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T cells receive costimulatory signals from antigen-presenting cells
(APCs) that can be positive and negative. During the initiation of
naive T cells, the primary positive costimulatory signal is mediated
through the receptor CD28, whereas signaling through CTLA-4 has a
negative effect on activation1. Both CD28 and CTLA-4 interact with
the same set of ligands, B7-1 (also known as CD80) and B7-2 (CD86),
expressed on APCs. Additional members of the CD28-B7 family have
been identified. A second activating receptor on T cells is inducible
costimulator (ICOS)2, and its ligand B7h3 (also known as B7RP-1 (ref.
4), GL50 (ref. 5), B7H2 (ref. 6) and LICOS7) is expressed on both lym-
phoid and nonlymphoid cells8,9. A second inhibitory receptor, PD-1
(refs. 10,11), binds to a pair of B7-related ligands PD-L1 (ref. 12), also
known as B7-H1 (ref. 13), and PD-L2 (ref. 14), also known as B7-DC
(ref. 15). B7-H3, another B7 homolog16,17, binds an unidentified
receptor on activated T cells.

Here we report the cloning and characterization of BTLA, an
inhibitory receptor expressed by T lymphocytes. BTLA is induced on
activation of naive T cells and is expressed by developing TH1 and TH2
cells. Expression of BTLA is subsequently lost on highly polarized TH2
cells but remains on TH1 cells. BTLA contains two cytoplasmic
immunoreceptor tyrosine-based inhibitory motifs (ITIMs) and
undergoes inducible tyrosine phosphorylation and association with
SHP-1 and SHP-2. We show that coligation of BTLA partially inhibits

CD3-induced secretion of IL-2 and that BTLA-deficient T cells have
increased proliferation to antigen presented by dendritic cells (DCs),
suggesting that BTLA exerts an inhibitory rather than activating influ-
ence on T cells. BTLA-deficient mice show a moderate increase in spe-
cific antibody response and an increased susceptibility to peptide
antigen–induced experimental autoimmune encephalomyelitis
(EAE), further suggesting an inhibitory role for BTLA. We also show
that BTLA is recognized by an orphan B7 homolog, B7x. Thus, BTLA
shares several structural and functional similarities with CTLA-4 and
PD-1, the other two inhibitory receptors expressed on T lymphocytes.

RESULTS
Expression of BTLA mRNA
In a previous screen using Affymetrix arrays18, we identified an
anonymous TH1-specific expressed sequence tag (EST). The full-
length complementary DNA of this EST, cloned from a murine
complementary DNA library (Fig. 1 and Supplementary Table 1
online), predicts a protein with a signal sequence, extracellular vari-
able (V)-like immunoglobulin (Ig) domain, transmembrane region
and intracellular domain of about 100 amino acids (Fig. 1a). By
homology searching, we identified a single human gene homolog
(Fig. 1a,b) with a similar domain structure. Notably, three tyrosine
residues in the cytoplasmic domain are contained in sequence
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During activation, T cells express receptors for receiving positive and negative costimulatory signals. Here we identify the B and T
lymphocyte attenuator (BTLA), an immunoglobulin domain–containing glycoprotein with two immunoreceptor tyrosine-based
inhibitory motifs. BTLA is not expressed by naive T cells, but it is induced during activation and remains expressed on T helper
type 1 (TH1) but not TH2 cells. Crosslinking BTLA with antigen receptors induces its tyrosine phosphorylation and association
with the Src homology domain 2 (SH2)-containing protein tyrosine phosphatases SHP-1 and SHP-2, and attenuates production
of interleukin 2 (IL-2). BTLA-deficient T cells show increased proliferation, and BTLA-deficient mice have increased specific
antibody responses and enhanced sensitivity to experimental autoimmune encephalomyelitis. B7x, a peripheral homolog of B7,
is a ligand of BTLA. Thus, BTLA is a third inhibitory receptor on T lymphocytes with similarities to cytotoxic T
lymphocyte–associated antigen 4 (CTLA-4) and programmed death 1 (PD-1).
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motifs that are conserved between mouse and human: the first is in
a potential Grb2 interaction site19 and the other two are in ITIM
sequences20. In addition to BTLA, a minor alternatively spliced
transcript, BTLAs, was detected by reverse transcription polymerase
chain reaction (RT-PCR). BTLAs lacks exon 2 and thus the Ig
domain (Fig. 1c).

