
Antigen Presentation by Human Microvascular Endothelial Cells
Triggers ICAM-1-dependent Transendothelial Protrusion by and
Fractalkine-dependent Transendothelial Migration of Effector
Memory CD4+ T Cells

Thomas D. Manes1 and Jordan S. Pober1,2,3

1Department of Immunobiology Yale University School of Medicine New Haven, CT 06520 U.S.A.

2Department of Pathology Yale University School of Medicine New Haven, CT 06520 U.S.A.

3Department of Dermatology Yale University School of Medicine New Haven, CT 06520 U.S.A.

Abstract
TCR engagement on adherent human effector memory (EM) CD4+ T cells by TNF-treated human
umbilical vein endothelial cells (HUVEC) under flow induces formation of a transendothelial
protrusion (TEP) by the T cell but fails to induce transendothelial migration (TEM). In contrast, TCR
engagement of the same T cell populations by TNF-treated human dermal microvascular cells
(HDMEC) not only induces TEP formation, but triggers TEM at or near the interendothelial cell
junctions via a process in which TEP formation appears to be the first step. Transduction of adhesion
molecules in unactivated HDMEC and use of blocking antibodies as conducted with TNF-activated
HDMEC indicate that ICAM-1 plays a nonredundant role in TCR-driven TEP formation and TEM,
and that TCR-driven TEM is also dependent upon fractalkine. TEP formation, dependence on
ICAM-1 and dependence on fractalkine distinguish TCR-induced TEM from IP-10 induced TEM.
These in vitro observations suggest that presentation of antigen by human microvascular EC to
circulating CD4+ EM T cells may function to initiate recall responses in peripheral tissues.
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Introduction
In uninflamed peripheral tissues of humans, microvascular endothelial cells (EC) display both
class I and II MHC molecules at substantially higher levels than any other cell type with the
possible exception of resident dendritic cells (1-3). The only well established function of MHC
molecules is to present bound peptides in a form that may be recognized by T cell receptors
for antigens (TCRs). Human EC also display costimulators and adhesion molecules that
preferentially engage memory T cells and, in vitro, selectively activate proliferation and
cytokine synthesis by memory but not naïve T cells (4-8). These observations suggest that
human EC are positioned to present peptide antigens to circulating memory T cells.
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The in vivo functions and consequences of antigen presentation by human EC is unknown. EC
could present self peptides in association with self MHC molecules to provide low-affinity
signals to the TCRs of circulating memory cells that sustain memory cell viability.
Alternatively, EC could present non-self-derived (e.g., microbial) peptides or, in the case of
transplantation, non-self MHC molecules to promote local recruitment and/or activation of
antigen-specific memory T cell populations, initiating protective recall responses or allograft
rejection, respectively. These hypotheses are not mutually exclusive. Studies in mice have
provided in vitro and in vivo evidence that antigen presentation by EC does increase the
recruitment of antigen-specific CD8+ T cells into tissue (9-11). A role played by EC in
recruiting antigen specific CD4+ T cells in vivo, however, cannot be addressed in mice since
murine EC constitutively express only class I, but not class II MHC molecules in situ (12,
13). Moreover, even when induced to express class II MHC molecules in vitro, mouse EC,
unlike human EC, do not activate T cell effector responses (14,15). Recent studies using a
human-SCID mouse chimera model show that human effector memory (EM) CD4+ T cells
can recognize and destroy EC in skin grafts from donors allogeneic to the T cells, consistent
with the hypothesis that human EC directly present class II MHC molecules to circulating T
cells in vivo (7,8). However, studies of human TCR-driven antigen recruitment in vitro,
assessed as transendothelial migration (TEM) of T cells across cultured EC monolayers, have
been contradictory, with some showing inhibition of migration (16,17) and others stimulation
(16,18). Much of this variation may be attributed to the analysis of T cells and of EC of different
origins and states of activation. An additional important variable has been the presence or
absence of physiological shear stress, the force imparted through viscous drag of flowing blood,
in these in vitro models. T cells, unlike neutrophils or monocytes, require venular levels of
shear stress (∼1 dyne/cm2) to initiate rapid (in minutes) TEM in response to chemokines (19,
20). Using a simple parallel plate flow chamber, we have shown that TEM across a monolayer
of cultured HUVEC by effector memory (EM) CD4+ T cells in response to the inflammatory
chemokine IP-10 (CXCL10) occurs within 20 minutes only when shear stress is applied (20).
Importantly, our studies have utilized primary CD4+ T cells that were neither activated nor
activated and expanded in culture as T cell lines and/or clones. We also noted that the expression
of EC adhesion molecules, especially ICAM-1 or VCAM-1, whether induced by TNF treatment
or by retroviral transduction, was necessary and sufficient for T cells to be captured by the EC;
in the absence of EC adhesion molecules, T cells failed to bind to the EC monolayer under
flow and could not, therefore, transmigrate.

