequently, a stimulated T cell 
clone can be viewed as a response unit 
comprising cells that achieve different lev- 
els of stimulation, thereby reaching differ- 
ent thresholds of differentiation. 

For each of the numerous clones that are 
activated in a primary response, the fate can 
be described in terms of a linear differentia- 
tion model (Fig. 2). Depending on the dura- 
tion of TCR stimulation and cytokine signal- 
ing, responding T cells are progressively 
pushed through hierarchical thresholds of dif- 
ferentiation (57,67,95). The capacity of each 
cell to achieve stimulation is determined by 
the TCR aMinity for antigen and by the ca- 
pacity to compete with other cells, of the 
same or of other clones, for limiting resources 
(DCs, antigen, and cytokines). Thus, cells 
that express a low-affinity TCR will achieve 
a lower level of stimulation than cells that 
express a high-affinity TCR. One mechanism 
to enhance the capacity of T cells to achieve 
stimulation is the up-regulation of receptors 
for chemokines produced by maturing DCs 
(96, 97). 

Although attention has been largely fo- 
cused on the terminally differentiated TH1 
and T,2 cells, it is indisputable that non- 
polarized T cells are also generated in the 
course of the immune response. In trying to 
envisage a role for these cells, we suggest 
that these intermediates generated in a pri- 
mary response survive in a partially differ- 
entiated state as memory cells and complete 
the differentiation process only upon a sec- 
ondary antigenic stimulation. We also hy- 
pothesize that some intermediates may car- 
ry out specialized regulatory functions such 
as B cell help and T cell help or suppres- 
sion. Finally, we consider the possibility 
that subthreshold stimulation may induce 
the cells to reach a stage where expression 
of chemokine andlor cytokine receptors may be 
insufficient to ensure access to survival signals. 
The differentiation through this stage of "non- 
fitness" may offer a window of opportunity 
for the induction of T cell tolerance (Fig. 2). 
Below, we consider the linear differentiation 
model in the context of the dynamic interac- 
tions that take place in the primary immune 
response. 
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Dynamics of Primary Responses 
At a time when reductionism represents a 
standard and successful approach to under-
standing biological systems, the complexity 
of the interactionbetween DCs and T cells in 
a primary immune response offers an impor-
tant challenge to immunologists. There are 
several aspectsthat add to this complexity: (i) 
the number of DCs and the packets of infor-
mation carried by each cell (antigen,costimu-
latory molecules, and cytokines); (ii) the 
number of responding T cells and their affin-
ity and kinetics of recruitment; and (iii) the 
positive or negative feedback that T cells can 
exert on DCs (Fig. 3). 

In the absence of pathogens, the few DCs 
that migrate to the lymph nodes carry either 
no or low levels of tissue antigens and, are 
poorly stimulatory. Antigens that are trans-
ported may be released and re-presented by 
the more abundant lymph node-resident 
tolerogenic DCs (19, 98, 99). In contrast, in 
the presence of pathogens (or adjuvants) 
many DC precursors are continuouslyrecruit-
ed into inflamed tissues and from there con-
tinuously migrate to the draining lymph 
nodes where they arrive endowed with T 

IL-12 production. Those that induce IL-12 
production will directlyprime TH1responses. 
However, because IL-12 is produced only 
transiently after DC maturation, its availabil-
ity in the lymph nodes will depend on a 
continuous migration of recently stimulated 
("active") DCs. As soon as the influx of 
active DCs ceases, those present in the lymph 
node will exhaust their capacity to make IL-
12, and conditions for priming of TH2 re-
sponses will develop (Fig. 3). Thus, even for 
pathogens that strongly induce IL-12, this 
mechanism allows the immune system to bal-
ance a TH1response with a subsequent T,2 
response. 

In contrast,when DCs are primed by stim-
uli that do not elicit or inhibit IL-12 produc-
tion, e.g., inflammatory cytokines, cholera 
toxin, and PGE2 (103, 104), TH2responses 
may be generated. In this case, the respond-
ing T cells produce some IL-4 that drives 
their own TH2 polarization (105, 106). Fur-
thermore, stimuli provided by secreted nem-
atode products or fungal hyphae are able to 
directly set DCs in a TH2-stimulatorymode 
by inducing IL-4 production (39,107). How-
ever, in all cases it is possible that activated, 

sidered so far some activated cells will re-
ceive less stimulation and will remain in a 
nonpolarized intermediate state. However, 
we envisage that at late stages of the primary 
response, when antigen-canying DCs be-
come limiting, the conditions will favor the 
generation of such nonpolarized T cells. In 
addition, one should consider that antigen-
specific naYve T cells are rare and enter the 
lymph node asynchronously. Therefore, T 
cells that enter early will receive a longer and 
qualitatively different stimulation than those 
that enter late in the response. 

