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ABSTRACT
BTLA, a recently cloned coreceptor expressed on lym-
phocytes, negatively regulates cell activation by re-
cruiting SHP-1/SHP-2. However, the mechanisms that
regulate the intracellular localization of BTLA and its
trafficking to the cell surface in T cells are still unknown.
To determine the mechanisms that regulate the ex-
pression of BTLA on the surface of T cells, we exam-
ined the subcellular localization of BTLA in mouse T
cells in a steady state, as well as upon activation by us-
ing a confocal laser-scanning microscopy. We found
that BTLA was localized mainly in the Golgi apparatus
and secretory lysosomes in resting CD4� T cells. We
also found that intracellular BTLA was translocated to
the cell surface and accumulated at the immunological
synapse upon TCR stimulation. Furthermore, we found
that the BTLA-HVEM interaction was required for the
association of BTLA with lipid rafts. These results indi-
cate that the surface expression of BTLA and its accu-
mulation at the immunological synapse are tightly regu-
lated by TCR and HVEM stimulation to deliver efficient
inhibitory signals in the regulation of CD4� T cell
activation. J. Leukoc. Biol. 87: 425–432; 2010.

Introduction
T cell activation is regulated positively and negatively by stimu-
latory and inhibitory receptors to maintain immunological ho-

meostasis. The CTLA-4�B7-1/B7-2 (CD80/CD86) pathway is
the best-characterized inhibitory pathway for the maintenance
of T cell homeostasis and peripheral tolerance [1–3]. Another
inhibitory pathway involves PD-1, which interacts with PD-L1
(B7-H1) and PD-L2 (B7-DC) and induces and maintains pe-
ripheral tolerance [1, 3, 4]. We have identified a third coin-
hibitory molecule, BTLA, which is a lymphoid-specific cell-sur-
face molecule with similarities to CTLA-4 [5]. BTLA interacts
with HVEM, a costimulatory TNFR family protein, and the
binding of HVEM to BTLA attenuates T cell activation [6–9].
As these coinhibitory molecules inhibit proliferation and cyto-
kine production of T cells in vitro and in vivo, they are
thought to play important roles in regulating immune re-
sponses.

The surface expression of coinhibitory molecules such as
CTLA-4 is strictly regulated to serve as an efficient negative-
feedback mechanism for down-regulating T cell activation.
CTLA-4 is retained intracellularly in resting T cells and is ex-
pressed on the surface of T cells upon activation [10]. Intra-
cellular CTLA-4 is found predominantly in the Golgi apparatus
[11, 12] and vesicles [13, 14] in resting T cells, and CTLA-4
is internalized continuously from the cell surface unless T cells
are activated [10, 13, 15]. Upon T cell activation, CTLA-4 is
exported rapidly to the cell surface, recruited to lipid rafts
[16–18], and concentrated at the immunological synapse [17,
19, 20]. As a result of the recruitment to the immunological
synapse, CTLA-4 transduces inhibitory signals to T cells in the
proximity of TCR.

BTLA is expressed on B cells, T cells, and dendritic cells in
all strains of mice, whereas its expression on CD11b� macro-
phages and NK cells is limited to C57BL/6 mice [21]. Analyses
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using mAb against BTLA reveal that BTLA is expressed in thy-
mocytes during positive selection [22] and that in the periph-
eral CD4� T cells, its expression is low in naı̈ve CD4� T cells,
transiently up-regulated in activated CD4� T cells, and sus-
tained on differentiated Th1 cells but not on differentiated
Th2 cells [5, 21, 22]. Moreover, it has been demonstrated re-
cently that BTLA is highly expressed in follicular B helper T
cells [23].

BTLA contains two ITIM sequences in the intracellular do-
main [5]. Co-cross-linking of TCR and BTLA induces tyrosine
phosphorylation of ITIM sequences, SHP-1/SHP-2 association,
attenuation of IL-2 production, and proliferation of T cells [5,
22, 24]. Interestingly, the surface expression of full-length
BTLA on T cells is much lower than that of BTLA without the
cytoplasmic domain (tail-less BTLA) [5]. This suggests that the
expression levels of BTLA on the surface of T cells are strictly
regulated to exert its inhibitory function. However, the mecha-
nisms that regulate the intracellular localization of BTLA in T
cells, its trafficking to the cell surface, and the distribution in
the plasma membrane upon activation are still unknown.