Another potential variable is the source of EC. HUVEC are derived from a large vessel whereas
most TEM occurs in the microvasculature, especially in the post-capillary vessels. An
alternative model are EC isolated and cultured from human dermal microvessels (i.e.,
HDMEC). HDMEC differ from HUVEC in their kinetics of expression of adhesion molecules
for leukocytes (21), in their inducible expression of chemokine, especially fractalkine
(CX3CL1) (22), and in their ability to support transmigration of activated T cells through the
EC body (23).

Unlike chemokine responses, the analysis of TCR signaling by human EC presents specific
technical challenges. The frequency of antigen-specific T cells in the circulation is very low,
even for alloantigens. We have recently developed two approaches to address this problem by
engineering HUVEC to express molecules capable of engaging the TCRs of polyclonal T cell
populations. Unexpectedly, TCR engagement in either model blocked the rapid TEM of freshly
isolated EM CD4+ T cells across HUVEC monolayers in response to IP-10 under conditions
of venular shear stress, and that this block of TEM persisted for up to one hour (17).
Examination of the T cells revealed that, despite their migratory arrest on the EC apical surface,
EM CD4+ T cells whose TCR had been engaged both activated NFAT and AP-1 and formed
a cytoplasmic protrusion that extended across the EC monolayer. However, the formation of
this transendothelial protrusion (TEP) was not followed by TEM. Here we report that TEP
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formation is the first step in a mechanism of TEM that is TCR-dependent when HDMEC are
used instead of HUVEC. Furthermore, this response is restricted to EM CD4+ T cells, is
significantly augmented by shear stress, and depends upon ICAM-1 and fractalkine.

Materials and Methods
Cells and reagents

Human umbilical vein EC (HUVEC) were isolated and cultured as described (20). All HUVEC
were used at no later than subculture five; all cells in a given experiment were used at the same
level of subculture. CIITA HUVEC were generated by retroviral transduction as described
(17). Human dermal microvascular endothelial cells (HDMEC) were isolated and cultured as
described (24). FcγRII-HDMEC and CIITA-HDMEC were generated and characterized in an
analogous manner. CIITA HDMEC co-transduced with E-selectin, ICAM-1, and VCAM-1
were likewise generated and characterized as described for HUVECs (20). For many
experiments, EC were incubated in the presence of 10 ng/ml recombinant human TNF
(TNFα, R&D Systems) for 20−26 hours prior to the flow assay. For the costimulator blocking
experiments, EC were incubated in the presence of blocking antibodies to 41BBL, ICOSL,
LFA-3, OX40L, or control IgG as described (17) for 30 minutes prior to the flow assay.
Similarly, 10 μg/ml goat anti-fractalkine, goat anti E-selectin, mouse anti-ICAM-1, and mouse
anti-VCAM-1 (all from R&D Systems) were used to block fractalkine, E-selectin, ICAM-1,
and VCAM-1, respectively.

CD4+ T cells were isolated by positive selection with magnetic beads and released with
Detachabead (Dynal) from PBMCs prepared by Ficoll gradient of blood collected from healthy
donors. Naïve (CD4+CD45RO−) T cells were isolated by depletion of CD45RO+ cells from
CD4+ T cells using anti-CD45RO mAb (eBiosciences) and pan-mouse IgG beads (Dynal).
Memory (CD4+CD45RA−) T cells were isolated by depletion of CD45RA+ cells from CD4+

T cells using anti-CD45RA mAb (eBiosciences) and pan-mouse IgG beads. EM cells were
prepared by depleting memory cells with anti-CCR7 mAb (R&D Systems) and pan-mouse IgG
beads. Alternatively, CD4+CD45RA− T cells were stained with FITC-conjugated anti-CCR7,
and CCR7high and CCR7low cells were isolated by FACS to obtain EM and CM CD4+ T cells,
respectively. T cells were cultured in RPMI 1640 medium supplemented with 10% fetal bovine
serum, 2 mM glutamine, penicillin/streptomycin, and nonessential amino acids overnight prior
to assays. For pharmacological inhibitor studies, EM CD4+ T cells were treated with 20 μM
Ly294002 30 min, 100 ng/ml pertussis toxin overnight, or 100 ng/ml cholera toxin one hour
prior to transmigration assays.

