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reconstitution model of skin graft rejection and are important in T cell accumulation at the graft site. Surprisingly, we also
found that naive T cells are recruited and accumulate via constitutive T cell L-selectin and upregulated L-selectin ligands
on rejecting allograft vasculature. These data indicated that a specific retinue of molecules is upregulated during the
rejection response, and they suggest potential future therapeutic targets.
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Introduction
The successful generation of adaptive immune respons-
es depends on leukocyte trafficking events. These events
involve the movement of specialized populations of
APCs and naive and effector lymphocytes to their sites
of action in a coordinated fashion. DCs, acting as sen-
tinels, transport antigens from peripheral sites of
inflammation to secondary lymphoid organs for pres-
entation to the adaptive immune system. To enhance the
likelihood that rare antigen-specific T cells will
encounter antigen-laden DCs, naive and subpopulations
of memory T cells continuously recirculate through LNs,
entering via high endothelial venules. Once activated,
antigen-specific T cells are mobilized into the blood-
stream via efferent lymphatics and are ultimately recruit-
ed into peripheral sites where the eliciting antigen is
expressed to perform their effector functions (1).

In the past decade, there have been major advances in
our understanding of the molecular interactions that
govern lymphocyte traffic. Much of this information
has come from the study of the interactions of naive T
cells with high endothelial venules in peripheral LNs. In
this setting, T cell recruitment involves a three-step

process during which the lymphocyte rolls along the
endothelial surface, then firmly adheres, and ultimate-
ly traverses the vessel wall to the extravascular space.
Low-strength selectin-molecule interactions mediate
the rolling phase. This results in a reduction in velocity
that allows the lymphocyte to sample the endothelial
microenvironment for soluble chemokines that bind
tightly regulated G protein–coupled receptors. Activa-
tion of these “serpentine” receptors triggers a rapid con-
formational change of surface integrin molecules on the
lymphocyte. Integrin binding mediates arrest of the
lymphocyte in close association with the endothelium,
and subsequent signaling directs diapedesis of the cell
through the endothelial layer into the tissue (2). Each of
these interactions requires the expression of comple-
mentary receptors and ligands on the lymphocyte and
endothelial cells (ECs). There are also exceptions to the
general model of T cell trafficking in which certain mol-
ecules possess the dual functions of rolling and firm
adhesion, or adhesion and diapedesis (3).

The best-defined molecules that regulate rolling inter-
actions are L-selectin, expressed on T cells, and E- and P-
selectins, expressed on activated endothelium. In T cell
trafficking to secondary lymphoid tissues such as LNs, the
reduction in velocity mediated by L-selectin is critical for
adhesion to and extravasation from the high endothelial
venules (4). Similarly, enzymatic modification of P-selectin
ligands, such as cutaneous leukocyte antigen in skin-hom-
ing T cells, upon activation is important for effector cell
homing (5, 6). Deficiencies in the enzymes necessary for
such modifications, such as fucosyltransferases, have been
shown to inhibit peripheral homing of T cells (7, 8).

As with other responses, leukocyte trafficking events
in transplantation begin with the migration of donor
tissue DCs to draining LNs, where host T cells are acti-
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vated by recognition of foreign MHC in the direct
alloresponsive pathway (9, 10). Alternatively, host DCs
can acquire donor antigens and present them to recipi-
ent T cells via the indirect allorecognition pathway. Acti-
vated T cells then enter the bloodstream, where ECs are
the first cells within a vascularized allograft to interact
with host immune cells.

Several studies have demonstrated roles for chemoat-
tractant molecules in the process of graft rejection.
While much has been learned about the role of selectins
in ischemia/reperfusion injury, little is known about the
necessity of these signals in lymphocyte homing to allo-
grafts (11–13). Knockout models have indicated a role
for selectin molecules in lymphocyte recruitment, but
with only modest impacts on graft survival (13–15). Inhi-
bition or absence of chemokines or their receptors has
yielded prolongations in heart allograft survival, with
temporary reductions in the magnitude of the T cell
infiltrate as determined by immunohistochemical stain-
ing of graft sections (16, 17). While such findings are
promising, few studies have been able to directly identi-
fy homing as a mechanism for prolonged graft survival,
given the overlapping costimulatory roles of many adhe-
sion molecules. In particular, the molecules governing
the earliest recruitment of effector T cells to tissue allo-
grafts have yet to be characterized, and none of the
recruitment events has been directly observed in vivo.

Here, we have developed a mouse skin-transplantation
model that uses intravital fluorescence videomicroscopy
(IVM) to directly study the molecules that mediate
rolling of T cells during the effector phase of the rejec-
tion response. This technique allows observation of
short-term rolling and firm adhesion interactions (18).
In order to determine how rolling interactions facilitate
T cell accumulation within a graft, we also used indium-
111–labeled (In111-labeled) cells in a 16-hour trafficking
assay (19, 20). We find that, as rejection progresses, both
activated and naive T cells become increasingly recruit-
ed through enhanced rolling and firm adhesion interac-
tions. We find that naive cells are recruited to the graft
site through L-selectin, and that inhibition of the 
L-selectin pathway eliminates rolling behavior, resulting
in elimination of firm adhesion events and subsequent
accumulation of naive cells in the graft. Similarly, we
demonstrate that P-selectin glycoprotein ligand interac-
tions with P- and E-selectin are necessary for in vivo–acti-
vated T cell rolling, firm adhesion, and accumulation.

Methods
Mice. Adult male 4- to 6-week-old C57BL/6 (B6) (H-2b),
BALB/c (H-2d), and B6 SCID (H-2b) mice were pur-
chased from The Jackson Laboratory (Bar Harbor,
Maine, USA). Animals received humane care in accor-
dance with institutional guidelines.

