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Fig. 4. Observation of immunological syn- 
apse formation inside a LN. SNARF-labeled 
(red) naive CD43-GFP+ T cells (13) were 
injected intravenously into mice given DiD- 
labeled antigen-pulsed DCs 12 hours before. 
Popliteal LNs were imaged 23 hours later by 
acquiring a series of z sections throughout 
the contact region. (A) One section through 
the equatorial plane of the synapse shows 
exclusion of the green signal coming from 
the CD43-GFP. (B) The en face view shows 
that this pattern of exclusion is quite broad 
with a peripheral ring of CD43 surrounding a 
central region labeled with the cytoplasmic 
red dye. (C) A three-dimensional representa- 
tion of the merged sections shows that the 
two T cells bound to this DC both exclude 
CD43 from the zone of membrane contact 
(synapse). 

hematopoietic cell interactions in architectur- 
ally intact lymphoid tissue will open an even 
more complete window on the events in- 
volved in antigen-specific immune reactions. 
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Dynamics of 

Thymocyte-Stromal Cell 

Interactions Visualized by 
Two-Photon Microscopy 

Philippe Bousso,1 Nirav R. Bhakta.,* Richard S. Lewis,2 
Ellen Robey1l 

Thymocytes are selected to mature according to their ability to interact with 
self major histocompatibility complex (MHC)-peptide complexes displayed on 
the thymic stroma. Using two-photon microscopy, we performed real-time 
analysis of the cellular contacts made by developing thymocytes undergoing 
positive selection in a three-dimensional thymic organ culture. A large fraction 
of thymocytes within these cultures were highly motile. MHC recognition was 
found to increase the duration of thymocyte-stromal cell interactions and 
occurred as both long-lived cellular associations displaying stable cell-cell con- 
tacts and as shorter, highly dynamic contacts. Our results identify the diversity 
and dynamics of thymocyte interactions during positive selection. 
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Tissue microenvironments are likely to have 
a profound impact on lymphocyte behavior, 
yet most studies of lymphocytes have relied 
on monolayer cultures or fixed-tissue prepa- 
rations that fail to recapitulate the complexity 
and the dynamics of cellular environments. 
With respect to T cell development, funda- 
mental questions remain about how thymo- 
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cytes behave within the three-dimensional 
stromal cell network required for their differ- 
entiation. Generation of an efficient reper- 
toire of mature cx3 T lymphocytes by positive 
selection is governed by interactions between 
the T cell antigen receptor (TCR) of imma- 
ture CD4+CD8+ double-positive (DP) thy- 
mocytes and the array of self MHC-peptide 
complexes displayed on the surface of thymic 
stromal cells (1-3). The patterns of thymo- 
cyte motility during this process, the dynam- 
ics and the topology of thymocyte-stromal 
cell interactions, and the influence of MHC 
recognition on these cellular contacts have 
yet to be characterized. 

The advent of two-photon laser scanning 
microscopy (TPLSM) offers a powerful 
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method for addressing these questions. 
TPLSM provides the ability to track fluores- 
cently labeled cells over time deep within 
light-scattering tissue, while largely avoiding 
the problems of bleaching and phototoxicity 
associated with conventional confocal mi- 
croscopy (4). We used TPSLM in conjunc- 
tion with the well-characterized reaggregate 
thymic organ culture (RTOC) system (5, 6) 
to study the dynamics of thymocyte-thymic 
stromal cell interactions in a three-dimen- 
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sional tissue environment relevant for thymo- 
cyte development (7). 