TEM assays
CIITA HUVEC, FcγRII HDMEC, CIITA HDMEC and adhesion molecule co-transductants,
grown to confluence on 35 mm fibronectin-coated coverglasses, were incubated with 3 μg/ml
OKT3 mAb (eBioscience) (for FcγRII transductants) or 100 ng/ml TSST-1 (Toxin
Technologies) (for CIITA transductants) 30 minutes prior to the flow assay, washed twice with
RPMI/10% FBS, overlaid or not with chemokine (3 μg/ml IP-10, R&D Systems) in RPMI/
10% FBS for 5 minutes, washed two more times, and assembled with a parallel plate flow
chamber apparatus (Glycotech) using the 0.01 inch height, 5 mm wide slit gasket provided by
the manufacturer. On a 37°C heating surface, CD4+ CD45RO− (naïve),
CD4+CD45RA−CCR7high (CM) or CD4+CD45RA−CCR7low (EM) T cells (106 cells/500 μl)
suspended in the same medium were loaded onto the EC monolayer at 0.75 dyne/cm2 for 2
minutes, followed by medium only at 0 or 1 dyne/cm2 for 5, 15, 30, 45 or 60 minutes. Samples
were then fixed with 3.7% formaldehyde in PBS, stained with antibodies as appropriate [anti-
Vβ2 mAb (Immunotech) followed by Alexafluor 594-or 488-conjugated donkey anti-mouse
IgG (Molecular Probes); FITC-conjugated anti CD3 (Immunotech); anti-NFAT-1 mAb (BD
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Bioscences) or anti-CD31 mAb (DAKO) pre-complexed with Alexafluor 488- or 647-
conjugated anti-mouse IgG Fab (Molecular Probes); goat anti-VE-cadherin followed by
Alexafluor 647-conjugated chicken anti-goat IgG], mounted on slides using mounting medium
containing DAPI (Molecular Probes), and examined by microscopy. A FITC filter was used
to detect FITC or Alexafluor 488-stained cells, a TRITC filter was used to detect Alexafluor
594-stained cells, a Cy5 filter was used to detect Alexafluor-647-stained cells, and a DAPI
filter used to detect nuclei. Phase contrast optics were used to determine whether CD4+ T cells
were either on top or underneath the HUVEC monolayer. The percentage of transmigrated
CD4+ T cells and cells with a transendothelial protrusion were counted per group of 20; five
to ten groups were analyzed for each sample.

For time lapse experiments, pictures were taken once a minute using a 10× objective and TRITC
filter of a field containing 0.14 μM PKH26 (Sigma) labeled EM CD4+ T cells on FcγRII
HDMEC preloaded with control IgG or OKT3, in the flow chamber. At the end (60 min),
samples were fixed and mounted in DAPI-containing medium on a cover slide, the field that
was captured localized, and Z-stack images were captured with a 63× objective and
deconvoluted (Openlab).

Statistics
For experiments in which more than two groups were compared, statistical significance was
determined by one-way ANOVA using a 95% confidence interval and the Tukey post-test
(Prism 4.0 for Macintosh). Statistical error is expressed as s.e.m. For experiments in which
two groups were compared, a t-test was used.

Results
We recently reported that recognition of TSST-1 bound to HLA-DR, expressed by CIITA-
transduced HUVEC pretreated with TNF to induce adhesion molecules, prevented rapid (15
min) shear-stress-dependent transendothelial migration (TEM) of Vβ2TCR+ effector memory
(EM) CD4+ T cells in response to IP-10 without affecting IP-10-dependent TEM of Vβ2TCR-
EM CD4+ T cells in the same chamber (17). The inhibition of the response to IP-10 was still
evident at 60 min, but we noted that, in increasing numbers, Vβ2TCR+ cells underwent a
morphological change during this time interval. While Vβ2TCR- cells, whether on the EC
surface, transmigrating across the EC monolayer, or spread out beneath the EC, typically lay
flat with a spread out nucleus that occupied most of the intracellular area, an increasing number
of Vβ2TCR+ cells rounded up on the EC surface and extended a nuclear-free protrusion (Figure
1). In deconvoluted Z-stack images, these protrusions are seen to extend across the HUVEC
monolayer and for this reason we refer to these structures as transendothelial protrusions
(TEPs). Furthermore, TEPs are only formed by EM as opposed to central memory (CM) and
naïve CD4+ T cells and their formation is dependent on the application of venular levels of
shear stress (Figure 1C).