We therefore attempted to identify the intracellular localiza-
tion of BTLA in resting T cells and also investigate the traffick-
ing of BTLA to the cell surface and the formation of immuno-
logical synapse upon T cell activation. We found that BTLA
was localized mainly in the Golgi apparatus and secretory lyso-
somes in resting T cells. We also found that intracellular BTLA
was translocated to the cell surface and accumulated at the
immunological synapse upon TCR stimulation. Furthermore,
we found that although a small portion of BTLA was distrib-
uted in lipid rafts in resting T cells, BTLA accumulated in
lipid rafts upon TCR and HVEM stimulation. Our results indi-
cate that the surface expression of BTLA and its accumulation
at the immunological synapse are tightly regulated by TCR
and HVEM stimulation to deliver an efficient inhibitory signal
during T cell activation.

MATERIALS AND METHODS

Plasmids
BTLA-GFP RV was generated by PCR as follows. First, the open-reading
frame of murine BTLA with 3� overhang homologous to the N-terminal
portion of GFP was amplified by primers “J10-RV1-Bgl2” (5�-AGCTCTGAA-
GATCTCTAGGGAGGAAG-3�) and “3�-J10�10” (5�-CCTTGCTCACACT-
TCTCACACAAATGGATGC-3�). Second, the open-reading frame of GFP
with 5� overhang homologous to the C-terminal portion of BTLA was am-
plified from internal ribosomal entry site-GFP RV [25] by primers “5�-
GFP�10” (5�-TGTGAGAAGTGTGAGCAAGGGCGAGGAGC-3�) and “3�-
GFP�Sal1” (5�-ACGCGTCGACTTACTTGTACAGCTCGTCCATG-3�). These
PCR products were annealed and then amplified using primers J10-RV1-
Bgl2 and 3�-GFP�Sal1. The PCR product was digested with BglII and SalI
and cloned at BglII and XhoI sites of the RV construct. The construction
was confirmed by DNA sequencing. Construction of N-terminal Myc3-
mBTLA-RV was described previously [5].

Cells
Mouse DO11.10 T cell hybridomas (DO11.10 T cells) [26] and A20 cells
were cultured in RPMI 1640 (Sigma Chemical Co., St. Louis, MO, USA),
supplemented with FBS (10%), penicillin (100 U/ml), streptomycin (100
mg/ml), and 2-ME (2 �M, Sigma Chemical Co.). To prepare a Th1 cell

line that lacks BTLA, BTLA�/� mice [5] were crossed with DO11.10 TCR-
transgenic mice (DO11.10 mice) [27], and then splenocytes from DO11.10
BTLA�/� mice were stimulated with antigenic peptide OVA323–339 (0.3
�M) in the presence of IL-12 (10 U/ml, PeproTech, Rocky Hill, NJ, USA)
and anti-IL-4 mAb (20 �g/ml, 11B11, BD PharMingen, San Diego, CA,
USA). After 7 days of culture, lymphocytes were harvested by lympholyte M
(Cedarlane, Ontario, Canada). DO11.10 BTLA�/� Th1 cells were stimu-
lated with OVA323–339 peptide presented by irradiated BALB/c spleno-
cytes in the presence of IL-12 and anti-IL-4 mAb every 2 weeks. DO11.10 T
cells and DO11.10 BTLA�/� Th1 cells were infected with RV of BTLA-GFP
RV or GFP RV and used for confocal microscopic analysis. DO11.10 T cells
infected with Myc3-mBTLA-RV [5] were used for the flow cytometric and
biochemical analysis. CHO cells expressing I-Ad or I-Ad and HVEM, a li-
gand for BTLA [7], were maintained in DMEM (Sigma Chemical Co.), sup-
plemented with FBS (10%), penicillin, streptomycin, and 2-ME.