BTLA mRNA is expressed strongly in spleen and lymph node tis-
sues but very weakly or undetectably by several somatic tissues (Fig.
2a). It is expressed by both splenic B cell and T cells, with slightly
higher levels in the former (Fig. 2b). By using an antigen-specific sys-
tem to measure the expression of BTLA mRNA by northern analysis
during T cell activation, we found low BTLA expression on day 2 after
primary T cell activation, with no difference in expression between
TH1 and TH2 conditions (Fig. 2c). On day 7 after primary T cell acti-
vation, expression of BTLA mRNA was increased, with slightly higher
expression in TH1 than in TH2 cells (Fig. 2c). After a second week of in
vitro culture under TH1 or TH2 polarization conditions, BTLA
expression remained high in TH1 cells, but by comparison was
reduced in TH2 cells (Fig. 2d).

Thus, expression of BTLA mRNA seems to be regulated during the
activation and differentiation of T cells. BTLA expression is not strictly
dependent on any single TH1-inducing signal, because it remained
expressed in TH1 cells deficient for either signal transducer and activa-
tor of transcription 1 (STAT1) or STAT4. The A20 B cell line, but not
macrophages or lymphokine activated killer (LAK) cells, also
expressed BTLA mRNA (Fig. 2b).

BTLA surface expression and phosphorylation
To determine whether BTLA is a transmembrane protein, we expressed
three forms of BTLA tagged with the Myc epitope in the Bjab cell line
(Fig. 3a). Cell surface expression of wild-type BTLA was detected as
predicted (Fig. 3a, top). Notably, deleting either the cytoplasmic or the
Ig domain increased surface expression, suggesting that these domains
have roles in controlling the amount of surface expression, similar to
the regulation of surface CTLA-4 by its cytoplasmic domain21,22.

Next, we confirmed that BTLA is a glycoprotein (Fig. 3b). Treatment
with peptide N-glycosidase F (PNGase F) reduced the apparent molec-
ular weight of both human and murine BTLA, consistent with the 

Figure 1  BTLA sequence and genomic structure.
(a) Alignment of mouse and human BTLA. The
signal peptide and the transmembrane region are
underlined. Potential N-linked glycosylation sites
(–) and cysteine residues (• ) predicted to
participate in disulfide bonds in the Ig domain
are indicated. Spaces have been introduced for
optimal comparison. Boxed sequences are
tyrosine-based signaling motifs conserved
between human and mouse BTLA, and are also
conserved in the rat homolog (EST AI235902)
expressed in normalized rat ovary. The mouse
sequence is from the 129SvEv strain and the
human sequence was cloned from the Ramos T
cell line (Methods). (b) Exon and intron
organization of mouse and human BTLA gene.
Filled boxes indicate coding sequence in exons, and unfilled boxes indicate 3′ and 5′ untranslated regions. The amino acid number encoded by each exon is
indicated below. (c) Predicted structural regions of mouse BTLA. Shown are full-length BTLA and a minor splice variant (BTLAs) that lacks exon 2 and thus
the Ig domain. Roman numerals indicate the exon from which the predicted region is derived. The molecular weight of the predicted protein without
posttranslational modifications is indicated in parentheses.