Skin grafting and adoptive transfer. Full-thickness ear
skin grafts (∼1 cm2) were transplanted on the dorsal
thorax of B6 SCID recipients and secured with a plas-
tic adhesive bandage for 6 days. The grafts were allowed
to heal for 1 month (21), at which time engrafted B6

SCID mice received 2 × 107 nylon wool–passed wild-
type B6 splenocytes via the penile vein.

T cell preparations. All B6 T cells for intravital-observa-
tion or accumulation studies were isolated using an
automated magnetic cell sorting (autoMACS) system
with magnetic bead–conjugated anti–mouse CD90
(Thy1.2) antibody (all from Miltenyi Biotec Inc., Auburn,
California, USA). In some experiments, purified T cells
were activated in vitro using a protocol modified from
that described by Weninger et al. (22). Briefly, T cells were
placed at a 1:1 stimulator/responder ratio in culture
medium with 10 ng/ml recombinant murine IL-2 (rIL-2;
BD Biosciences/Pharmingen, San Diego, California,
USA). Stimulators were irradiated BALB/c splenocytes.
After 5 days, cells were retrieved and purified using an
annexin-based Dead Cell Removal Kit (Miltenyi Biotec
Inc.). Analysis of cells was carried out using fluo-
rochrome-conjugated antibodies (BD Biosciences). Flow
cytometry was performed using a FACSCalibur, and
data were analyzed using CellQuest software (both from
Becton Dickinson Immunocytometry Systems, San Jose,
California, USA). In both naive-cell isolates and activat-
ed-cell cultures, purity of T cells was greater than 95% by
flow cytometry. Naive status of purified cells was verified
by flow cytometric analysis of the key surface markers
CD62L and CD44 and by intracellular cytokine staining
for IFN-γ following stimulation with allogeneic targets.
The T cells failed to produce IFN-γ in response to allo-
geneic targets, as opposed to the vigorous response of T
cells from mice that had been previously challenged with
donor-specific grafts. Cells had a characteristic naive
phenotype of CD62L high (>95%) and CD44 low (>98%)
compared with T cells from donor-sensitized mice and
activated T cells. In vitro–activated cells were character-
istically CD62L low and CD44 high.

Antibodies. Blocking reagents included anti-CD62L anti-
body (purified from MEL-14 hybridoma; American Type
Culture Collection, Manassas, Virginia, USA) or rat IgG2a
isotype control (BD Biosciences); anti-CD62P or rat IgG1
(both from BD Biosciences); anti-CD62E or rat IgG2a
(both from BD Biosciences); and CD62P-Ig fusion protein
(BD Biosciences) or human IgG1 (Jackson ImmunoRe-
search Laboratories Inc., West Grove, Pennsylvania, USA).

CFSE labeling. Cells were labeled with the fluorescent
dye CFSE. Purified naive or activated B6 T cells were
incubated in 10 µM CFSE (Molecular Probes Inc.,
Eugene, Oregon, USA). After 15 minutes, the staining
was halted by the addition of cold RPMI 1640 with 10%
FBS. Cells were then resuspended in sterile saline.

Preparation for intravital observations. At 0, 1, 3, or 4 days
after reconstitution with syngeneic T cells, B6 SCID
recipients of skin grafts were anesthetized and placed on
a Universal specimen holder (Carl Zeiss Inc., Thorn-
wood, New York, USA) fitted with a 24 mm × 40 mm
coverslip (VWR, West Chester, Pennsylvania, USA). The
descending aorta was cannulated via the left carotid
artery using a PE-10 polyethylene catheter (Becton Dick-
inson). All animals received an infusion of high–molec-
ular weight (HMW; 155 kDa) TRITC-conjugated dex-
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tran (Sigma-Aldrich, St. Louis, Missouri, USA) prior to
observation to provide contrast to the microvasculature
(see Supplemental Video 1 for an example of visualized
flow; www.jci.org/cgi/content/full/112/11/1714/DC1).

Intravital microscopy. SCID recipients of well-healed
allografts were prepared as above and transferred to an
intravital microscope (IX-70) fitted with infinity-cor-
rected water-immersion objectives (×10 and ×20, result-
ing in ×100 and ×200 magnification, respectively) and a
dual-wavelength filter for detection of red and green flu-
orescence (all from Olympus America Inc., Melville, New
York, USA). Boluses of CFSE-labeled naive or activated
cells were infused into the carotid artery catheter. Cells
that entered the skin graft microvasculature were visu-
alized using fluorescent illumination. Images were visu-
alized with a DXC390 CCD camera, displayed on a Trini-
tron PVM-14M2MDU monitor, and recorded using an
SVHS VCR SVO9500MD (all from Sony Corp., Tokyo,
Japan) for off-line analysis. A time generator accurate to
0.01 seconds was also used (FOR-A Corp., Cypress, Cal-
ifornia, USA). A stage micrometer (Olympus America
Inc.) image was captured before each experiment for dis-
tance measurements. In some experiments, fluores-
ceinated antibodies were infused through the catheter.
These were allowed to circulate for 20 minutes. The infe-
rior vena cava was cut, and the animal was perfused with
4 ml of saline to wash nonbinding antibody. The vascu-
lature of the skin graft was analyzed for staining.