Antibodies
Antibodies and staining reagents used in this study included the following.
Anti-calnexin polyclonal antibody was purchased from Stressgen Biotech-
nologies (Victoria, Canada). Anti-Golgi 58K protein mAb (clone 58K-9) was
purchased from Sigma Chemical Co. Cy3-conjugated goat anti-mouse IgG,
Cy3-conjugated goat anti-rabbit IgG, and Cy3-conjugated streptoavidin were
from Jackson ImmunoResearch (West Grove, PA, USA). Mouse anti-Myc
mAb (9E10), rabbit polyclonal anti-Myc antibody (A14), and biotin-conju-
gated anti-Myc mAb (9E10) were from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). Mouse IgG1 (15H6) was from Southern Biotechnology
Associates (Birmingham, AL, USA). Anti-CD4 (L3T4) mAb, biotin-conju-
gated anti-CD11a (LFA-1) antibody, biotin-conjugated mouse IgG1 (isotype
control), and allophycocyanin-conjugated streptavidin were from BD
PharMingen. Anti-BTLA mAb (6F7) was purchased from eBioscience (San
Diego, CA, USA). Alexa Flour 647-conjugated KJ1-26 mAb was from Caltag
Laboratories (Burlingame, CA, USA). Anti-LAT antibody was from Upstate
Biotechnology (Lake Placid, NY, USA). HRP-conjugated goat anti-rabbit
IgG antibody was from Amersham Biosciences (Uppsala, Sweden).

Quantification of surface expression of BTLA by flow
cytometry
DO11.10 T cells were infected with Myc3-mBTLA-RV. DO11.10 T cells ex-
pressing Myc-BTLA were stimulated with PMA (50 ng/ml, Sigma Chemical
Co.) and calcium ionophore A23187 (1 �M, Sigma Chemical Co.) at 37ºC
for indicated time periods. Where indicated, cells were preincubated with
CHX (10 �g/ml, Sigma Chemical Co.) for 1 h to prevent new protein
synthesis. Cells were stained with anti-Myc antibody for 45 min, followed
by staining with a secondary antibody for 45 min, and then analyzed by
FACSCalibur (Becton Dickinson, San Jose, CA, USA) using the
CellQuest Pro software.

Immunostaining and confocal laser-scanning
microscopy
Cells were cultured on poly-L-lysine-coated 12 mm round coverslips in 24-
well plates, fixed with 4% paraformaldehyde in PBS for 15 min at room
temperature, and permeabilized with 0.1% Triton-X 100 in PBS for 10 min.
Cells were incubated with anti-BTLA mAb (6F7) for 1 h at room tempera-
ture and visualized with a secondary antibody. For ER and Golgi apparatus
staining, cells were incubated with anti-calnexin polyclonal antibody and
anti-Golgi 58K protein mAb, respectively, for 1 h at room temperature and
visualized with secondary antibodies. For lysosome staining, cells were
stained with LysoTracker Red DND-99 (Molecular Probes, Eugene, OR,
USA), according to the manufacturer’s instruction. Coverslips were washed
and mounted onto slides with SlowFade antifade kit (Molecular Probes).
Images were obtained using a multi-track mode of a LSM5 Pascal confocal
laser-scanning microscope (Carl Zeiss, Jena, Germany).
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Conjugate formation assay
DO11.10 T cells and DO11.10 BTLA�/� Th1 cells were infected with
BTLA-GFP RV, and cells that express GFP were isolated by FACSAria (Bec-
ton Dickinson). DO11.10 T cells expressing BTLA-GFP or DO11.10
BTLA�/� Th1 cells expressing BTLA-GFP were mixed with OVA323–339-
pulsed A20 cells, centrifuged at 500 g for 1 min, and incubated for 15, 30,
or 60 min at 37ºC. Cells were adhered to poly-L-lysine-coated 12 mm round
coverslips in 24-well plates on ice and fixed with 500 �l 4% paraformalde-
hyde for 15 min at room temperature.

Isolation of lipid rafts by sucrose density gradient
centrifugation
HVEM (–) CHO cells and HVEM (�) CHO cells [7] were cultured in a
six-well plate and pulsed with OVA323–339 (5 �M) for 60 min. DO11.10 T
cells expressing Myc-BTLA were added to the wells coated with the HVEM
(–) or HVEM (�) CHO cells, centrifuged for 5 min at 500 g, and incu-
bated for 30 min at 37°C. DO11.10 T cells were harvested, washed once in
cold PBS, and lysed in 0.5 ml ice-cold MES-buffered saline [25 mM MES,
150 mM NaCl, 1% Triton X-100, 5 mM Na3VO4, 5 mM EDTA, 1 mM
PMSF, and protease inhibitor cocktail (Sigma Chemical Co.)]. Sucrose den-
sity gradient centrifugation was performed as described previously [28].