The F5 TCR recognizes an influenza pep- 
tide presented by class I MHC-Db, and F5 
TCR transgenic mice on the C57BL/6 (H-2b) 
background display strong positive selection 
of CD8 single-positive (SP) T cells (8). We 
used thymocytes from F5 TCR p2-micro- 
globulin-/- mice (hereafter referred to as F5 
thymocytes) as a source of preselection thy- 
mocytes. F5 thymocytes differentiated into 

Merged 
nc/nA 

Green : MHC'/' stromal cells 

D 

F 
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CD8 SP cells when cocultured as a reaggre- 
gate with thymic stromal cells derived from 
C57BL/6 (referred to as wild-type) mice (fig. 
S1) (9). F5 CD8 SP generated in this orga- 
notypic culture system displayed the hall- 
marks of mature T cells, including high levels 
of TCR expression, and have been shown to 
be functionally competent (9). No mature SP 
thymocytes developed when F5 thymocytes 
were reaggregated with stromal cells derived 
from MHC-/- fetal thymic lobes (fig. Si). 

Fig. 1. MHC recognition increases the duration of 
thymocyte-thymic stromal cell interactions. (A) 
Active crawling of thymocytes located inside re- 
aggregate organ cultures. Two TPLSM images of 
the same RTOC are shown, imaged 40 s apart. 
Dashed line indicates the limit of the tissue. In the 
merged image of the two time points (right panel), 
nonmotile thymocytes appear yellow (because of 
the overlap of green and red images), whereas 
motile thymocytes appear as green-red doublets. 
Note that virtually all thymocytes at the surface of 
the lobe are rounded and nonmotile. By contrast, a 
large fraction of thymocytes located inside the 
tissue display an elongated shape and are highly 
motile. (B) Preferential association of F5 DP thy- 
mocytes with MHC-bearing stromal cells. Left pan- 
el: Representative optical section of an RTOC lobe 
containing F5 DP thymocytes (red) together with 
95% unlabeled MHC-/- thymic stromal cells and 
5% CFSE-labeled wild-type thymic stromal cells 
(green). Note that a large fraction of F5 DP cells 
selectively contact wild-type stromal cells, result- 
ing in the formation of clusters (arrows). Right 
panel: Representative optical section of a control 
lobe containing F5 DP thymocytes (red) together 
with 95% unlabeled wild-type thymic stromal 
cells and 5% CFSE-labeled MHC-/- thymic stro- 
mal cells (green). (C and D) For each individual 
lobe containing the indicated stromal cell mixture, 
the percentage of F5 DP thymocytes contacting a 
labeled thymic stromal cell (C) and the number of 
clusters per optical section (D) were quantified by 
an unbiased observer (7). Differences between the 
two groups were statistically significant: P < 
0.00001 and P < 0.01 for (C) and (D), respectively. 
(E) Representative optical section of a lobe con- 
taining F5 DP thymocytes double-labeled with 
SNARF and CFSE (yellow) together with 90% un- 
labeled MHC-/- stromal cells, 5% SNARF-labeled 
MHC-/- (red), and 5% CFSE-labeled wild-type 
(wt) stromal cells (green). (F) Lobes were formed 
as in (E) and the number of F5 DP thymocytes 
contacting each individual MHC-/- or wild-type 
stromal cell was recorded. Percentage of MHC-/- 
(left) or wild-type (right) stromal cells contacting 
the indicated number of thymocytes is shown. 
Wild-type stromal cells have on average 1.17 thy- 
mocytes in contact, whereas MHC-/- stromal 
cells have on average 0.57 thymocyte in contact. 
Results were obtained by analyzing 180 MHC-/- 
and 289 wild-type thymic stromal cells. Differenc- 
es between frequency distributions were statisti- 
cally significant (P < 0.001, x2 test). 

number of thymocytes 
in contact 
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To assess whether developing thymocytes 
located within the organ culture could be 
detected by two-photon microscopy, we pu- 
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rified F5 CD4+CD8+ (F5 DP) cells and la- 
beled them with the vital dye SNARF (7); 
then we reaggregated them with wild-type 

stromal cells. With TPLSM imaging, individ- 
ual thymocytes located inside the tissue could 
be detected up to 100 Ixm below the tissue 