Analysis of intravital recordings. Rolling and adherent cells
were defined as described in Vajkoczy et al. (3). Briefly,
measurements of the skin microvascular included the
diameter (dv) of the postcapillary venules, and the veloc-
ity (Vt) and diameter (dt) of observed T cells. The highest
velocity of a noninteracting cell for a given venule (Vmax)
was used to calculate the mean blood flow velocity
(Vmean) as follows: Vmean = Vmax /(2 – ε2) (µm/s), where ε is
the ratio of the average T cell diameter (dt) to the venule
diameter (dv). Alternatively, Vmean was determined as an
average of noninteracting-cell velocities. Both methods
yielded similar values and identical experimental results.
Adherent cells were defined as those having a velocity of
0 for at least 20 seconds in a clearly patent vessel, i.e., no
flow stasis as visualized by HMW TRITC-conjugated
dextran. Rolling cells were identified by comparison of
velocities to a critical threshold defined by the flow
dynamics for a vessel with an idealized parabolic veloci-
ty profile: Vcrit = Vmean × ε × (2 – ε). Cells traveling below
the critical velocity were defined as rolling. The data pre-
sented herein are the mean percentage of total flux of T
cells undergoing the specified interaction.

Quantitative PCR. Skin grafts were harvested before or
at time points following reconstitution with B6 T cells
and snap-frozen in liquid nitrogen. RNA was isolated
using TRIZOL reagent (Sigma-Aldrich), and cDNA was
made using a first-strand cDNA synthesis kit (Invitrogen
Corp., San Diego, California, USA). cDNA was then ana-
lyzed using the SYBR Green PCR kit (Applied Biosys-
tems, Foster City, California, USA) with appropriate
primers for testing of β-actin, CD62E, CD62L, and

CD62P. A GeneAmp 5700 PCR system (Perkin-Elmer,
Wellesley, Massachusetts, USA) was used to amplify
primed message and detect fluorescence incorporation
of the SYBR Green reagent. The threshold cycle of fluo-
rescence detection of the tested primer relative to that for
actin in the sample of interest was compared with the
results from the same primers in the control samples.
The mathematical result is the fold change in expression
of the sample of interest relative to controls.

In111 labeling and accumulation analysis. Naive or activated
T cells were labeled with 20 µCi/107 cells In111 oxine (t1/2 = 2.8
days; Amersham Healthcare Atlanta, Atlanta, Georgia,
USA) in RPMI 1640, 10% FBS, at 37°C for 15 minutes.
Cells were washed three times and then resuspended in
sterile saline for injection into B6 SCID mice at day 0 or
day 4 after reconstitution. Dilutions of each labeled cell
population (105, 5 × 104, 2.5 × 104, 1.25 × 104, 6.25 × 103,
and 3.12 × 103) were retained to measure γ reactivity for
labeling efficiency. Tissue samples were harvested 16
hours after infusion, and γ activity was measured. Cell
numbers were calculated based on a linear regression com-
puted from the signal/cell number ratio of the previous
dilutions recalculated to account for decay.

Statistical analysis. Two-tailed Student’s t tests were
used to determine statistical significance, defined as a
P value less than 0.05.

Results
T cell rolling and firm adhesion events increase during rejection.
We first sought to develop a model in which to study the
mechanisms involved in T cell–EC interactions and T cell
recruitment in vivo during the early stages of allograft
rejection. For this we transplanted dorsal ear skin from
BALB/c or B6 donors onto B6 SCID immunodeficient
recipients. The grafts were observed for 1 month to allow
time for revascularization. By this time a complex net-
work of arterioles, capillaries, and venules could be
observed by intravital microscopy. Intravenous injection
of HMW TRITC-conjugated dextran, which is retained in
the circulation, provided contrast to document revascu-
larization (Supplemental Video 1, www.jci.org/cgi/con-
tent/full/112/11/1714/DC1).

To initiate rejection in this system, the skin graft
recipients were reconstituted with naive wild-type B6
T cells. Under such circumstances the allografts were
uniformly rejected between 11 and 14 days after T cell
reconstitution (median survival time = 12 days) (21,
23). Syngeneic grafts showed no signs of immunolog-
ic injury and survived indefinitely. Given the readily
observable graft vasculature and reproducible rejec-
tion kinetics, this model provided an ideal environ-
ment in which to study T cell–EC interactions and T
cell recruitment during allograft rejection in vivo.

In our initial experiments to visualize EC–T cell inter-
actions, we reconstituted B6 SCID mice with wild-type
B6 T cells 1 month after transplantation of allogeneic
BALB/c (H-2d) or syngeneic B6 (H-2b) skin grafts. At 0, 1,
3, 4, or 5 days after reconstitution and initiation of the
rejection response, the descending aorta was cannulated
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via the left carotid artery, and CFSE-labeled naive T cells
were infused to allow observation of T cell–EC interac-
tions in vessels illuminated with TRITC-conjugated dex-
tran. Animals were sacrificed at each time point; there-
fore, each data point represents the mean percentage of
total cell flux interacting in separate animals (n = 3 for
each group). At day 0, interactions with graft vasculature
in BALB/c and B6 grafts were indistinguishable (mean
rolling fraction 1.9% in allografts, 1.9% in syngrafts; Fig-
ure 1a), but by days 3 and 4 of the rejection response,
naive T cells began to roll specifically in BALB/c allografts
(mean rolling fraction 7.7% vs. 2.9% in syngeneic controls,
P < 0.04; Figure 1a). Firm adhesion events, which were
nonexistent at early time points, occurred in less than
0.5% of total naive-cell flux by day 4. Day 4 grafts consis-
tently demonstrated uninterrupted vascular flow (Figure
1b; Supplemental Video 2a, www.jci.org/cgi/content/
full/112/11/1714/DC1). Interestingly, by day 5, a signif-
icant portion of the graft microvasculature failed to illu-
minate with the dextran, and the remaining flow was
sluggish or limited to larger vessels (Figure 1c; Supple-
mental Video 2b). As a result, the paucity of cells entering
graft vasculature and the reduced visual clarity due to
increasing graft edema at day 5 precluded analysis of
interactions at or beyond this time point. Interestingly,
the first macroscopic signs of graft rejection, such as dis-
coloration and ulceration, did not appear until day 7, and
total graft loss did not occur until day 12 (21).