a b

c

Figure 2  Expression of BTLA in lymphoid cells. (a) Tissue distribution of
BTLA mRNA. Northern analysis of 10 µg of tissue or cellular RNA probed
with full-length BTLA or GAPDH cDNA. (b) Northern analysis of total RNA
from the indicated cells. Cytotoxic T cell type 1 (Tc1) and Tc2 cells were
prepared from in vitro–polarized 2C51 TCR transgenic T cells, LAK cells were
prepared by culturing C57BL/6 splenocytes with 1,000 U/ml of IL-2 for 9 d,
and macrophages were from BALB/c bone marrow derived with L-cell
conditioned media and confirmed as >95% Mac-1+. Splenic B and T cells
were purified to >98% by cell sorting. (c) Total RNA was isolated from T
cells on days 2 and 7 after 3 h of incubation with PMA plus ionomycin, and
northern blots were probed for BTLA and GAPDH mRNA. Data for days 2 and
7 are from blots that were hybridized and exposed together. (d) Expression of
BTLA in polarized TH1 and TH2 cells on day 14. Wild-type, STAT1-deficient
and STAT4-deficient DO11.10 transgenic T cells18 (3 × 106 per ml) were
activated by 0.3 µM OVA peptide in TH1 or TH2 conditions and again after 
7 d in the same conditions. Cells were collected on day 14 and stimulated
with PMA plus ionomycin for 3 h, and total RNA was analyzed for BTLA,
IFN-γ, IL-4 and GAPDH mRNA as described18.
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N-linked glycosylation sites predicted in the extracellular region (Fig.
1a). The apparent molecular weight of human and murine BTLA
treated with PNGase F was still higher than that predicted by its core
amino acid sequence, suggesting that it has additional modifications
such as O-linked glycosylation.

We also found that pervanadate treatment induced tyrosine phos-
phorylation of BTLA. Single mutation of tyrosines 226, 257 and 282 to
phenylalanine had little effect on pervanadate-induced BTLA phos-
phorylation, but the triple tyrosine mutation blocked phosphoryla-
tion completely. The Y226F and Y257F double mutation severely
reduced pervanadate-induced phosphorylation, suggesting that Y282
is either weakly phosphorylated or requires prior phosphorylation at
Y226 or Y257 (Fig. 3c,d).

Thus, BTLA is an Ig domain-containing transmembrane glycopro-
tein that can be phosphorylated on tyrosines located in conserved
cytoplasmic ITIM-like motifs.

Inducible SHP-1 and SHP-2 association
Sequences surrounding Y226 contain potential Grb2-binding motifs23,
Y257 seems to be an ITIM20, and Y282 is similar to the immunorecep-
tor tyrosine-based switch motif (ITSM) in PD-1 (ref. 24) and SLAM
(also called CD150 or IPO-3)25. To evaluate such potential interactions,
we developed a system of inducible BTLA phosphorylation.

Extracellular Myc-tagged BTLAs was expressed stably in the
DO11.10 hybridoma26 (Fig. 4a). By a similar strategy to that used for
crosslinking PD-1 with the B cell receptor complex27, we crosslinked
BTLA and the T cell antigen receptor (TCR) with antibodies to CD3
and the Myc epitope, and then carried out secondary crosslinking with
goat anti–mouse IgG. Tyrosine phosphorylation of BTLA (Fig. 4a) was
specific to BTLA-transduced cells, dependent on secondary crosslink-
ing and not induced with anti-CD3 or anti-Myc alone (Fig. 4a,b). In
addition, tyrosine phosphorylation of BTLA showed a time-depen-
dent response: it appeared rapidly and peaked at 2–3 min, and was
extinguished within 10 min of the secondary crosslinking (Fig. 4a).

We examined various signaling molecules for coimmunoprecipita-
tion with Myc-BTLA. Notably, SHP-2 was strongly associated with

BTLA. Association of SHP-2 correlated with phosphorylation of BTLA
and was dependent on cocrosslinking (Fig. 4a, lanes 8–13).
Pervanadate treatment also induced the association of SHP-2 with
BTLA (Fig. 4a, lane 14), and this condition was used to examine fur-
ther the association of BTLA with SHP-1 and SHP-2 (Fig. 4c–e). SHP-
2 coprecipitated with pervanadate-treated BTLA (Fig. 4c,d, compare
lanes 3 and 4). Coprecipitation of SHP-1 was also dependent on phos-
phorylation of BTLA (data not shown).

Inducible association of SHP-2 was also observed with human BTLA
(Fig. 4e). Myc-tagged human BTLA was expressed in the human T cell
line Jurkat. Myc-hBTLA coprecipitated with SHP-2 only in pervana-
date-treated cells and was specific to expression of Myc-hBTLA (Fig.
4e). Likewise, only anti–SHP-2 immunoprecipitates from pervanadate-
treated cells contained Myc-BTLA (Fig. 4e, lane 8). We also confirmed
that SHP-1 associated with phosphorylated human BTLA (data not
shown). The inducible association of BTLA with SHP-1 and SHP-2, a
characteristic shared by CTLA-4 and PD-1, suggests that BTLA may
have an inhibitory function in lymphocytes.