Endo H sensitivity assay
Lysates from DO11.10 T cells expressing Myc-BTLA were immunoprecipi-
tated with anti-Myc mAb (9E10). An aliquot of immumoprecipitated Myc-
BTLA was treated with or without Endo H (New England Biolabs, Ipswich,
MA, USA), according to the manufacturer’s instructions at 37°C for 60
min and then subjected to immunoblotting with rabbit anti-Myc antibody
(A-14). As controls, 10 �g RNase B (New England Biolabs), a well-known
endoglycosidase substrate, was treated with or without Endo H and was sub-
jected to SDS-PAGE.

Immunoprecipitation and immunoblotting
Immunoprecipitation and immunoblotting were performed as described
previously [5]. The intensity of the blot was measured by using NIH ImageJ
1.41. Data are shown as the percentages of the signal intensity of the raft
fractions.

Statistical analysis
Data are summarized as mean � sd. The statistical analysis of the results was
performed by the unpaired t-test. P values �0.05 were considered significant.

RESULTS

BTLA is localized mainly in the cytoplasm in resting
T cells
We first investigated the subcellular localization of BTLA in T
cells. DO11.10 T cell hybridomas (DO11.10 T cells) and Th1
cells derived from DO11.10 TCR-transgenic BTLA�/�mice
(DO11.10 BTLA�/� Th1 cells) were infected with the BTLA-
GFP RV, and then the subcellular localization of BTLA-GFP
was examined by confocal microscopy. Although BTLA was
thought to be a cell-surface receptor, BTLA-GFP was localized
mainly in the perinuclear region and vesicles in DO11.10 T
cells (Fig. 1A) as well as in DO11.10 BTLA�/� Th1 cells (Fig.
1B). To examine the subcellular localization of endogenously
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Figure 1. BTLA is localized in the Golgi apparatus and lysosomes in T
cells. (A and B) BTLA is localized mainly in the cytoplasm. DO11.10 T
cells (A) and Th1 cells derived from DO11.10 TCR-transgenic
BTLA�/� mice (DO11.10 BTLA�/� Th1 cells; B) were expressed with
BTLA-GFP fusion protein using RV, and the distribution of BTLA-GFP
fusion protein was analyzed by confocal microscopy. DIC images were
taken simultaneously and merged with the color fields. Shown are rep-
resentative images from five independent experiments. (C) Endoge-
nous BTLA is localized mainly in the cytoplasm. Th1 cells derived
from DO11.10 TCR-transgenic mice were fixed, permeabilized, stained
with anti-mouse BTLA mAb (6F7) and anti-CD4 mAb, and analyzed by
confocal microscopy. Shown are representative images from five inde-
pendent experiments. (D and E) BTLA is localized in the Golgi appa-
ratus and lysosomes. DO11.10 T cells expressing BTLA-GFP fusion
protein were stained with anti-Golgi 58K protein mAb (D) or Lyso-
Tracker (E) and analyzed by confocal microscopy. Yellow indicates the
overlay of red and green signals. Shown are representative images
from five independent experiments. (F) BTLA molecules in CD4� T
cells are resistant to Endo H. Lysates from DO11.10 T cells expressing
Myc-BTLA were immunoprecipitated with anti-Myc mAb (9E10). An
aliquot of immunoprecipitated Myc-BTLA was treated with or without
Endo H at 37°C for 60 min and subjected to immunoblotting. As con-
trols, RNase B was treated with or without Endo H and subjected to
SDS-PAGE.
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expressed BTLA, we stained DO11.10 Th1 cells with anti-
mouse BTLA antibody (6F7). As shown in Figure 1C, endoge-
nous BTLA was also localized in the perinuclear region and
vesicles.