Next, we studied interactions between donor-specific
activated T cells and ECs in syngeneic and allogeneic skin
grafts at day 0 and day 4 of rejection. Activated cells were
generated in vitro as described in Methods. Cells from
these cultures had an activated phenotype (CD44 high,
CD62L low) and were greater than 93% CD8+ T cells. A sig-
nificant proportion of cells engaged in rolling behavior in
both syngeneic and allogeneic grafts at day 0 (mean
rolling fraction 7.7% and 8.2%, respectively, P = 0.51; Fig-
ure 1d); however, at day 4 of the rejection response, rolling
interactions were significantly more frequent in allogene-
ic grafts, remaining unchanged in syngeneic grafts (mean
rolling fraction 20.5% and 5.3%, respectively, P < 0.04; Fig-
ure 1d). Firm adhesion interactions, which were relatively
rare at day 0, were also increased in allogeneic grafts at day
4 of the rejection response (mean sticking fraction 5.5% vs.
0.13% in syngeneic grafts, P < 0.03; Figure 1e).

Intravital microscopy of skin grafts provides for
observations of the short-term rolling and adhesion
interactions but, due to technical limitations, does not
allow long-term measurements of cellular accumula-
tion over hours or days. Therefore, in order to deter-
mine how rolling and firm adhesion interactions trans-
late into T cell accumulation in skin grafts at different
time points during rejection, we labeled highly purified
naive or activated T cells with In111 (19, 20). These cells
were given by intravenous injection to SCID recipients
of both an allogeneic (left dorsal thorax) and a syn-

Figure 1
Graft rejection leads to enhanced rolling and firm adhesion interactions. (a) Adhesive interactions of CFSE-labeled naive T cells were ana-
lyzed at four time points after T cell reconstitution in venules of 1-month-healed syngeneic B6 (squares) and BALB/c allogeneic (diamonds)
skin grafts on B6 SCID recipients. Rolling increased significantly in allografts as rejection progressed, and it remained equivalent at all time
points in syngeneic grafts. *P < 0.04. Data are mean ± SEM, representative of three experiments; n = 3 in each group. (b) At day 4 of rejec-
tion, all vessels clearly illuminated with HMW TRITC-conjugated dextran. (c) At day 5 of rejection, vascular damage and interrupted flow
were evident, as many small vessels (<50 µm) failed to illuminate with TRITC-dextran in allografts. (d and e) CFSE-labeled, activated T cells
were infused at day 0 or day 4 after T cell reconstitution in SCID recipients of syngrafts and allografts. Labeled cells demonstrated equiva-
lent rolling (d) and adhesion (e) at day 0 after reconstitution in BALB/c allografts (white bars) and B6 syngrafts (black bars) but showed a
dramatic increase in rolling and firm adhesion by day 4 in allografts. **P < 0.04, ***P < 0.03. Data are mean ± SEM; n = 3 in each group.
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geneic (right dorsal thorax) graft at day 0 or day 4 of the
rejection response. Tissue samples, including grafts,
spleen, LNs (axillary, inguinal, brachial, and mesen-
teric), liver, and ear skin (separated from underlying
cartilage), were taken 16 hours after intravenous infu-
sion, and the γ signal was measured. The signal was
compared with a linear regression of the signal/cell
number ratio recorded after labeling, and the cell num-
ber in the tissue was calculated after accounting for
radioactive decay. Cell numbers were normalized to tis-
sue mass (in milligrams) for spleen, liver, and LNs and
to tissue area (in square centimeters) for skin samples.

As expected, there was no difference in accumulation
of naive T cells at day 0 of rejection between allografts,
syngrafts, and normal ear. Interestingly, activated T cells
showed significantly enhanced accumulation in syn-
geneic grafts at day 0 compared with normal ear skin
(1.3 × 104 vs. 5.6 × 103 cells/cm2, P < 0.003; Figure 2a).
These data are consistent with the findings of Anderson
et al. that syngeneic skin grafts have some upregulated

factors in an mRNA expression profile months after
engraftment in immunodeficient hosts (23). Accumu-
lation of activated T cells in BALB/c allografts at day 0
was observed at still higher levels (3.7 × 104 cells/cm2, 
P < 0.002 vs. syngeneic; Figure 2a). We also found that
naive T cells preferentially migrated to secondary lym-
phoid tissues to a much greater degree than activated
cells (P < 0.004 in all groups; Figure 2b), consistent with
previous findings (24).