A further level of complexity is related to 
the ability of T cells to stimulate or inhibit 
DCs and in this way facilitate or suppress the 
response of other T cells that recognize anti-
gen on the same DCs. Activated helper T 
cells expressing CD40L not only boost IL-12 
production (37, 109), but can also "license" 
DCs to prime CD8+ T cells (110-112). This 
mechanism is dispensable for CTL responses 
to viruses that can directly license DCs, but is 
required to induce CTL responses to minor 
histocompatibilityantigens or tumor antigens 
that are not associated with a danger signal. 
Some regulatory T cells are capable of inhib-

cell-stimulatory and -polarizing capacity memory T cells, by recognizing antigen on iting DC function by secreting TGF-P and 
(100-102). Indeed, although a single DC may DCs, may trigger IL-12 production through IL-10 or by direct contact (113-1 16). These 
drive a naTve T cell through the first division, CD40L (37, 108), thereby shifting the re- cells are present in healthy mice and can be 
it is unlikely that it would be sufficient to sponse toward T,l. The first scenario may induced by oral immunization or by antigenic 
sustain the stimulation of a rapidly prolifer- apply to situationsof chronic, low-level stim- stimulation in the presence of nondepleting 
ating T cell clone for a period of several days. ulation by environmental allergens, whereas antibodies to CD4 or to CD8 molecules (6, 
Consequently, a sustained T cell stimulation the second may be the basis of a successful 117,118). In spite of convincing evidence for 
is criticallydependenton a continuoussupply desensitizationtherapy. their existence and for their role in mediating 
of antigen-canying DCs. Because of the stochastic nature of the T tolerance in a variety of experimental sys-

Pathogens (and adjuvants) differ signifi- cell stimulationand differentiationprocesses, tems, it has proved difficult to isolate and 
cantly in their capacity to prime DCs for it is inevitable that under all conditions con- maintain these cells in tissue culture. 

DC recrultment 

IL-12 production 
T cell feedback 
DC life-span @naive 

tolerance 

Fig. 3. Dynamics of T cell primingand polarization by DCs. The T cell priming conditions in draining lymph nodes 
are determined by several factors: the extent and duration of DC recruitment and activation: the nature of the 
maturation stimuli; the kinetics of 11-12 production; the presence of stimulatory (T,) or regulatory (Tr) cells that 
trigger 11-12 productionor inhibit the T celCstimulatory capacity of DCs; and finally, the life-span of DCs. Immature 
DCs and peripheral blood monocytes are shown in green; tolerogenic DCs are in black; mature, active DCs that 
produce 11-12 are in red; and mature DCs that do not produce 11-12 are in blue. The compositionof the lymph node 
determines the most prominent class of T cell response generated: T,l, T,2, or nonpolarized intermediates (NP). 

a tolerogenic DCs 
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In summary, the population of antigen-
carrying DCs present in the lymph node is 
highly dynamic, and its density, composition, 
and function change as a consequence of DC 
recruitment into tissues, activation by patho
gens, and positive as well as negative feed
back signals delivered by T cells. 

A Role for T Cell Intermediates in 
Immunological Memory and Immune 
Regulation 
T cells specific for recall antigens with nonpo
larized and polarized phenotype can be detected 
several years after priming and represent two 
distinct subsets of memory T cells (108). "Ef
fector memory" T cells represent terminally 
differentiated cells that produce IFN-7 and IL-4 
or contain prestored perforin. These cells lack 
lymph node homing receptors but express re
ceptors to enter into inflamed tissues; therefore, 
their function is to provide immediate protec
tion to contain pathogens in peripheral tissues. 
In contrast, "central memory" T cells represent 
intermediates that produce essentially IL-2 (and 
some IL-10) and express the lymph node hom
ing receptors CCR7 and CD62L. These cells 
are much more responsive to TCR stimulation 
than are naive T cells and can potently stimulate 
DCs to produce IL-12. Furthermore, central 
memory T cells can undergo terminal differen
tiation upon restimulation with antigen. 

The presence of these two subsets of mem
ory T cells is consistent with the generation of 
nonpolarized as well as terminally differentiat
ed T cells during the primary response followed 
by their rescue during the establishment of 
memory (119-124). It is not clear what the 
basis is for the selective survival of memory 
cells. It may involve both the induction of an-
tiapoptotic molecules by costimulation, as well 
as the induction of high levels of cytokine and 
chemokine receptors. 

In any case, the differential expression 
of homing receptor implies that central 
memory and effector memory T cells occu
py different niches and therefore may ac
cess different types of survival signals. It is 
interesting to consider the possibility that 
cytokines and self-MHC molecules may 
drive antigen-independent slow prolifera
tion and differentiation of central memory 
T cells. This homeostatic T cell differenti
ation may occur in vivo during chronic 
infections characterized by T lymphocyte 
depletion such as acquired immunodefi
ciency syndrome. 

Besides being a source of effector cells in 
secondary responses, central memory T cells 
may be endowed with important regulatory 
functions. For example, they can stimulate 
antigen-carrying DCs, thereby behaving as 
helpers for TH1 and cytotoxic responses 
(108). Alternatively, they may migrate to 
the B cell areas to help B cells. Further
more, it is possible that at least some of the 

regulatory T cells that suppress DC activa
tion belong to the central memory subset. 
Indeed, IL-10-producing cells are present 
within central memory T cells (125). The 
failure to culture in vitro regulatory T cells 
may simply reflect the fact that, being in
termediates, these cells differentiate and 
lose their property after restimulation. 