To explore the downstream effects of crosslinking BTLA with TCR,
we examined the production of IL-2 in T cell hybridomas (Fig. 4f).
Myc-tagged BTLA and BTLAs were stably expressed in DO11.10
hybridoma T cells26. Control DO11.10 hybridomas infected with the
empty green fluorescent protein (GFP) retroviral vector, GFP-RV,
showed anti-CD3–induced production of IL-2 that was unaffected by
plate-bound anti-Myc (Fig. 4f). In contrast, production of IL-2 by
DO11.10 cells expressing Myc-BTLA and Myc-BTLAs was dose-
dependently inhibited by plate-bound anti-Myc (Fig. 4f). No differ-
ences in IL-2 production induced by phorbol 12-myristate 13-acetate
(PMA) plus ionomycin were observed (Fig. 4g). Thus, it seems that
BTLA can modestly inhibit antigen-induced, but not chemically
induced, production of IL-2 by DO11.10 hybridoma cells.

Immune response in BTLA-deficient mice
To test whether BTLA has an inhibitory function in vivo, we targeted
the Btla gene (Fig. 5a) to produce mice lacking BTLA (Fig. 5b). BTLA-
deficient mice on a 129SvEv background lacked expression of BTLA

Figure 3  BTLA is transmembrane, glycoslyated, and tyrosine-phosphorylated
on induction. (a) Transmembrane cell surface expression of BTLA. Bjab cells
were infected with amphotrophic retrovirus containing empty vector, Myc3-
mBTLA-RV (BTLA), ∆cyt-Myc3-mBTLA-RV (∆cyt BTLA) and Myc3-mBTLAs-RV
(BTLAs). Expression of the Myc epitope was assayed on GFP-positive cells by
FACS. (b) Murine and human BTLA contain N-linked oligosaccharides. A20
murine B lymphoma cells expressing control GFP-RV (lanes 1 and 2) or
mBTLA-Myc2-RV (lanes 3 and 4), and Bjab human B lymphoma cells
expressing control GFP-RV (lanes 5 and 6) or hBTLA-Myc3-RV (lanes 7 and 8)
were prepared by infection with amphotrophic retrovirus, sorted for GFP
expression and analyzed by immunoblotting (Methods). (c,d) Tyrosine
phosphorylation of BTLA on stimulation with pervanadate. (c) Bjab cells
infected with wild-type or single tyrosine mutants of hBTLA-Myc3-RV were
incubated in the absence (lanes 1, 3, 5, 7, 9) or presence (lanes 2, 4, 6, 8,
10) of pervanadate, and examined for tyrosine phosphorylation (Methods). 
(d) Bjab cells infected with double or triple tyrosine mutants of hBTLA-
Myc3-RV were analyzed for tyrosine phosphorylation (Methods).
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mRNA in peripheral lymphocytes (Fig. 5c). No developmental defects
in T or B cells in thymus or bone marrow were observed in these mice
(Supplementary Fig. 1 online). We produced BTLA-deficient
DO11.10 TCR transgenic mice on a mixed 129SvEv and BALB/c back-
ground for the in vitro analysis of T cells (Fig. 5d). Fully polarized
BTLA-deficient TH1 cells showed a roughly twofold increase in prolif-
eration in response to 0.3 µΜ OVA peptide presented by either CD8+

or CD8−CD11c+ DCs (Fig. 5d).
We also examined T and B cells from wild-type and BTLA-deficient

T cells for mitogen- and TCR-induced proliferation in vitro (Fig. 6).
The proliferative response of wild-type and BTLA-deficient T cells to
concanavalin A were comparable, but BTLA-deficient T cells showed a
heightened response to stimulation with anti-CD3. Lipopoly-
saccharide (LPS)-induced proliferation was similar in wild-type and
BTLA-deficient B cells, but BTLA-deficient B cells showed slightly
greater responses to stimulation with anti-IgM. The increased in vitro
responses, although not marked, were similar in magnitude to the
increases in proliferation seen in PD-1-deficient T cells11 and in
CTLA-4-deficient CD8+ T cells28 in vitro. In fact, CTLA-4-deficient
CD4+ T cells show no enhancement of primary antigen-driven
responses and only a twofold increase in secondary responses29,30.