We hypothesized that the extension of a TEP is the first step in chemokine-independent, TCR-
initiated TEM. However, little if any TEM by TCR-activated EM CD4+ T cells is observed
across HUVEC monolayers (17). As noted in the introduction, large vessel EC, like HUVEC,
may be less capable than microvascular EC to support TEM. We therefore transduced cultured
HDMEC with FcRγII or CIITA to examine the formation of TEP and stimulation of TEM with
this EC type. TNF-treated HDMEC, compared to HUVEC, show increased spontaneous
(exogenous chemokine-independent) TEM of EM CD4+ T cells under conditions of shear
stress, but still showed a further increment in response to exogenous IP-10. Both the
spontaneous and the IP-10-induced increase in TEM is inhibited by TSST-1 in Vβ2TCR+ but
not Vβ2TCR- CD4+ EM T cells (Figure 2A). In contrast to the HUVEC model, the TEM of
Vβ2TCR+ cells across HDMEC monolayers increases over time, with approximately 50 % of
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Vβ2TCR+ cells transmigrating after 60 minutes (Figure 2A). As in our CIITA HUVEC model,
only Vβ2TCR+ cells responding to TSST-1 presented by CIITA HDMEC form TEPs. Without
exception, we have observed that TEPs form only in T cells attached near inter-EC junctions,
as detected by VE-cadherin, DAPI and Vβ2TCR three color staining (Figure 2B). On HDMEC
but not HUVEC monolayers, some of the T cell nuclei are observed within the TEP, and
analysis of these images by deconvolution reveal that such T cells appear to be in the process
of moving their cell body across the EC monolayer, either close to or through the inter-EC
junctions (Figure 2B). On HDMEC, TCR-dependent TEP formation of EM CD4+ T cells is
enhanced by shear stress, although some TEPs do form in the absence of flow (Figure 2C). As
with HUVEC, NFAT translocation to the nuclei of Vβ2TCR+, but not Vβ2TCR-, EM CD4+
T cells is seen by 15’ (not shown), and is still evident in almost every cell stimulated by TSST-1
(77/78 for Vβ2TCR+, 3/79 for Vβ2TCR-) at 60’, even in Vβ2TCR+ EM CD4 cells that had
transmigrated as well as those with a TEP (Figure 2D), suggesting that these T cells that undergo
TEM in response to TCR signaling initiate a transcriptional program different from those T
cells that transmigrate without engaging their TCR e.g., in response to IP-10.

To confirm that this phenomenon was not confined to superantigen-delivered TCR signal, we
also analyzed these parameters in HDMECs presenting TCR-activating antibody on the cell
surface, i.e., on FcγRII-transduced HDMEC pre-loaded with the TCR activating mAb OKT3.
TEM of TCR-engaged EM CD4+ cells occurs even faster with FcγRII-transduced HDMEC
pre-loaded with the TCR activating mAb OKT3, with approximately 50% and 70%
transmigrating after 30 and 60 minutes, respectively (P<0.001 for all comparisons, Figure 3A).
Despite the kinetic differences, the similarity in the response in the two systems supports the
hypothesis that TCR-mediated signals are responsible both for TEP formation and for TCR-
mediated TEM of EM CD4+ T cells. Time lapse imaging of EM CD4+ T cells on FcγRII-
transduced HDMEC pre-loaded with the TCR activating mAb OKT3 confirmed that TEP
formation precedes TEM by the same T cells (Figure 3B).

Since TEP formation and delayed TEM is TCR-driven, we investigated whether EC co-
stimulatory molecules important for memory T cell activation, namely 41BBL, ICOSL,
OX40L, and LFA-3, may contribute to this process by using blocking antibodies (7). No
significant inhibitory effect is seen, either with individual antibodies or all four combined (data
not shown).