On the fourth day of the rejection response, accumu-
lation data corresponded to the specific increase in
rolling and firm adhesion events in both naive and acti-
vated T cells as observed using IVM, with enhanced
accumulation of both cell types. Naive T cell accumu-
lation in allografts was significantly greater than in
syngeneic grafts (1.5 × 104 and 4 × 103 cells/cm2, respec-
tively, P < 0.007). As on day 0, activated cells accumu-
lated in syngeneic grafts with greater frequency than in
normal ear (2.1 × 104 and 6.6 × 103 cells/cm2, respec-
tively, P < 0.022); however, accumulation in rejecting

Figure 2
T cell accumulation in grafts corresponds to the increased rolling and firm adhesion interactions. Naive or activated T cells were labeled with
In111. Cells were infused intravenously into B6 SCID recipients of both an allograft and a syngraft. Grafts and other tissues were harvested
to record γ activity. Insets show the linear regression accounting for decay of the signal recorded from known numbers of labeled cells for
each experiment. (a) At day 0 after reconstitution, naive T cells accumulated equivalently in allografts (black bars), syngrafts (white bars),
and normal ear (gray bars), whereas activated T cells accumulated to a significantly greater extent in allografts. *P < 0.002 vs. syngrafts.
Data are mean ± SEM, representative of two experiments; n = 4 in each group. (b) At day 0 after reconstitution, naive cells (black bars) were
recruited to LNs ipsilateral (left LNs) and contralateral (right LNs) to the allograft, and to mesenteric nodes, with much greater affinity than
were activated T cells (white bars). **P < 0.004. Data are mean ± SEM; n = 4 in each group. (c) At day 4 post-reconstitution, both naive and
activated T cells were selectively recruited to rejecting allografts (black bars) compared with syngrafts (white bars) and normal ear (gray
bars). †P < 0.007, ††P < 0.005 vs. syngrafts. Data are mean ± SEM; n = 4 in each group.
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allografts was much greater than that in either syn-
geneic grafts or normal ear (9 × 104 cells/cm2, P < 0.005
vs. syngeneic, P < 0.001 vs. normal ear; Figure 2c).

In addition, we wished to characterize the origin of the
endothelium within the grafts. It is generally accepted
that skin grafts are revascularized through invasion of
the graft tissue by recipient-derived endothelium (25).
Although it has been shown that donor factors play a
role in angiogenesis, it is not known to what extent
donor cells contribute to vascular endothelium (26). We
therefore conducted intravital vascular labeling with
anti-donor MHC class I antibody — specifically, phyco-
erythrin-conjugated anti–mouse Kd. BALB/c skin graft
vasculature demonstrated significant staining with
donor-specific antibody (Figure 3a), whereas B6 skin
graft vessels failed to label (Figure 3b). The Kd+ vessels in
the allografts were all less than 50 µm in diameter, cor-
responding in size and structure to the postcapillary
venules in which rolling and firm adhesion interactions
had been observed in prior experiments, whereas the
larger dermal vessels, previously shown to be recipient
derived, failed to label (25).

To determine whether selectin expression was altered
through the course of rejection, we performed intravi-
tal vascular staining to detect endothelial CD62P and
CD62E at different time points during rejection in allo-
geneic grafts and in syngeneic controls. Despite a pre-
dicted low-level constitutive expression of these mole-
cules, we were unable to detect CD62P either in
allografts at day 0 of rejection or in syngeneic grafts at
any time point. However, CD62P staining was evident

at day 4 of rejection (Figure 3c), but in neither syn-
geneic grafts nor grafts stained with isotype control.

Analysis of CD62E protein expression using this
approach proved to be more difficult; therefore, we can-
not draw conclusions regarding CD62E protein expres-
sion. Instead, we performed quantitative PCR analysis
of skin grafts at day 4 of rejection relative to levels
detected at day 0. While CD62P transcript levels were
unchanged at day 4, CD62E transcripts were 2.5-fold
upregulated compared with those at day 0 (P < 0.03 vs.
syngeneic controls). These results are consistent with
previous data that indicate that CD62P expression is
regulated post-transcriptionally through rapid release
of preformed granules within ECs, while CD62E is reg-
ulated transcriptionally (27).

Naive T cell trafficking to rejecting skin allografts is depend-
ent on CD62L interactions. Naive T cell trafficking to sec-
ondary lymphoid tissues has been well characterized, as
the molecules governing the rolling and firm adhesion
stages of lymphocyte recruitment to high endothelial
venules are defined. T cell L-selectin (CD62L) is
required for the rolling phase. Interruption of this path-
way effectively prevents entry of naive cells into LNs and
Peyer’s patches and can significantly disrupt normal
lymphocyte recirculation (4). As naive cells do not
express the appropriate fucosyltransferase enzymes for
modification of P- and E-selectin ligands on their sur-
face that allow efficient binding, we hypothesized that
the rolling behavior of naive T cells at day 4 of rejection
was CD62L dependent (7, 8).

As an initial approach to test this hypothesis, we revis-
ited T cell trafficking in the IVM model. B6 SCID recip-
ients of BALB/c allografts were reconstituted with naive
B6 T cells 1 month after engraftment. Four days into
the rejection response, recipients were catheterized and
infused with CFSE-labeled naive or activated T cells in
a suspension containing anti–mouse CD62L (MEL-14)
or an isotype control. Interactions with graft vascula-
ture were monitored. Naive T cell rolling and adhesion
events were essentially eliminated when CD62L was
blocked, whereas interactions of control-treated T cells
were comparable to previous results (P < 0.02; Figure 4a;
Supplemental Video 3a, www.jci.org/cgi/content/full/
112/11/1714/DC1). In contrast, activated T cell–EC inter-
actions were unaltered by anti-CD62L mAb’s (P = 0.59 vs.
isotype controls; Figure 4b; Supplemental Video 3b).