These results suggest that BTLA has an inhibitory, rather than activat-
ing, influence on T lymphocyte responses. Consistent with this, 4 weeks

after immunization with nitrophenol-conjugated keyhole limpet hemo-
cyanin (NP-KLH), BTLA-deficient mice showed a threefold increase in
the amount of NP-KLH-specific IgG1, IgG2a and IgG2b isotypes as
compared with control littermate 129/SvEv mice (Table 1).

EAE susceptibility in BTLA-deficient mice
As our data suggested that BTLA might be inhibitory, we used a model
of EAE to detect potentially enhanced T cell responses in BTLA-defi-
cient mice. Initially, we carried out an antigen dose titration of the
myelin oligodendrocyte glycoprotein (MOG) peptide on the pure
129SvEv background to determine a dose that would generate a sub-
optimal disease capable of showing augmentation (Fig. 7a). We found
that 10 µg and 50 µg of peptide induced severe disease in 129SvEv
mice, whereas 2 µg induced milder disease with delayed onset (Fig.
7a). At this antigen dose, BTLA-deficient mice showed a higher inci-
dence, increased clinical score, earlier onset and prolonged duration of
disease as compared with wild-type littermate controls (Fig. 7b).

To ascertain any potential differences between the nature of MOG-
induced EAE in BTLA-deficient mice and that in C57BL/6 control
mice, we examined the lumbar spinal cords of affected mice (Fig. 8).
There was an abundant cellular infiltrate in the lumbar spinal region
of BTLA-deficient mice with a clinical score of 4, which was similar in
severity to the infiltrate in C57BL/6 control mice induced with a high

Figure 4  Inducible association of BTLA with SHP-2. (a) Tyrosine phosphorylation of BTLA on TCR crosslinking. DO11.10 hybridoma T cells were infected with
empty vector (GFP-RV)48 or Myc3-mBTLAs-RV (Myc-BTLAs) and purified. After crosslinking (Methods), anti-Myc immunoprecipitates were analyzed with anti-
pTyr (top), reprobed with polyclonal rabbit anti-Myc (middle), and then reprobed with rabbit anti–SHP-2 antibody (bottom). Arrowheads indicate the principal
glycosylated forms of BTLAs. (b) BTLA tyrosine phosphorylation requires cocrosslinking. Cells in a were treated as indicated and analyzed for pTyr (top) or Myc
(bottom). (c) Cells in a were incubated in the absence (−) or presence (+) of pervanadate for 2 min at 37 °C and lysed in 1% NP-40 lysis buffer. Anti-Myc
immunoprecipitates and whole-cell lysates (25 × 106 cells) were analyzed sequentially for SHP-1 (data not shown), SHP-2, pTyr and Myc. (d) Cells were treated
and lysed as in c. Anti–SHP-2 immunoprecipitates and whole-cell lysates were analyzed with anti-Myc (top), and reprobed with anti–SHP-2 (bottom). (e) Jurkat T
cells were infected with GFP-RV or Myc3-hBTLA-RV (hBTLA), sorted to >95% high surface expression of Myc-hBTLA, incubated in the absence (−) or presence
(+) of pervanadate for 4 min at 37 °C, and lysed in 1% Triton X-100 lysis buffer. Anti-Myc (left) and anti–SHP-2 (right) immunoprecipitates were analyzed for
Myc, SHP-2 and pTyr. (f,g) Crosslinking BTLA with TCR attenuates production of IL-2. DO11.10 cells expressing control vector (GFP-RV), Myc3-mBTLAs-RV
(Myc-BTLAs) or Myc3-mBTLA-RV (Myc-BTLA) were stimulated with anti-CD3ε plus the indicated concentrations of anti-Myc (f) or with PMA plus ionomycin (g).
The IL-2 concentration was determined by ELISA. In f, the IL-2 titer is normalized by the IL-2 concentration induced by stimulation with anti-CD3 alone.
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dose of MOG peptide and also with a clinical score of 4 (compare Fig.
8a and b). Less abundant cellular infiltrates were observed in BTLA-
deficient mice that were killed when the clinical score was 1.5 (Fig. 8c).
Consistent with the MOG peptide–induced infiltrates observed in the
C57BL/6 background31, cellular infiltrates in BTLA-deficient mice
consisted of both CD4+ and CD11b+ cells (Fig. 8), which were more
frequent in mice with a clinical score of 4 than in those with a score of
1.5 (compare Fig. 8f,g and d,e).