To define the role of EC adhesion molecules in the processes of TEP formation and TCR-
dependent TEM of EM CD4 cells, we measured these parameters using HDMEC co-transduced
to express CIITA and either E-selectin, ICAM-1, VCAM-1, or all three (EIV), pre-loaded with
TSST-1, and either overlaid or not with IP-10. TEM significantly increases between 15 and 60
minutes for Vβ2TCR+ cells on EIV, ICAM-1 and VCAM-1 transductants (P<0.001 in each
case); ICAM-1 is more effective at supporting TEM of Vβ2TCR+ cells than either E-selectin
or VCAM-1, which is reflected in the earlier appearance of TEPs on ICAM-1 transductants
(Figure 4B, C). We also assessed the cells that were not TCR-engaged, i.e., the Vβ2TCR- cells.
ICAM-1 and VCAM-1, but not E-selectin, supports rapid IP-10-dependent TEM (Figure 4C).
Blocking antibodies to ICAM-1, but not E-selectin or VCAM-1, inhibited TCR-driven TEP
formation and TEM on TNF-treated EC, but did not affect chemokine-driven TEM (Figure 6),
suggesting that ICAM-1 is specifically required for TCR-driven TEP formation and TEM, but
is redundant with VCAM-1 for chemokine-driven TEM of EM CD4+ T cells.

Chemokine-driven TEM of T cells across HUVEC has been shown to be dependent on
heterotrimeric G protein (of the Gαi class, blocked by pertussis toxin), but independent of PI-3
kinase (blocked by LY294002) signals (19). We investigated whether these agents would affect
TCR-dependent TEM. Pertussis toxin inhibits rapid TEM of EM CD4+ T cells across HDMEC,
whereas Ly294002 has no effect. Pertussis toxin also blocks both TCR-dependent TEP
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formation and TEM whereas LY294002 does not (Figure 5). The inhibitory effect of pertussis
toxin is not mimicked by cholera toxin (data not shown), a control experiment to rule out an
indirect inhibitory effect due to elevation of cAMP levels, a common effect of both toxins.
These results suggest that the process of TCR-driven TEM also involves a Gαi signaling
pathway.

One attractive candidate EC ligand/EM CD4+ T cell counter-ligand interaction that may
involve GαI signaling is fractalkine (CX3CL1)/fractalkine receptor (CX3CR1). Fractalkine is
a unique chemokine possessing a long mucin stalk and a transmembrane region that serves as
both an activator and adhesion molecule for leukocytes (25). To investigate the role of
fractalkine in TCR-dependent TEP formation and TEM, we used fractalkine blocking antibody
in our CIITA HDMEC model. The number of TEPs increased over time while the number of
TCR-driven transmigrated cells was inhibited, indicating that fractalkine antibody blocks TCR-
driven TEM at a point after TEP formation (Figure 6).

Discussion
We have described the formation of TEPs, novel cell morphological structures restricted to
EM CD4+ T cells interacting with antigen presenting ECs whose formation are augmented
under conditions of blood flow. The HDMEC model indicates that this structure is, in fact,
formed as the first step in antigen-specific TEM of EM CD4+ T cells across microvascular
ECs. TEPs clearly differ from lamellipods, pseudopods, and even the very recently described
invasive podosome of activated human lymphocytes undergoing transcellular diapedesis
(23). The distinctions with this latter structure are worth noting. First, invasive podosomes (IP)
are confined to T cells undergoing transcellular (through the EC), as opposed to paracellular
(around the EC; between ECs) diapedesis, whereas TEPs appear to extend through EC
junctions. Second, TEP formation depends on TCR signals whereas IP are formed in response
to chemokines. Third, TEPs are formed by EM freshly isolated from peripheral blood whereas
IP are only formed by activated human T cells cultured for several days with IL-2. Fourth,
TEM associated with IP formation occur with the same kinetics as TEM without IP whereas
antigen-dependent TEP formation and eventual TEM is somewhat delayed in comparison to
rapid chemokine-driven TEM. Fifth, to initiate transcellular IP, T cells must be spread out over
the EC surface, forming so-called podoprints that precede the large pore; TEP formation is
preceded by cells rounding up into a compact ball on the EC surface, at cellular junctions.
Finally, IP formation is unaffected by shear stress, in contrast to TEP formation, which is
augmented by it.