Next we wished to determine whether interruption of
the CD62L rolling pathway translated into diminished
infiltration of the graft by naive T cells. We infused
In111-labeled naive T cells and anti-CD62L or isotype
control into grafted B6 SCID recipients on day 4 of the
rejection response. Tissues were collected 16 hours
later. As previously observed in other models, anti-
CD62L treatment had a profound inhibitory effect on
naive T cell trafficking to LNs (Figure 4c) and increased
the presence of cells in peripheral blood with no effect
on trafficking to spleen (data not shown). We also
found that anti-CD62L reduced accumulation of naive
T cells in rejecting allografts to the level observed in

Figure 3
Intravital vascular staining of allografts. B6 SCID recipients of both
an allograft and a syngraft were catheterized and received an injection
of phycoerythrin-conjugated anti–mouse Kd antibody at day 0 of rejec-
tion or FITC-conjugated anti–mouse CD62P at day 4 of rejection.
After staining, the inferior vena cava was cut and 4 ml of saline was
washed through. Following Kd staining, images were taken of graft
vasculature in both the allograft (a) and the syngraft (b). Kd+ staining
is clearly seen in allograft microvasculature and is restricted to vessels
with a diameter of less than 50 µm. No staining was observed in syn-
grafts. Images are representative of five animals. (c) CD62P expres-
sion was only detectable at day 4 of rejection in skin allografts.
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syngeneic grafts and normal ear (P < 0.02; Figure 4d).
Together, these data indicate that naive T cells require
CD62L for the interactions with rejecting graft vascu-
lar endothelium, whereas activated T cells, which
express low levels of CD62L, do not.

Trafficking of activated T cells to rejecting skin allografts is
dependent on distinct contributions from CD62P and CD62E.
Activated T cells demonstrated significant affinity for
allograft endothelium in both IVM and accumulation
experiments. Studies in TNF-α–treated cremaster mus-
cle and uninflamed skin have implicated CD62P and
CD62E expression on the endothelium as important
mediators of activated T cell–EC interactions in the
periphery (7, 28, 29). Both of these selectins display reg-
ulated expression. P-selectin is retained in granules
within ECs that are released through inflammatory
stimulation, while E-selectin is transcriptionally regu-
lated. Based on previous studies of effector cell traffick-
ing, either one of these molecules, both, or neither could
play important roles in rolling, firm adhesion, and accu-
mulation. Leukocytes interact with E- and P-selectins
via both shared and specific ligands, the affinities of
which depend on specific glycoprotein modifications.

We first designed an experiment to block selectin lig-
ands borne by activated T cells. CFSE-labeled naive or
activated T cells in 150 µg of P-selectin–Ig fusion pro-
tein or isotype control were infused into catheterized
graft recipients on day 4 of the rejection response. This
fusion protein blocks selectin ligands that bind both E-
and P-selectins (6, 30). We found that CD62P-Ig had no
effect on naive T cell rolling and firm adhesion (P = 0.55

vs. isotype control; Figure 5a). In contrast, we found that
the fusion protein profoundly inhibited the rolling of
activated T cells (88% inhibition, P < 0.015 vs. isotype
control) and entirely eliminated activated T cell firm
adhesion (Figure 5b). As with CD62L blockade of naive
cells, accumulation of In111-labeled activated T cells was
dramatically reduced (60%, P < 0.015) in animals receiv-
ing P-selectin–Ig (Figure 5c).

Finally, we wished to resolve the relative roles of
CD62E and CD62P in rolling and firm adhesion. For
this, we performed experiments on day 4 of the rejection
response in which we observed the rolling behavior of
activated T cells while blocking E-selectin, P-selectin, or
both. In the first experiment, recipients received an infu-
sion of anti-CD62P or isotype control. This was followed
by four infusions of CFSE-labeled activated T cells for
IVM analysis. The same animals then received another
infusion of anti-CD62P with anti-CD62E or isotype con-
trols, followed by four additional cell infusions. In
another experiment, these treatments were reversed, with
anti-CD62E given alone, followed by anti-CD62P with
anti-CD62E. Whenever possible, the same vessels
observed for the first set of infusions were reassessed for
the second set. Blockade of CD62P alone resulted in a
dramatic reduction in the frequency of rolling interac-
tions (mean rolling fraction 4.4% vs. 22.5% in isotype
controls, P < 0.002; Figure 6a); however, only 50% of firm
adhesion interactions were inhibited (mean sticking
fraction 3.38% vs. 6.74% in isotype controls, P < 0.04; Fig-
ure 6b; Supplemental Video 4a, www.jci.org/cgi/con-
tent/full/112/11/1714/DC1). The addition of anti-

Figure 4
Rolling and accumulation of naive T cells are
dependent on CD62L interactions. CFSE- or In111-
labeled naive or activated T cells were infused with
either anti–mouse CD62L or isotype control (rat
IgG2a) for IVM experiments (a and b) or accu-
mulation studies (c), in SCID recipients 4 days
after reconstitution with wild-type B6 T cells. (a)
Rolling interactions of naive T cells were more
than 96% eliminated in animals receiving anti-
CD62L treatment. Firm adhesion interactions
were completely eliminated. *P < 0.02. Data are
mean ± SEM; n = 3 in each group. (b) Anti-CD62L
treatment had no effect on the frequency of acti-
vated-cell rolling or firm adhesion events. (c) The
control reveals that accumulation of naive T cells
in the LNs was eliminated by treatment with
MEL-14. (d) Like rolling and adhesion events,
naive T cell accumulation in allografts was signif-
icantly inhibited, reflecting the levels seen in syn-
grafts. **P < 0.02 vs. isotype-treated controls.
Data are mean ± SEM; n = 4 in each group. Each
experiment was repeated with the same results.
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CD62E had no significant additional impact on rolling
but eliminated most of the observed firm adhesion
(mean sticking fraction 0.29%, P < 0.007 vs. isotype, 
P < 0.03 vs. anti-CD62P alone; Figure 6b; Supplemental
Video 4, b compared with c). In the reverse experiment,
anti-CD62E again had little impact on the rolling inter-
action (22.1% vs. 25.3% in isotype controls, P = 0.53; Fig-
ure 6c) but significantly inhibited firm adhesion (3.9%
total flux vs. 6.84% in isotype controls, P < 0.02; Figure
6d), while the addition of anti-CD62P eliminated the
remaining rolling and firm adhesion interactions (mean
rolling fraction 4.6%, P < 0.02 vs. anti-CD62E alone;
mean sticking fraction 0.67%, P < 0.008 vs. anti-CD62E
alone; Figure 6d). We can therefore conclude that, taken
with the P-selectin–Ig data, these results indicate over-
lapping functions of endothelial CD62P and CD62E
that rely on receptors borne on the T cells.