Thus, loss of BTLA in 129SvEV mice increases the sensitivity to anti-
gen-induced EAE, but the disease remains characterized by similar
types of cellular infiltrate into the central nervous system (CNS).

BTLA interaction with a B7 homolog
The proposed similarity of BTLA to PD-1 and CTLA-4 is based pri-
marily on the overall domain structure of the proteins, as each pos-
sesses a single extracellular Ig-like domain, a transmembrane region

Figure 6  In vitro responses of BTLA-deficient lymphocytes. T and B cell
from wild-type (WT) or BTLA-deficient (KO) mice were purified by cell
sorting using anti-CD4–FITC, anti-CD8α–FITC or anti-B220–PE. Cells were
stimulated with the indicated final concentrations of plate-bound anti-IgM,
LPS, concanavalin A or plate-bound anti-CD3e. Cell proliferation was
measured by pulsing with [3H]thymidine for 16 h.

Figure 7  Increased EAE susceptibility in BTLA-deficient mice. (a) Titration
of MOG peptide in 129SvEv mice. Mice were injected subcutaneously with
MOG peptide at 2 µg, 10 µg and 50 µg (n = 5) in incomplete Freund’s
adjuvant and 500 µg of mycobacterium on day 0. Pertussis toxin (300 ng) of
was injected intravenously on days 1 and 3. C57BL/6 (B6) mice injected
with 10 µg of MOG were used as positive controls. Mice were monitored
daily for symptoms. Clinical scores: 0, normal, no overt signs of disease; 1,
limp tail or hindlimb weakness, but not both; 2, limp tail and hindlimb
weakness; 3, partial hind limb paralysis; 4, complete hindlimb paralysis; 5,
moribund state, death by EAE, killed for humane reasons. (b) Active
induction of EAE by suboptimal dose of MOG peptide in BTLA-deficient
mice. BTLA-deficient (KO) or wild-type (WT) littermate control 129SvEv
mice aged 6–8 weeks (n = 5) were injected with 2 µg of MOG peptide as in
a. Mean clinical scores: wild type, 0.6 ± 0.9; BTLA-deficient, 2.4 ± 1.7.
Mean peak clinical score; wild type, 1.5 ± 0.7; BTLA-deficient 3.0 ± 1.2.

a b

Figure 5  Generation and analysis of BTLA-
deficient mice. (a) The Btla locus and targeting
construct. Exons III–VI, encoding the
extracellular, transmembrane and cytoplasmic
regions, are indicated. BglII digestion of the
germline locus generates a restriction fragment of
14.2 kb that hybridizes to probes A and B, and a
fragment of 8.4 kb in correctly targeted clones. B,
BamHI; Bg, BglII; E, EcoRI; Sal, SalI; X, XbaI;
Xh, XhoI. TK, thymidine kinase gene; neo,
neomycin resistance cassette. (b) Southern
analysis. BglII-digested tail DNA hybridized with
probe B. (c) Northern analysis. RNA was prepared
directly from splenocytes of mice of the indicated
genotype. Blots were hybridized to a full-length
mouse BTLA cDNA probe, stripped and reprobed
for GAPDH. (d) Proliferative responses of
polarized TH1 cells induced by incubation with
antigen-pulsed DCs. Naive CD4+ T cells from
DO11.10 BTLA wild-type or BTLA-deficient mice
were activated in vitro and passed biweekly in
TH1 conditions. Resting TH1 cells (5 × 104) were
incubated with BALB/c-derived CD8+ or CD8−

DCs (top, 2.5 × 104; bottom, 0.25 × 104), with or
without 300 nM OVA peptide in a volume of 200
µl. Cell proliferation was measured by pulsing
with [3H]thymidine for 16 h.
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and conserved intracellular ITIM motifs that interact with SHP-1 and
SHP-2 phosphatases, and each has inhibitory rather than activating
effects on lymphocytes. Both CTLA-4 and PD-1 interact with mem-
bers of the B7 family32, and we therefore tested whether BTLA also
shares this feature. We identified a conserved B7 homolog, B7x, with
high similarity between the mouse and human sequences. An align-
ment of human and murine B7x (Supplementary Fig. 2 online) identi-
fied a predicted signal peptide and two Ig-like domains followed by a
potential transmembrane region.