Fig. 2. MHC recognition can 
result in both stable and dy- 
namic cell-cell contacts. A 
RTOCs were formed with F5 
DP thymocytes (red), wild- 
type thymic stromal cells 
(green), and excess unla- 
beled MHC-/- stromal cells 
and cultured for 16 to 20 
hours. Data were collected 
-40 I,m below the tissue 
surface. Time-lapse movies 0 00 
of these and other interac- 
tions are available in movies _ 
S3 to S11. The time in min- C 
utes and seconds is indicated E 
for each frame. (A) Stable 
and dynamic contacts are 
associated with the same 
stromal cell. Individual thy- 
mocytes S1 and S2 (stable 

(dynamic contacts) are 
shown. (B) Example of a sta- 
ble association in which the 
thymocyte makes contact 
with a wild-type stromal cell Stable interactions 
and stops crawling. (C) Ex- 
ample of a dynamic associa- 
tion in which the thymocyte D .- 20 
is actively crawling while it o ( ~ ? 10 
remains attached to the thy- A, v j o1 a JL 
mic stromal cell. (D to I) jr,;. 0 500 1001 
Quantitation of velocity and t - 4a 
cell-shape changes of thy- - a ,- 32 
mocytes engaged in stable .S ... 
(D to F) or dynamic (G to I) 

1 
.... .. 

interactions. A shape index 0 time (s 
close to 1 indicates a round- E 
ed shape, whereas higher t=O 'E20 . 
values reflect cell elongation -- , 10 ^- 
(7). Dashed lines and shaded / - > . 0^, o-- 
areas correspond to time". ' 0 ? 250 500 
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is not contacting the stromal X -, 
cell. To the left of each set of c 
plots is a trace of the thymo- F 250 500 
cyte trajectory, with stromal time (s 
cells indicated in green. Dif- 
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sponding velocity and cell- " > -250 
shape plots. (D) Example of 4 
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stable for the entire period of .rc 24 
imaging (typical of >90% of 1i 
the observed stable associa- 0 250 
tions). (E) Stable association time ( 
in which we recorded the ini- 
tial encounter with the stro- 
mal cell (movie S5). (F) Sta- 
ble association in which we J 
recorded the detachment -E 
from the stromal cell (movie 
S8). (G to I) Examples of dy- 
namic contacts. Two thymocytes interacting with the same stromal cell are 
shown in (G) and (H) (movie S11). Thymocytes engaged in dynamic contacts 
with stromal cells exhibit fluctuations in velocity and shape that generally 
correspond to changes in direction as the thymocyte crawls across the 
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stromal cell. (I) Examples of partial enclosure of thymocytes by thymic 
stromal cells. Merged images are displayed next to the fluorescent signals 
from the stromal cells. Note gaps in the stromal cell signal corresponding to 
the location of the thymocyte. 
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surface (fig. S2). Because RTOCs in these 
experiments are -200 Ixm across, it was 
possible to image virtually any labeled cell in 
the organ culture. 

With time-lapse imaging, we observed a 
significant fraction of F5 DP thymocytes 
(ranging from 10% to 50%) migrate vigor- 
ously in the organ culture. We observed both 
motile and nonmotile thymocytes regardless 
of whether the thymocytes expressed select- 
able TCRs (10). Active crawling of thymo- 
cytes was not restricted to the RTOC system, 
because green fluorescent protein-expressing 
DP thymocytes in an intact, reseeded fetal 
thymic lobe displayed similar behavior (mov- 
ie Si). Active cell motility appeared to be 
most highly favored when thymocytes were 
surrounded completely by the network of 
stromal cells. Although virtually all thymo- 
cytes situated at the surface of the RTOC lobe 
were rounded and sessile, many thymocytes 
located within the lobe displayed an elongat- 
ed shape and an active crawling motion (Fig. 
1A) (movie S2). 