Discussion
Over the past several years, intravital microscopy has
allowed the validation of the three-step model of leuko-
cyte recruitment in vivo. Initially, studies using this
technique focused on the recruitment of naive lym-
phocytes into secondary lymphoid organs, confirming
the roll of selectins, chemokines, and integrins in the
processes of rolling and adhesion to high endothelial
venules (2). Much less is known about the molecular
interactions involved in the recruitment of naive and
activated lymphocytes into extralymphoid sites during
immune responses, particularly allograft rejection. In
this report, we have described a new model system
using intravital microscopy coupled with indium-label-
ing techniques to study T cell–EC interactions and lym-
phocyte recruitment during rejection.

The classic three-step model
of leukocyte trafficking has pro-
vided a useful conceptual
framework to guide the study of
the recruitment of cells to lym-
phoid and nonlymphoid tis-
sues. Recent reports have
revealed the critical importance
of initial rolling interactions in
both homeostatic leukocyte
trafficking and recruitment
during effector responses.
Rolling involves the interactions
of molecules and receptors that
act both in concert and inde-
pendently. In some models,
rolling interactions can be divid-
ed into two separate but linked
events, where one molecule
facilitates an initial tethering
event that reduces cell velocity,
and a subsequent molecular
interaction further reduces
rolling velocity and transitions
the cell to firm adhesion if the

appropriate chemotactic signals are detected. For
instance, in murine experimental autoimmune
encephalitis models, P-selectin and VCAM-1 mediate
overlapping rolling and adhesion events, whereas, in
other inflammatory models such as TNF-α–treated cre-
master muscle, P-selectin and E-selectin have been impli-
cated in both rolling and adhesion (29, 31, 32). In a study
of constitutive leukocyte adhesion to quiescent skin,
CD62P-dependent events initiated rolling, and CD62E
bridged rolling and adhesion (7, 8). These studies reveal
that one cannot predict which molecules are critical to
rolling in a given effector response.

In our experiments, adapted from the dorsal skin
model first described by Yamada et al. (33), both activat-
ed and naive T cells were recruited into allografts during
rejection, but through distinct pathways unique to their
respective surface-molecule profiles. Both populations
exhibited increasing levels of rolling and firm adhesion
interactions with the graft endothelium as rejection pro-
gressed. These interactions translated into accumulation
in the In111 cell trafficking model that was proportionate
to the frequency of the rolling and adhesion interactions.

Consistent with earlier studies, we observed that the
recruitment of activated T cells during rejection occurred
earlier and at higher levels than recruitment of their naive
counterparts (20). Both rolling and firm adhesion events
were also clearly more frequent for activated T cells than
for naive T cells. Using intravital microscopy, we were able
to directly study the molecules necessary for rolling in
this setting. Consistent with reports from nontransplan-
tation models, activated T cells used CD62E and CD62P,
but not CD62L, to mediate rolling on vascular endothe-
lium. Furthermore, our data indicated that activated T
cells demonstrated a two-step rolling interaction, with

Figure 5
Blockade with CD62P-Ig fusion protein inhibits activated-cell rolling, adhesion, and accumula-
tion. CFSE- or In111-labeled naive or activated T cells were infused in either CD62P-Ig fusion pro-
tein or human IgG1 for IVM experiments (a and b) or accumulation studies (c) in SCID recipi-
ents 4 days after reconstitution with wild-type B6 T cells. (a) CD62P-Ig had no effect on naive T
cell rolling or firm adhesion. (b) Activated cells treated with P-selectin–Ig fusion protein showed
dramatically less rolling behavior than controls. Firm adhesion interactions were completely elim-
inated. *P < 0.015, **P < 0.009. Data are mean ± SEM; n = 3 in each group. (c) CD62P-Ig sig-
nificantly inhibited activated T cell accumulation in allografts. ***P < 0.015 vs. isotype controls.
Data are mean ± SEM; n = 4 in each group. Each experiment was repeated with the same results.
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endothelial CD62P mediating the initial tethering event,
and CD62E providing a causeway to firm adhesion.
Blockade of the CD62P, but not the CD62E, pathway
greatly diminished the incidence of activated T cell
rolling in graft vasculature. However, a large fraction of
the remaining rollers also firmly adhered to the endothe-
lium. Additional blockade of CD62E eliminated the
residual adhesion events. These data indicate that acti-
vated T cells use these two interacting pathways to enter
allografts. Blockade with CD62P-Ig, which binds ligands
that have affinity for both CD62E and CD62P, virtually
eliminated rolling and firm adhesion of activated T cells
in allografts. This translated into near complete elimina-
tion of accumulation of activated T cells, indicating that
these rolling and firm adhesion interactions play a nonre-
dundant role in the recruitment process.