NFAT translocation to the nuclei of antigen-specific Vβ2TCR+ EM CD4 cells that had
transmigrated suggests that these T cells may initiate a transcriptional program different from
those T cells that transmigrate without engaging their TCR. This has important implications
in that TCR-activated CD4+ EM T cells could produce cytokines, e.g., IFN-γ and TNF, which
would induce inflammatory activation of the EC and thereby upregulate adhesion molecules
and chemokines on the EC (26). In other words, early TCR-dependent recruitment of EM CD4
+ T cells could trigger subsequent TCR-independent recruitment of additional EM CD4+ T
cells. This may be relevant to the eventual outcome of an immune response as recent data from
our laboratory has shown that so-called bystander T cells, which have not received a TCR
signal, and have likely been recruited by chemokines such as IP-10, may enhance the response
of antigen-activated T cells through release of low levels of NO (27). In contrast to bystander
T cells, TCR activated T cells suppress iNOS expression, allowing these cells to avoid
inhibition evident at higher levels of NO. These in vivo experiments, like our in vitro model,
support the idea that chemokines and TCR signals produce distinct patterns of gene expression
in infiltrating T cells.
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Analysis of the roles of EC adhesion molecules, both by transduction with E-selectin, ICAM-1,
VCAM-1, or all three, and by blocking antibodies, indicates that ICAM-1 plays a nonredundant
role in TCR-driven TEP formation and TEM, but can be substituted by other adhesion
molecules (probably VCAM-1, as we previously showed for transmigration across HUVEC
monolayers) in inflammatory chemokine-dependent TEM. The key point is that TCR-driven
TEM uses different EC molecules than does IP-10- driven TEM. A second important difference
involves the requirement for fractalkine, which also may serve as an adhesion molecule in
addition to its role as a chemokine (28-30).

Blocking antibodies to the EC costimulatory molecules 41BBL, ICOSL, OX40L, and LFA-3
failed to affect the TCR-mediated block of rapid TEM in response to IP-10 on HUVEC (17),
as well as TEP formation and TEM of EM CD4+ T cells on HDMEC. These molecules have
been shown to affect cytokine production and proliferation (7), implying that TCR signals in
TEP may be co-stimulator-independent. However, fractalkine has been shown to be a co-
stimulatory molecule for CX3CR1+ CD4+ T cell activation by non-professional APCs (31),
and here we show that fractalkine contributes to TCR-dependent TEM of EM CD4+ T cells.