The observation that thymocytes in thy- 
mic organ culture can be highly motile 
raises the question of whether MHC recog- 
nition by thymocytes involves prolonged 
associations with stromal cells. Indeed, ma- 
ture T cell-antigen-presenting cell (APC) 
interactions are not prolonged by the pres- 
ence of antigen under conditions that favor 
T cell crawling (11). On the other hand, T 
cells were found to form clusters with an- 
tigen-pulsed APCs in vivo (12). To assess 
whether MHC recognition during positive 
selection influences the duration of thymo- 
cyte-thymic stromal cell interactions, we 
prepared RTOCs with SNARF-labeled F5 
DP thymocytes with a limited number of 
carboxyfluorescein diacetate succinimidyl 
ester (CFSE)-labeled thymic stromal cells 
(wild-type) capable of promoting selection 
and an excess of unlabeled nonselecting 
(MHC-/-) stromal cells. Because only the 
labeled stromal cells could provide the 
signals required for positive selection, we 

REPORTS 

reasoned that if MHC recognition substan- 
tially increases the duration of thymocyte- 
thymic stromal cell interactions, F5 DP 
thymocytes should preferentially contact 
MHC-bearing stromal cells. After 16 to 20 
hours of culture, we observed a large frac- 
tion of F5 thymocytes (36% ? 2.8%; 
mean + SEM; n = 25) to be in contact with 
MHC-bearing stromal cells (Fig. 1, B and 
C), which often resulted in the formation of 
clusters around individual wild-type stro- 
mal cells (3.7 + 0.7 clusters per optical 
section, mean + SEM; Fig. 1D). In con- 
trast, we observed virtually no clusters 
(0.6 + 0.2 cluster per optical section) and 
few thymocytes (11% + 2.9%; n = 12) in 
contact with CFSE-labeled stromal cells in 
control lobes made with excess unlabeled 
wild-type stromal cells and a limited num- 
ber of CFSE-labeled MHC-/- stromal cells 
(Fig. 1, B to D). 

To extend these observations, we compared 
the propensity of individual MHC-/- and wild- 
type thymic stromal cells to interact with F5 DP 
cells in the same lobe. For this purpose, we 
double-labeled F5 DP thymocytes with SNARF 
and CFSE (which appear yellow in merged 
fluorescence images) and reaggregated them 
with 90% unlabeled MHC-/- stromal cells, 
5% SNARF-labeled MHC-/- stromal cells, 
and 5% CFSE-labeled wild-type stromal cells. 
We then measured the number ofthymocytes in 
contact with each individual labeled stromal 
cell (MHC-/- or wild type). Most wild-type 
stromal cells (70%) interacted with at least one 
F5 DP cell, whereas only 47% of MHC-/- 
stromal cells were contacting any thymocytes 
(Fig. 1, E and F). These results confirm the 
preferential association of F5 thymocytes with 
positively selecting stromal cells and indicate 
that these interactions are not restricted to a 
minor subpopulation of thymic stromal cells. 

The preferential association between F5 
TCR thymocytes and wild-type stromal cells 
in RTOC containing excess MHC-/- stromal 
cells implies that most of the cellular contacts 
made by F5 thymocytes with wild-type stro- 

Table 1. Types of thymocyte-stromal cell interactions observed in a model of positive selection (7). We 
examined 172 individual thymocyte-stromal cell contacts from nine individual RTOCs containing labeled 
F5 DP thymocytes, a limited number of labeled wild-type stromal cells, and an excess of MHC-/- stromal 
cells (Fig. 1B). Data were taken from time-lapse images of the same optical section taken every 10 s for 
-30 min (typically 40 p.m beneath the tissue surface). All cell interactions for which the contact could 
be observed for at least 200 s are included in this analysis. We categorized these contacts as stable or 
dynamic on the basis of whether the thymocyte was nonmotile (stable) or was actively crawling along 
the stromal cell (dynamic). Representative examples are shown in Fig. 2 and in movies 53 to 11. 