We generated a fusion protein of Ig and murine B7x and obtained
additional Ig fusion proteins of B7h, PD-L1 and PD-L2. The B7h-Ig
fusion protein showed no difference in binding between wild-type
and BTLA-deficient T cells; this was expected, because B7h binds
ICOS3, which presumably should be expressed by both wild-type and
BTLA-deficient T cells. In contrast, the B7x-Ig fusion protein bound
to wild-type but not to BTLA-deficient T cells (Fig. 9a), suggesting
that BTLA is responsible for most of the binding of B7x-Ig to T cells.
PD-1 was expressed by both wild-type and BTLA-deficient T cells,
but it was detected more strongly by anti–PD-1 than by the PD-L1 or
PD-L2 Ig fusion proteins (Fig. 9b,c). In contrast, the B7-1 and B7-2 Ig
fusion proteins generated stronger signals (Fig. 9b) on wild-type and
BTLA-deficient T cells, consistent with the high affinity of CTLA-4
for B7-1 and B7-2.

Taken together, these results indirectly suggest that B7x is a ligand,
although not necessarily the only ligand, for BTLA, thereby high-
lighting another similarity between BTLA and the other inhibitory
receptors, CTLA-4 and PD-1, known to be expressed on T cells.

DISCUSSION
BTLA seems to be a third inhibitory receptor expressed by T cells that,
like PD-1, is induced on T cell activation but remains expressed more

strongly on polarized TH1 cells. Similar to PD-1 and CTLA-4 (ref. 27),
BTLA can be induced to undergo phosphorylation and to associate
with the SHP-1 and SHP-2 phosphatases by cocrosslinking with the
TCR on T cells. The association with these phosphatases, the increased
in vivo sensitivity to MOG peptide–induced EAE, and the increased
rather than decreased in vitro proliferative responses suggest that

Figure 9  BTLA interacts with an orphan B7 B7x. (a) Spleen and lymph node
cells from BTLA wild-type and BTLA-deficient DO11.10+ TCR transgenic
mice were collected and stimulated with 0.3 µM OVA peptide, 10 U/ml of
IL-12 and neutralizing antibodies to IL-4, and assayed for Ig fusion binding
after 4 d. Cells were stained with anti-CD4–FITC. Left, cells were stained
with a human IgG1 antibody as a negative control (filled) or with a B7x-Ig
fusion protein (open), followed by goat anti–human IgG–PE. Right, cells
were unstained (filled) or stained with B7h-Ig (open), followed by
biotinylated anti-Myc (murine IgG1 isotype) and streptavidin-PE. Anti-Myc
was used as a negative control for the B7h-Ig fusion protein. (b,c) TH1 cell
lines derived from BTLA wild-type and BTLA-deficient DO11.10+ mice were
stimulated as above, collected on day 3, and assayed for binding to Ig fusion
proteins. All cells were stained with anti-CD4–FITC. In b, Cells were stained
with a human IgG1 antibody (filled) or with B7.1-Ig, B7.2-Ig, PD-L1–Ig and
PD-L2–Ig fusion proteins (open), followed by goat anti–human Fcγ
F(ab′)2–PE. In c, cells were stained with a hamster IgG2–PE as a negative
control (filled) or with anti–PD-1–PE. Histograms are gated on CD4+ cells. 

a

b

c

a b c d e

f g
Figure 8  Infiltration of the CNS in MOG-induced EAE in BTLA-deficient mice.
C57BL/6 control (a) or BTLA-deficient (b–g) mice immunized with MOG
peptide were killed when showing the indicated clinical score (CS): 
(a) C57BL/6, CS 4; (b) BTLA-deficient, CS 4; (c-e) BTLA-deficient, CS 1.5;
(f,g) BTLA-deficient, CS 4. Hematoxylin and eosin (a–c) or immunofluorescence
staining for CD4 (left) and CD11b (right) (d–g) was done on frozen sections as
described31. Immunofluorescent sections were counterstained with 4′,6-
diamidino-2-phenylindole dihydrochloride (DAPI, blue).