Flexibility and Robustness of the 
Immune Response 
The capacity of DCs to classify pathogens 
accounts for the remarkable flexibility of the 
immune response in terms of class regulation. 
DCs convey to secondary lymphoid organs 
packets of information assembled in periph
eral tissues. This information is decoded by T 
cells in terms of differential fates. 

In simple biochemical networks some 
fundamental properties are selected to be ro
bust, i.e., to be insensitive to the precise value 
of the parameters (126). This may also occur 
for the complex cellular networks, which 
control the immune response. One property 
that the immune system selects to be robust is 
the capacity to respond under extremely dif
ferent conditions of antigen concentration, 
giving a variety of functional outputs while 
avoiding exhaustion. The dynamics of DC 
activation and T cell-DC interaction and the 
linear differentiation model account for the 
generation of both effector cells and interme
diates. The latter play a role in immunologi
cal memory and may be responsible for reg
ulatory functions such as help, suppression, 
and tolerance. A better understanding of the 
properties of these cells will contribute to our 
capacity to manipulate the immune response. 
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The Ins and Outs of Body Surface 

lmmunology 

Adrian Hayday1* and Joanne 1. Viney2 

Rather than being confined to the secondary lymphoid tissue of the spleen 
and lymph nodes, large numbers of lymphocytes are intrinsically associ- 
ated with the epithelial surfaces of the body. The best studied is gut- 
associated lymphoid tissue, but distinct epithelium-associated lymphoid 
tissue also exists in the reproductive tract, the lung, and the skin. The 
multiple cell types and functions composing these lymphoid tissues are 
increasingly seen as the key to how antigens delivered to body surfaces 
can elicit ither immunogenic or tolerogenic responses. In some-instances, 
these responses occur purely within the local body surface tissue, yet in . . 

other cases both local and systemic responses areelicited. 

The immune system at body surfaces has be- 
come a contemporary paradigm for understand- 
ing systemic immune function, because local 
and systemic immune responses are probably 
connected via an "informational relay" (Fig. 1). 
The relay starts locally, where body surface 
antigen-presenting cells, such as dendritic cells 
(DCs), can be provoked to take up, process, and 
present antigens locally, or to differentiate and 
migrate to draining lymph nodes to present 
antigen to systemic T cells (I).The same relay 
system is also llkely to be operational for sys- 
temic B cells, which can be also activated by 
DCs bearing intact antigen from elsewhere (2). 
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Migration of the systemically activated cells 
back to infected body surface areas is facilitated 
by changes in the expression of homing mole- 
cules and chemokine receptors, and the infor- 
mational relay is completed. Understanding this 
relay paradigm is critical for aiding the devel- 
opment of vaccines against pathogens [such as 
mycobacteria, human immunodeficiency virus 
(HN), and influenza] that enter hosts across 
epithelial layers, and for targeting the perni- 
cious cancers that also strike epithelia. But at- 
tempts to transform the body's surfaces into 
crucibles of immunoresponsiveness must re- 
spect the immunological tolerance that the host 
displays toward myriad innocuous agents (such 
as commensal bacteria, food antigens, pollen, 
or fertilized embryos) that reside at or engage 
our epithelia (Fig. 1). Indeed, systemic toler- 
ance to body surface antigens can be so durable 
that antigen delivery via oral or nasal routes has 
been actively pursued as a way to reduce patho- 
logic autoimmunity (3).To understand the vari- 

able outcomes of antigen exposure at body 
surfaces, the relay paradigm must be built upon 
by considering the protective and regulatory 
functions that are constitutively resident at body 
surfaces. 

Purely Local Responses 
Body surfaces inherently limit infection. Ab- 
sorptive mucosal epithelia are covered in a 
thick electrostatically charged glycocalyx, but 
essential absorptive functions preclude epithe- 
lial layers from being impervious. Additional 
protection is provided by various means. Paneth 
cells, for example, are provoked by bacterial 
products to secrete lysozyme, type I1 phospho- 
lipase A2, and a-defensins, which combine 
within minutes to insulate their neighboring 
epithelial cell progenitors from infection (4). 
Such rapid-acting innate responses seem partic- 
ularly appropriate at body surfaces, where epi- 
thelial cells survive for only a few days. None- 
theless, local protection is also provided by 
cells of the adaptive immune system, notably B 
cells that produce secretory immunoglobulin A 
(sIgA) (5,6) .The effectiveness of mucosal IgA 
(and IgM) is not limited to pathogen neutraliza- 
tion in the gut lumen but is extended by its 
capacity to bind endocytosed pathogens during 
transcytosis across epithelial cells (7). This en-
counter occurs at the apical recycling endo- 
some, where low pH may release pathogens 
from lipid carriers and expose novel pathogen- 
associated epitopes, beyond those displayed ex- 
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