Stable cell-cell contact Dynamic cell-cell contact 

Observed interactions 93/172 (54.0%) 79/172 (46.0%) 
Interactions with thymocyte 15/93 (16%) 9/79 (11%) 

enclosure 
Accumulated time of imaging 35 hours 30 min 10 hours 27 min 
Observed detachment events 3 to 6 17 to 29 
Estimated mean duration of 6 to 12 hours 13 to 36 min 

interaction (7) 

mal cells in these cultures were driven by 
MHC recognition. Therefore, we analyzed 
the dynamics of these interactions in this 
system by imaging individual cell-cell con- 
tacts over time. We identified two distinct 
patterns of contact and categorized them as 
stable or dynamic on the basis of whether 
the F5 thymocyte contacting the wild-type 
stromal cell was nonmotile (stable) or was 
actively crawling (dynamic) along the stro- 
mal cell (Fig. 2). We could observe both 
types of interactions in the same optical 
section of a given lobe (fig. S3A) and even 
associated with the same stromal cell (Fig. 
2A) (movie S3). 

We observed the first type of interactions, 
characterized by a very stable cell-cell con- 
tact, in 54% of the cases (93/172). In nearly 
all of the interactions in this group (-95%), 
the contact was maintained during the entire 
30-min observation period (Fig. 2D) (movie 
S4). These stable interactions were character- 
ized by a rounded and unchanging thymocyte 
morphology (Fig. 2, D to F). In several in- 
stances, we recorded the initial cell encounter 
during the time of imaging. In all these cases, 
the migrating thymocyte stopped within sec- 
onds of encounter with the MHC-bearing 
stromal cell and remained attached for the 
remainder of the imaging period (Fig. 2, B 
and E) (fig. S3B; movies S5 and S6). Detach- 
ment was a rare event (3 to 6 times in >35 
hours of cumulative observation); in the few 
observed cases, it resulted in reacquisition of 
a migratory behavior (Fig. 2F) (fig. S3C; 
movies S7 and S8). Based on the low fre- 
quency of detachment, we estimated the 
mean duration of these interactions to be in 
the range of 6 to 12 hours (Table 1) (7). 

The second type of interactions, encom- 
passing 46% of the cellular associations, was 
characterized by highly dynamic cell-cell 
contacts (Fig. 2, C and G to I) (fig. S3D; 
movies S9 to Sll). In these cases, F5 DP 
thymocytes were highly motile while main- 
taining contact with the stromal cell. Thymo- 
cytes engaged in dynamic contacts displayed 
fluctuations in their velocities and cell shapes 
that often correlated with changes in direction 
as they crawled along the surface of a stromal 
cell (Fig. 2, G to I). The estimated mean 
duration of the dynamic interactions was sub- 
stantially shorter than that of the stable group 
(13 to 36 min; Table 1). The presence of 
dynamic interactions between thymocytes 
and MHC+/+ stroma raises the possibility 
that TCR recognition is not necessarily asso- 
ciated with a stop signal. 

In 16% of stable interactions and 11% of 
dynamic interactions, the thymocyte appeared to 
be partly enclosed within the stromal cell (Table 
1 and Fig. 2J) (fig. S3E). Partly enclosed thy- 
mocytes appeared to be viable and, in some 
cases, remained motile during and after enclo- 
sure (movie S10). These observations are rem- 

www.sciencemag.org SCIENCE VOL 296 7 JUNE 2002 1879 



REPORTS REPORTS 

iniscent of previous reports suggesting thymo- 
cyte enclosure by thymic epithelial cells (13, 
14). This unique cellular topology might play a 
role in some aspect of thymic selection, perhaps 
serving to increase the surface area of the 
association. 

In our system, there was a >3-fold increase 
in the proportion of thymocytes contacting 
wild-type versus MHC-/- stromal cells (Fig. 
1C); this finding implies that most of the de- 
scribed interactions depended on MHC recog- 
nition. In addition, we observed multiple stable 
and dynamic contacts within large clusters of 
thymocytes (Fig. 2) (movie S3) and these struc- 
tures were formed only around MHC-bearing 
stromal cells (Fig. 1D). Thus, although a small 
fraction of the described interactions may have 
been MHC independent, a substantial propor- 
tion of both stable of dynamic contacts ob- 
served in our system were associated with 
MHC recognition. Future experiments with 
molecular markers of TCR signaling are needed 
to directly identify individual MHC-driven 
interactions. 