These observations are consistent with those of Yama-
da et al., in which P-selectin–deficient animals demon-
strated a reduction, but not elimination, of basal leuko-
cyte rolling events in the dorsal skin chamber (33). The
subsequent observations of Ley and colleagues in a sim-
ilar model using E-selectin–deficient mice or an anti-
CD62E mAb demonstrated little impairment in the
occurrence of rolling, but significant attenuation of
adhesion events linked to increased rolling velocity (29).
Other studies have since identified a cooperative func-
tion of P-selectin and E-selectin, where P-selectin medi-
ates the initial tethering event and subsequent, high-
velocity rolling, while E-selectin facilitates slow rolling
that allows close sampling of soluble chemokines with-
in the endothelial glycocalyx (7, 32). Each of these stud-
ies relied on observations of circulating leukocytes. Our
findings build on these observations through the use of
highly purified effector T cells within their target tissue
during the effector response. While the endothelial
selectins are generally considered to be initiators of
immune responses in the periphery, our data support a
role for these molecules in the expansion and amplifica-
tion of the response after a small number of activated
cells enter the graft. The vascular endothelium of both
syngeneic and allogeneic skin grafts supports rolling and
accumulation of activated cells at day 0 of rejection, and
activated cells show an ability to specifically accumulate
in allografts at this time point. These data support a
model in which early recruitment of a small population
of effector cells apparently leads to increased endothelial
expression of CD62P and transcriptional upregulation
of CD62E. These in turn mediate increased rolling, adhe-
sion, and accumulation at later time points to facilitate
rapid destruction of the graft vasculature.

Naive T cells were not attracted to the graft at early
time points, but later during the rejection response they
showed increased rolling and accumulation. In contrast
to the activated population, CD62L interactions
accounted for essentially all rolling interactions and
accumulation of naive T cells. These data suggest that
while both CD62E/P– and CD62L-dependent mecha-
nisms are invoked during the effector phase of allograft
rejection, the expression of ligands for CD62L is upreg-
ulated with somewhat delayed kinetics compared with
the expression of ligands for CD62P and CD62E. This
recruitment of naive cells is somewhat surprising. Naive
T cells are normally excluded from nonlymphoid tissues
under homeostatic conditions and in the setting of
acute inflammation (34). In the setting of chronic
inflammation, such as autoimmunity, naive T cells are
recruited into peripheral sites. It is thought that this
recruitment is dependent on the development of high
endothelial venule–like structures in a process termed
lymphoid neogenesis (34, 35). In the setting of skin allo-
graft rejection, we have observed that naive T cells are
recruited to the site within 3–4 days of the initiation of
the response. Thus it appears that there may be unique
features of graft rejection that promote a more rapid
recruitment of naive cells than has been observed in

Figure 6
CD62P and CD62E play overlapping roles in rolling and firm adhesion.
CFSE-labeled activated T cells were infused in B6 SCID recipients of
BALB/c allografts 4 days after reconstitution with wild-type B6 T cells
for IVM experiments. Animals received the indicated treatments. (a)
Rolling interactions were significantly inhibited by anti–mouse CD62P
(white bars) versus isotype control (black bars). Additional anti-
CD62E with anti-CD62P (gray bars) did not significantly reduce rolling
from that seen with anti-CD62P alone. *P < 0.002 vs. isotype controls.
Data are mean ± SEM; n = 3 in each group. (b) Firm adhesion events
were significantly inhibited by anti-CD62P alone. Additional blockade
with anti-CD62E further reduced these interactions. †P < 0.04 vs. iso-
type, ††P < 0.03 vs. anti-CD62P alone and P < 0.007 vs. isotype con-
trols. Data are mean ± SEM; n = 3 in each group. (c) Rolling interac-
tions were not affected by anti-CD62E treatment alone (white bars),
compared to isotype control (black bars). Additional anti-CD62P (gray
bars) reduced rolling to the levels observed in a. **P < 0.02 vs. anti-
CD62E alone. Data are mean ± SEM; n = 3 in each group. (d) Anti-
CD62E alone significantly inhibited firm adhesion interactions relative
to isotype controls. Additional anti-CD62P further reduced these inter-
actions. #P < 0.02 vs. isotype control, ##P < 0.008 vs. anti-CD62E
alone. Data are mean ± SEM; n = 3 in each group.
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other disease models. Because of the high precursor fre-
quency of alloreactive cells, some may be activated in the
proinflammatory environment and thereby further
amplify the immune response to the graft.

Our finding that the microvasculature of these skin
grafts is a mosaic of donor- and recipient-derived ECs
suggested that the recruiting endothelium is potential-
ly an antigen-specific target of the immune response
(25, 36). Consistent with this, we found that the graft
endothelium undergoes severe damage that limits vas-
cular flow 1 day after the most significant recruitment
events occur. This change in hemodynamics precedes
overt signs of rejection by another 1–2 days, raising the
possibility that graft rejection in our model is in part
due to tissue necrosis from lack of blood flow.

These data provide clues for the clinical application of
trafficking-inhibitory reagents. In particular, blockade of
trafficking events may help to prevent or treat episodes
of acute rejection, providing more specific tools as poten-
tial alternatives to the regimens employed now, such as T
cell depletion and high-dose steroid therapy. The pres-
ence of multiple synergistic pathways in this first step of
T cell trafficking to allografts suggests that it will be nec-
essary to inhibit multiple targets in order to minimize
allograft damage mediated by infiltrating lymphocytes.
This may help to explain why transplantation studies in
which a single rolling pathway has been interrupted have
shown little if any survival advantage (15). It is important
to develop a more complete understanding of the mole-
cules that effector cells use to enter a graft. Here, we have
established a framework for addressing these questions
and have made an important first step by using a power-
ful new technology to visualize the rejection process in
situ and thus gain insight into the molecular interactions
that govern cell traffic into allografts.
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