BTLA is localized in the Golgi apparatus and
lysosomes in resting T cells
To identify the compartments where BTLA localizes in resting
T cells, we stained BTLA-GFP-expressing DO11.10 T cells with
markers for cytoplasmic organelles. As the perinuclear accu-
mulation of BTLA-GFP suggests that BTLA is localized in the
ER or Golgi apparatus, we stained the BTLA-GFP-expressing
DO11.10 T cells with anti-calnexin antibody as a marker for
ER and anti-Golgi 58K protein mAb as a marker for the Golgi
apparatus. A fraction of BTLA-GFP was localized in the ER,
presumably as a newly synthesized protein (data not shown),
but the majority of BTLA-GFP in the perinuclear region was
overlapped with the staining of anti-Golgi 58K protein mAb
(Fig. 1D). These results suggest that a large portion of the in-
tracellular BTLA localizes in the Golgi apparatus.

As the cytoplasmic region of BTLA contains two tyrosine-
containing sequences YXX� (an amino acid with a bulky hy-
drophobic side-chain such as leucine, isoleucine, phenylala-
nine, methionine, or valine) [5, 24] that can be recognized by
clathrin-associated adaptor complexes [29, 30], we speculated
that BTLA was transported to the endosomal and lysosomal com-
partments. We then stained BTLA-GFP-expressing DO11.10 T
cells with LysoTracker that accumulates in the lysosomal compart-
ment [31]. As shown in Figure 1E, vesicular BTLA-GFP colocal-
ized with LysoTracker staining.

To further address the compartments where BTLA localizes
in resting T cells by a biochemical approach, we examined the

sensitivity of BTLA molecules to Endo H, an enzyme that
cleaves immature glycoproteins not subjected to post-transla-
tional modification in the Golgi apparatus. As shown in Figure
1F, most of BTLA molecules in DO11.10 T cells were resistant
to Endo H treatment, whereas RNase B, a well-known Endo H
substrate, was cleaved by Endo H treatment. These data sug-
gest that BTLA is localized mainly in the Golgi apparatus and
lysosomes, and then the surface expression of BTLA is main-
tained at low levels in a steady state.

BTLA is translocated to the cell surface upon PMA
and calcium ionophore stimulation
To determine whether BTLA is translocated to the cell surface
upon activation, we investigated the expression levels of sur-
face BTLA on activated T cells by flow cytometry. We stimu-
lated DO11.10 T cells expressing Myc-BTLA with PMA and
calcium ionophore and examined the levels of surface BTLA
using anti-Myc antibody. As shown in Figure 2A, the expres-
sion levels of surface BTLA started to increase after stimula-
tion and kept increasing until 5 h after stimulation. The in-
crease of surface BTLA expression was still observed in Myc-
BTLA-expressing DO11.10 T cells that were pretreated with
CHX (Fig. 2B), suggesting that prestored BTLA but not newly
synthesized BTLA is involved in the increase of surface BTLA
expression. In addition, the increase of surface BTLA expres-
sion was prevented partly by monensin (data not shown), an
inhibitor of protein transport through the Golgi apparatus,
suggesting that the translocation from the Golgi apparatus par-
ticipates in the activation-induced increase of surface BTLA
expression. We also found that BTLA-GFP in the perinuclear
region was decreased gradually, but BTLA-GFP on the cell sur-
face was increased by PMA and calcium ionophore stimulation

BTLA-GFP DIC Overlay

0 h

1 h

4 h

2 h

CA

0 1 2 3 4 5 6

1.0

2.0

2.5

1.5

M
FI
/M
FI
(0
h)

Time after stimulation (h)

B

0 1 2 3 4 5 6

1.0

2.0

2.5

1.5

M
FI
/M
FI
(0
h)

Time after stimulation (h)

Figure 2. BTLA is translocated to the cell surface upon activation. (A) Up-regulation of cell-surface BTLA
by PMA and calcium ionophore stimulation. DO11.10 T cells expressing BTLA were stimulated
with PMA (50 ng/ml) and calcium ionophore (1 �M) for the indicated time periods and analyzed
by FACS using anti-Myc mAb. Data were shown as mean � sd of the ratio of MFI of anti-Myc
staining of stimulated DO11.10 T cells to that of prestimulated DO11.10 T cells [MFI/MFI (0 h)]; n � 5; *, P � 0.05. (B) Up-regulation of cell-
surface BTLA by PMA and calcium ionophore stimulation is independent of new protein synthesis. DO11.10 T cells expressing Myc-BTLA were
pretreated with CHX (10 �g/ml) for 1 h, stimulated with PMA and calcium ionophore for the indicated time periods, and analyzed by FACS.
Data were mean � sd of MFI/MFI (0 h); n � 5. (C) Translocation of BTLA to the cell surface by PMA and calcium ionophore stimulation.
DO11.10 T cells expressing BTLA-GFP were stimulated with PMA and calcium ionophore for the indicated time periods and analyzed by confo-
cal microscopy. Shown are representative images from five independent experiments.
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in DO11.10 T cells (Fig. 2C). Moreover, the number of the
intracellular vesicles containing BTLA-GFP was decreased at
4 h after stimulation (Fig. 2C). Taken together, these results
suggest that prestored BTLA is translocated from the Golgi
apparatus and other intracellular compartments such as secre-
tory lysosomes to the cell surface upon activation.