A role for fractalkine in TCR-dependent TEM of EM CD4+ T cells is consistent with several
additional observations. First, CX3CR1 is expressed on EM, but not CM or naïve CD4+ T
cells, which may partly explain why only this subtype under goes TCR-driven TEM (28,32,
33). Interestingly, monocytes present a similar scenario, in which a small subset (5−10%),
namely CD16+, express CX3CR1 and respond to fractalkine (34). Second, TNF induces more
fractalkine in microvascular EC as compared to macrovascular EC (HUVEC), which may
underlie the differences between TCR-driven TEM on HDMEC and HUVEC (22). Our
findings also suggest that fractalkine can initiate responses of EM CD4+ T cells not induced
by other (soluble) chemokines present on the EC surface and that fractalkine responses, unlike
those initiated by other chemokines, are not sensitive to inhibition by TCR signals. The basis
for this difference is unclear. The PTX-inhibited step in both types of TEM is likely to be
downstream of chemokine receptors since these molecules are known to signal via PTX-
sensitive trimeric G proteins that utilize Gαi. The absence of an effect of a PI-3 kinase inhibitor
distinguishes this process from that recently described for mouse T cells (35). Further analysis
of the signaling events that distinguish TCR-driven from IP-10 driven TEM is a promising
future direction for research. Defining the molecular underpinnings regulating antigen-specific
TEP formation and delayed TEM of EM CD4+ T cells may identify unique therapeutic targets
for T cell-mediated inflammatory reactions such as acute allograft rejection.
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Figure 1.
TCR engagement induces transendothelial protrusions in effector memory CD4+ T cells on
cultured HUVEC. A. Phase contrast (PC), nuclear staining with DAPI, and
immunofluorescence staining of Vβ2TCR+ (upper and middle panels) and Vβ2TCR- EM CD4
+ T cell captured by a TNF-treated CIITA-transduced HUVEC monolayer preloaded with
TSST-1under conditions of venular flow. Upper and lower panels taken with a 40× objective.
Middle panels show deconvoluted images of a series of 1 μm Z-stack of pictures taken with a
63× objective of Vβ2TCR staining. Note that the TEP extends through the HUVEC monolayer.
Lower panels show a Vβ2TCR- cell. Note the spread morphology and close proximity of the
nucleus to the leading edge. B. Left graph: Flow TEM assay was performed with EM CD4+
cells for 30 and 60 minutes at 1 dyne/cm2 on TNF-treated CIITA HUVECs preloaded with
TSST-1, fixed, and stained for Vβ2TCR and CD3 (to detect protrusions in Vβ2TCR- cells).
Mean and s.e.m. of the number of cells showing a TEP in 5 sets of 20 cells. P<0.01 for
comparison of Vβ2TCR– vs Vβ2TCR+ at 60’. One representative experiment of three is shown.
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Right graph: Flow TEM assay was performed with EM CD4+ cells for 60 minutes at 1 dyne/
cm2 on TNF-treated CIITA HUVECs preloaded or not with TSST-1, fixed and stained for
Vβ2TCR. Mean and s.e.m. of the number of cells showing a TEP in ten sets of 20 cells.
P<0.0001. C. CD4+ cells were depleted of CD45RO+ positive cells (naïve) or depleted of
CD45RA+ cells and then stained with CCR7-FITC and FACS-sorted for CCR7 high (central
memory, CM) and CCR7 low (EM) and used in a one hour flow TEM assay or static TEM
assay with TNF-treated CIITA HUVECs preloaded with TSST-1 and stained for Vβ2TCR.
Mean and s.e.m. of number of Vβ2TCR+ cells showing a TEP in 10 sets of 20 cells. P<0.001
for comparison of EM, flow versus all other groups; P>0.05 for all other comparisons.
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Figure 2.
TCR-dependent TEP formation and TEM of EM CD4+ cells on cultured HDMEC. A. CIITA/
TSST-1 HDMEC model. EM CD4+ T cell on TNF-treated CIITA HDMECs preloaded with
TSST-1, overlaid or not with IP-10, and subjected to 15, 30, or 60 minutes flow. Left panel:
mean and s.e.m. of Vβ2TCR+ cells with a TEP. No significant increase is observed between
15’ and 60’ and no effect of IP-10 is noted. Right panel: mean and s.e.m. of transmigrated cells.
P<0.05 between Vβ2TCR- cells, with and without IP-10. P<0.001 between Vβ2TCR- and
Vβ2TCR+ cells at 15’. P<0.001 between Vβ2TCR+ cells at 15’ compared to 60”. Note that
there is a significant level of spontaneous TEM across HDMEC monolayers that is augmented
by IP-10 and that TCR signals inhibit both spontaneous and IP-10-dependent TEM at 15’.
However, TCR-stimulated cells do undergo TEM by 60’. B. TEP formation and TEM occurs
at or near EC cell junctions. EM CD4+ cells on TNF-treated CIITA HDMECs preloaded with
TSST-1 after 30 minutes flow, fixed and stained for Vβ2TCR (green), VE-cadherin (red), and
DAPI (blue). Upper panels taken with a 40X objective show phase contrast and merged
fluorescent staining; the top right panel is an enlarged view of the Vβ2TCR+ cell with a TEP.
Lower panels show deconvoluted images (layer 8 and 20) from a series of 0.2 μm Z-stack of
pictures taken with a 63X objective of Vβ2TCR staining (green) and DAPI (white) and merge