This study documents the cellular interac- 
tions between thymocytes and stromal cells dur- 
ing positive selection within a three-dimensional 
tissue environment. Mature T cell activation can 
result from a stable, long-lasting interaction with 
an APC (15, 16) but may also result from 
summing of multiple transient encounters with 
APCs (11, 17). Our observation that MHC rec- 
ognition by thymocytes is associated with both 
stable and dynamic contacts with thymic stro- 
mal cells raises the possibility that both modes 
of TCR signaling may occur during positive 
selection. The basis for the observed diversity of 
thymocyte-thymic stromal cell interactions is 
unclear. One possibility is that these different 
patterns of interaction involve distinct types of 
stromal cells. This is unlikely to be the sole 
explanation, because both stable and dynamic 
contacts have been repeatedly observed at the 
surface of the same stromal cell (Fig. 2A) (mov- 
ies S3 and S10). Alternatively, the different 
interaction patterns could be associated with 
different signals or could correspond to dif- 
ferent stages of positive selection. Following 
the history of TCR signals received by an 
individual thymocyte during the whole 
process of thymocyte maturation remains 
challenging but ultimately should help to an- 
swer these questions. More generally, the use 
of TPLSM to track the fate of immune cells 
within lymphoid tissues should provide new 
insights into lymphocyte biology and 
development. 
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Tissue factor-initiated coagulation in sepsis 
triggers a lethal response (1-3) that may in- 
volve coagulation protease-mediated proin- 
flammatory signaling through heterotrimeric 
GTP-binding protein (G-protein)-coupled 
protease-activated receptors (PARs) (4-7). 
The PC pathway protects animals from Es- 
cherchia coil-induced lethality (8-10) and 
APC reduces mortality in patients with severe 
sepsis (11). PC bound to EPCR is activated 
by a coagulation feedback loop in which 
traces of thrombin, once bound to thrombo- 
modulin, specifically activate PC (12). APC 
is a trypsin-like coagulation protease and 
PARs serve as the cellular sensors for these 
enzymes (4, 5). The PC anticoagulant path- 
way operates on endothelial cells that express 
PAR1 and PAR2 along with EPCR. Proteo- 
lytic signaling by APC induces protective 
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responses in endothelial cells (13), but the 
involvement of PARs in this process remains 
unclear. 

PAR1-deficient murine fibroblasts are not 
activated by proteases unless transfected with 
an appropriate PAR (6, 7). We exploited the 
unresponsiveness of these cells to APC to 
characterize the requirement for protease sig- 
naling by APC (14). Stimulation with APC 
was performed in the presence of 100 nM 
hirudin, which blocks all cell-surface throm- 
bin-mediated PAR1 signaling (15). PAR1- 
deficient fibroblasts were responsive to 20 
nM APC only when EPCR was coexpressed 
with a PAR (Fig. 1A). Expression of EPCR 
or PAR2 alone or coexpression of PAR2 with 
an EPCR mutant (EPCR A154) deficient in 
APC binding (16) failed to support APC 
signaling. These results show that only 
EPCR-bound APC can efficiently activate 
PARs. 

Coexpression of EPCR and PAR1 also 
resulted in responsiveness to APC (Fig. 
1B). Like thrombin signaling, APC signal- 
ing was inhibited by PAR1 cleavage- 
blocking antibodies, whereas antibodies to 
PAR1 did not prevent signaling by the 
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The coagulant and inflammatory exacerbation in sepsis is counterbalanced 
by the protective protein C (PC) pathway. Activated PC (APC) was shown 
to use the endothelial cell PC receptor (EPCR) as a coreceptor for cleavage 
of protease activated receptor 1 (PAR1) on endothelial cells. Gene profiling 
demonstrated that PAR1 signaling could account for all APC-induced pro- 
tective genes, including the immunomodulatory monocyte chemoattractant 
protein-1 (MCP-1), which was selectively induced by activation of PAR1, but 
not PAR2. Thus, the prototypical thrombin receptor is the target for EPCR- 
dependent APC signaling, suggesting a role for this receptor cascade in 
protection from sepsis. 
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