BTLA accumulates at the immunological synapse
upon TCR stimulation by APCs
We next analyzed the distribution of BTLA-GFP on the cell
surface of T cells upon TCR stimulation. DO11.10 T cells ex-
pressing BTLA-GFP were cocultured with OVA323–339-pulsed
APCs, and the distribution of BTLA-GFP was determined by
confocal microscopy. As we found that A20 cells express
HVEM, a ligand for BTLA [7, 8], by RT-PCR (data not
shown), we used A20 cells as I-Ad (�) HVEM (�) APCs in the
experiments. As shown in Figure 3A, BTLA-GFP was accumu-
lated at the interface between DO11.10 T cells and OVA323–
339-pulsed A20 cells at 30 min after incubation, and the accu-
mulation was sustained at least until 60 min. Without
OVA323–339 peptide, BTLA-GFP was not accumulated at the
interface between DO11.10 T cells and A20 cells (Fig. 3A),
suggesting that the signaling via TCR is required for the accu-
mulation of BTLA at the interface to APCs. Interestingly, the
accumulation of BTLA on the cell surface of DO11.10 T cells
is much faster with the stimulation with antigenic peptide pre-
sented by APCs (Fig. 3A) than with the stimulation with PMA
and calcium ionophore (Fig. 2C), suggesting that additional
signals provided by APCs may promote the rapid accumulation
of BTLA on the cell surface of DO11.10 T cells. As expected,
TCR (KJ1-26) as well as LFA-1 were accumulated at the inter-
face between DO11.10 T cells and OVA323–339-pulsed A20
cells (Fig. 3B), indicating that a typical immunological synapse
is formed at the interface. The colocalization of BTLA with
TCR and LFA-1 at the interface was also observed when
DO11.10 BTLA�/� Th1 cells expressing BTLA-GFP were stim-
ulated with OVA323–339-pulsed A20 cells (Fig. 3C). These re-
sults indicate that BTLA accumulates at the immunological
synapse upon TCR stimulation by antigen-pulsed HVEM (�)
APCs.

BTLA is enriched in lipid rafts by HVEM stimulation
As BTLA accumulates at the immunological synapse upon
TCR stimulation (Fig. 3), we next investigated whether BTLA
is enriched in lipid rafts. We examined first whether BTLA is
localized in lipid rafts in resting DO11.10 T cells. Cell lysates
of DO11.10 T cells expressing Myc-BTLA were subjected to
sucrose density gradient fractionation, and BTLA in each frac-
tion was immunoprecipitated with anti-Myc mAb and then de-
tected by immunoblotting with polyclonal anti-Myc antibody.
Each fraction was also subjected to immunoblotting with anti-
LAT antibody to identify the raft fractions [28]. As shown in
Figure 4A, a considerable amount of BTLA was detected in
raft fractions and non-raft fractions in resting DO11.10 T cells.
Densitometric analysis showed that 	30% of BTLA existed in
the raft fractions (Fractions 4 and 5, Fig. 4A).