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of Vβ2TCR, DAPI, and VE-cadherin (red). Note that the TEP and DNA in the TEP are in focus
coincident with HDMEC nuclei, but out of focus on the apical surface where the T cell body
still resides. C. Shear stress augments TEP formation. EM CD4+ T cells were used in TEM
assay for 15 or 30 minutes at 0 (static) or 1 dyne/cm2 (flow) on TNF-treated CIITA HDMEC
pre-loaded or not with TSST-1. Numbers above brackets indicate p values between groups. D.
Sustained NFAT nuclear translocation in transmigrated antigen-specific EM CD4+ T cells.
EM CD4+ T cells on TNF-treated CIITA HDMEC preloaded with TSST-1 were fixed and
stained for Vβ2TCR (blue), NFAT1 (green), and nuclei (DAPI, red) after 60’ flow. Arrow
indicates a Vβ2TCR+ cell with a TEP and NFAT in the nucleus next to a Vβ2TCR- cell with
NFAT excluded from the nucleus. Other transmigrated Vβ2TCR+ cells with NFAT nuclear
colocalization, in contrast to the transmigrated Vβ2TCR- cells, are also evident, for example,
in the upper portion. In 10 separate fields examined, NFAT translocation to the nucleus was
observed in 77/78 and 3/79 of Vβ2TCR+ and Vβ2TCR- cells, respectively.
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Figure 3.
Photomicroscopic analyses of TCR formation and TEM in the FcγRII HDMEC/OKT3 model.
A. Quantification of TEP formation and TEM of EM CD4+ cells at the indicated times under
venous flow conditions on TNF-treated, FcγRII HDMEC preloaded with OKT3 mAb. Samples
were fixed and stained with anti-CD3-FITC and DAPI and analyzed as described in Materials
and Methods. Mean and s.e.m. of % of cells with a TEP and % TEM (left and right graph,
respectively) from 10 groups of 20 cells each. P<0.001 for comparison of all TEM groups. B.
Time lapse fluorescence and fluorescence deconvolution photomicroscopic analysis of TEP
formation. PKH26-labeled EM CD4+ T cells on FcγRII HDMEC preloaded with OKT3 mAb,
under flow.
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Pictures were taken once every minute using a 10× objective and TRITC filter (upper panels).
Shown are pictures corresponding to 6−45 minutes presented from left to right in each row.
At the end of the flow assay, the sample was mounted on a slide in DAPI-containing mounting
medium, and a series of Z-stack images were taken using a 63× objective and a DAPI filter at
0.3 μm intervals and deconvoluted. Lower panel shows two slices, 13 slices apart, from the
deconvoluted images. The arrow points to the cell that had formed a TEP in the upper panels.
Note that the EC nuclei and the nucleus of the T cell exhibiting a TEP are in the same plane
of focus, whereas the nucleus of the other T cell in the same field that had not formed a TEP
remains in a different plane, corresponding to the apical surface of the EC, as determined by
phase contrast optics (not shown).
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Figure 4.
TEM and TEP formation in flow assays using TSST-1 preloaded CIITA HDMECs co-
transduced with E-selectin, ICAM-1, VCAM-1, or all three (EIV). A. FACS analysis of
transductants. B. % of Vβ2TCR+ cells (Vβ2+, IP10, 15 and 60’) with a TEP. C. % TEM of
EM CD4+ cells used in 15’ and 60’ flow assay with CIITA co-transductants preloaded with
TSST-1 and overlaid or not with IP-10, fixed and stained for Vβ2TCR and nuclei (DAPI). Left
graph shows Vβ2TCR- cells with or without IP-10 at 15 minutes. Right graph shows Vβ2TCR
+ cells (with IP-10) at 15 and 60 minutes. Mean and s.e.m. from data combined from two
separate experiments are shown. P<0.001 between 15 and 60 minutes for Vβ2TCR+ cells on
EIV, ICAM-1 and VCAM-1 transductants.
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Figure 5.
Analysis of signals that contribute to antigen-driven TEM. A. Antigen-driven TEM is pertussis
toxin sensitive. EM CD4+ T cells were treated with vehicle, LY294002 (LY), or pertussis toxin
(ptx) prior to flow assays on TNF-treated CIITA HDMEC preloaded with TSST-1. Shown are
the mean and s.e.m. of % TEM (left graph; P<0.001 for comparison of Vβ2TCR- cells ptx, 15’
compared to vehicle and LY 15’; P<0.001 for comparison of Vβ2TCR+ cells ptx, 60’ compared
to vehicle and LY 60’) and % TEP of Vβ2TCR+ cells (right graph; P<0.001 for comparison
of vehicle to ptx at 15’; P<0.05 for comparison of vehicle to ptx at 60’; P>0.05 for comparisons
of vehicle vs LY at both 15’ and 60’).
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Figure 6.
Both anti-ICAM-1 and anti-fractalkine antibodies block TCR-driven TEM, but only anti-
ICAM-1 antibody blocks TEP formation. EM CD4+ T cells used in TEM assay on TNF-treated
CIITA HDMEC preloaded with TSST-1 and incubated with IgG, anti-E-selectin, anti-ICAM-1,
anti-VCAM-1 or anti-fractalkine blocking antibody. Shown are the mean and s.e.m. of % TEM
(left graph; P<0.001 (**) between Vβ2TCR+ cells at 60’ on HDMEC treated with IgG or with
anti-ICAM-1 or anti-fraktalkine Ab) and % TEP of Vβ2TCR+ cells (right graph; P<0.05 (*)
between cells at 60’ on HDMEC treated or not with anti-ICAM-1 or anti-fractalkine Ab).
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