We finally examined whether T cell activation induces the
accumulation of BTLA in the raft fractions and whether the

ligation of BTLA with its ligand HVEM is required for the ac-
cumulation of BTLA in the raft fractions. To achieve this pur-
pose, we used HVEM-expressing or nonexpressing OVA323–
339-pulsed I-Ad (�) CHO cells as APCs. When DO11.10 T
cells expressing Myc-BTLA were stimulated with OVA323–339-
pulsed HVEM (–) CHO cells, the distribution of BTLA in each
fraction was not affected significantly (Fig. 4B). In contrast,
when these cells were stimulated with OVA323–339-pulsed
HVEM (�) CHO cells for 30 min, most of BTLA was accumu-
lated in the raft fractions (Fig. 4C). Densitometric analysis
showed that 	90% of BTLA was accumulated in the raft frac-
tions after stimulation with OVA323–339-pulsed HVEM (�)
CHO cells, whereas only 30% of BTLA was distributed in raft
fractions after stimulation with OVA323–339-pulsed HVEM (–)
CHO cells (Fig. 4D). These results suggest that the ligation of
TCR with APCs is not sufficient, and the ligation of BTLA with
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Figure 3. BTLA accumulates at the interface between T cells and
APCs. (A) DO11.10 T cells expressing BTLA-GFP (cell in upper left of
each panel) were incubated with OVA323–339-pulsed [OVA (�)] or
unpulsed [OVA (–)] A20 cells (cell in lower right of each panel) for
the indicated time period. A20 cells were identified based on the lack
of BTLA-GFP. DIC images were taken simultaneously and merged with
the color fields. Shown are representative images from five indepen-
dent experiments. (B and C) Similar to A, DO11.10 T cells expressing
BTLA-GFP (B) or DO11.10 BTLA�/� Th1 cells expressing BTLA-GFP
(C) were incubated with OVA323–339-pulsed A20 cells for 30 min.
Cells were stained with anti-TCR antibody (KJ1-26) and anti-LFA-1 an-
tibody and analyzed by confocal microscopy. Shown are representative
images from five independent experiments.
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HVEM is required to enhance accumulation of BTLA in lipid
rafts.

DISCUSSION

In this study, we show that the surface expression of BTLA
and its accumulation at the immunological synapse are tightly
regulated by TCR and HVEM stimulation to provide its inhibi-
tory function in the regulation of T cell activation. We found
that BTLA was localized mainly in the Golgi apparatus and
secretory lysosomes in resting T cells (Fig. 1). We also found

that intracellular BTLA was translocated to the cell surface
and accumulated at the immunological synapse upon stimula-
tion by antigen-loaded APCs (Figs. 2 and 3). Furthermore, we
found that the BTLA-HVEM interaction was required for the
accumulation of BTLA in lipid rafts (Fig. 4). As co-cross-link-
ing of TCR and BTLA has been shown to result in the associa-
tion of BTLA with SHP-1 and SHP-2 [5, 22, 24], our results
indicate that BTLA accumulates at the immunological synapse
upon TCR and HVEM stimulation to deliver an efficient inhib-
itory co-signal in the proximity of TCR.

We show that BTLA is expressed weakly on the cell surface
but stored abundantly in the cytoplasm, mainly in the Golgi
apparatus and lysosomes, in resting CD4� T cells (Fig. 1,
C–E). In addition to analyses by confocal microscope, the
Endo H sensitivity assay indicates that most of BTLA molecules
have already been subjected to post-translational modifications
in the Golgi apparatus (Fig. 1F). This intracellular localization
of BTLA may be explained by AP complex-mediated traf-
ficking, as there are two potential AP-binding consensus se-
quences—YASL and YASI—in the cytoplasmic region of BTLA
[5]. AP complexes selectively recognize and bind directly to
the YXX� motif in the proteins to form clathrin-coated vesi-
cles and convey to their destination [30, 32, 33]. For example,
it has been demonstrated that CTLA-4 expressed on the cell
surface interacts with the AP-2 complex by its YVKM sequence
in the cytoplasmic region, resulting in rapid internalization
under resting conditions [14, 15, 34–36]. AP-1 also associates
with intracellular CTLA-4, which is found primarily in the
Golgi apparatus [11, 12, 37], and mediates shuttling between
the Golgi apparatus and lysosomes [12]. Therefore, AP-1
and/or AP-2 complexes may associate with YASL or YASI se-
quence of BTLA and then may regulate the intracellular local-
ization and surface expression of BTLA.

We found that BTLA also accumulated in lysosomes in
CD4� T cells. Recently, it has been reported that lysosomes
can function as conveyers to transport proteins to the cell sur-
face [38]. Most of hematopoietic cells such as lymphocytes,
mast cells, eosinophils, and basophils have secretory lysosomes
that contain not only secretory proteins, such as perforin,
granzyme A, and histamine, but also transmembrane proteins
[39], and the cells secrete these molecules to carry out their
specific effector functions. Secretory lysosomes in T cells are
known to contain CTLA-4 [14] and Fas ligand [40] and regu-
late the surface expression of these molecules. As the increase
of surface BTLA and the disappearance of vesicles containing
BTLA occur simultaneously (Fig. 2), it is suggested that sur-
face BTLA is up-regulated by exocytosis of secretory lysosomes
upon activation.

We show that BTLA accumulates at the immunological syn-
apse concurrently with its recruitment to lipid rafts by TCR
and HVEM stimulation (Figs. 3 and 4). An immunological syn-
apse is formed at the T cell-APC interface by the recognition
of peptide-MHC complexes by TCR [41–44]. In a mature im-
munological synapse, which is formed 5–30 min after an initial
cell contact, key ligands and receptors, such as the peptide-
MHC-TCR-CD3 complex and CD80/CD86-CD28/CTLA-4, con-
centrate to the central supramolecular activation cluster. Our
findings of the kinetics of BTLA accumulation to the T cell-
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Figure 4. BTLA associates with lipid rafts by HVEM stimulation.
(A) BTLA is localized in raft and non-raft fractions in resting T cells.
DO11.10 T cells expressing Myc-BTLA were lysed and fractionated by
sucrose density gradient centrifugation. Each fraction was immunopre-
cipitated (IP) with anti-Myc mAb (9E10) and immunoblotted with
anti-Myc antibody (A14). Each fraction was also blotted with anti-LAT
antibody to identify raft fractions. (B–D) The ligation of BTLA with
HVEM induces the accumulation of BTLA in lipid rafts. DO11.10 T
cells expressing Myc-BTLA were stimulated with OVA323–339-pulsed
I-Ad (�) HVEM (–) CHO cells (B) or I-Ad (�) HVEM (�) CHO cells
(C) for 30 min and then were harvested and analyzed as described in
A. Shown are representative blots (B and C) and mean � sd of the
percent density of BTLA in raft fractions (Fractions 4 and 5) by densi-
tometric analysis (D); n � 5.

430 Journal of Leukocyte Biology Volume 87, March 2010 www.jleukbio.org



APC interface are consistent with the kinetics of the formation
of a mature immunological synapse. Thus, as a result of the
recruitment to the immunological synapse, BTLA can effec-
tively transduce inhibitory signals to T cells in the proximity of
TCR.

It is known that lipid rafts containing various signaling mole-
cules, such as adaptors or kinases, accumulate in the immuno-
logical synapse by TCR signaling [44–47]. As ligation of BTLA
by anti-BTLA antibody does not induce phosphorylation of
BTLA effectively, but co-cross-linking of TCR and BTLA in-
duces its phosphorylation [5, 24], we speculate that BTLA ac-
cumulation at the immunological synapse, where lipid rafts are
aggregated, can induce phosphorylation of BTLA by kinases
that are activated by TCR stimulation, resulting in efficient
attenuation of TCR signals.

We also show that TCR signaling and the ligation of BTLA
with HVEM are required for the recruitment of BTLA to lipid
rafts (Fig. 4C). We found that the antigen-pulsed APCs that
lacked HVEM failed to induce the association of BTLA to lipid
rafts (Fig. 4B). In contrast, we found that the antigen-pulsed
APCs that expressed HVEM induced the association of BTLA
to lipid rafts (Fig. 4, C and D). Similarly, it has been shown
that CTLA-4 is recruited to the T cell-APC interface by binding
with CD80/CD86 [19, 20]. Therefore, it is suggested that the
ligation of TCR is not sufficient for the association of BTLA to
lipid rafts but that the binding of BTLA with HVEM and/or
signaling through BTLA are required for the recruitment of
BTLA to lipid rafts.

In conclusion, we have shown that the surface expression of
BTLA and its accumulation at the immunological synapse are
tightly regulated by TCR and HVEM stimulation. Our data
also give new insight to the molecular behavior of a new core-
ceptor BTLA in T cells and provide a clue to the understand-
ing of the function of BTLA.
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