Table 1  Augmented IgG responses of BTLA-deficient mice to Td antigen

Anti-NP Btla+/+ (%)a Btla+/− (%) Btla−/− (%)

IgG1 157.9 ± 81.3 179.2 ± 160.6 272.1 ± 82.6b

IgG2a 110.0 ± 86.9 268.8 ± 203.9 306.7 ± 132.8c

IgG2b 92.51 ± 103.0 136.6 ± 38.8 249.8 ± 102.0d

aData are presented as the percentage of mean isotype production as compared
with wild-type BTLA serum, which was used as a uniform standard serum to
determine relative titers of anti-NP. Data are the mean ± s.d. of measurements
from five mice. bP = 0.029, cP = 0.014, dP = 0.022 versus wild-type BTLA.
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BTLA may have an inhibitory function similar to that of PD-1 and
CTLA-4, and may have a role in controlling late phases of immune
responses and possibly autoimmunity.

The phenotypes generated by deficiencies in CTLA-4, PD-1 and
BTLA suggest that PD-1 and BTLA may have partially redundant
inhibitory signals. Of these three inhibitory receptors, deficiency in
CTLA-4 produces by far the most marked in vivo phenotype33. In
fact, the basis for spontaneous lymphoproliferative disease in
CTLA-4-deficient mice is not fully understood, but it requires prop-
erties of the normal T cell repertoire in vivo, as it is abated or pre-
vented when CTLA-4-deficient mice are crossed onto a TCR
transgenic background29 and delayed when crossed onto a FoxP3
transgenic background34.

Antigen-specific proliferation or cytokine production in CTLA-4-
deficient T cells is not enhanced during the primary response and
shows modest, if any, increases during secondary responses29,30. This
result indicates that the important inhibitory action of CTLA-4 is
unlikely to be applied during the costimulation-dependent activation
of T cells. Indeed, the greatest in vitro difference between wild-type
and CTLA-4-deficient T cells occurs after the in vivo intravenous deliv-
ery of soluble antigen to induce anergy30. CTLA-4 may exert at least
part of its regulatory activity by a non–cell-autonomous mecha-
nism35–37, contrary to the expected inhibitory action of SHP-1 or
SHP-2 in cells expressing surface CTLA-4. A non–cell-autonomous
inhibitory role for CTLA-4 might, for example, result from the
engagement and crosslinking of B7 expressed by APCs38, leading to an
indirect regulatory action39. Thus, although CTLA-4 clearly has an
important in vivo regulatory role, it is not yet totally clear how, when
or where this action is exerted, or why no marked in vitro effect is seen.

In contrast to CTLA-4 deficiency, loss of PD-1 expression in vivo
results in a phenotype that is variable and dependent on genetic back-
ground, being mild in 129SvEv mice11 and more severe in BALB/c
mice40. How the genetic background affects the requirement for PD-1
in regulating self-tolerance is not understood. In vitro analysis of PD-
1-dependent T cell responses suggests that CD28-dependent, but not
ICOS-dependent, costimulation overrides PD-1-dependent cellular
inhibition41. In addition, inhibition by PD-1 of CD3-CD28–driven T
cell activation is restricted to a very narrow range of activation; for
example, it occurs at 1 µg/ml, but not at 2 µg/ml, of anti-CD3 in
vitro12 and is overcome by IL-2 (ref. 42). Thus, for both CTLA-4 and
PD-1, the very modest effects seen in in vitro assays do not reflect the
more marked and important actions of these inhibitory receptors
observed in vivo.

In summary, whereas CTLA-4 deficiency produces a marked lym-
phoproliferative phenotype, PD-1 and BTLA deficiencies (on the
129SvEv background) individually produce a subtle phenotype char-
acterized by enhanced propensity to autoimmunity. Although CTLA-4
can regulate both early events in T cell activation43 and the later
unfolding of autoimmunity44,45, it seems that PD-1 and BTLA may
function later in regulating effector responses, on the basis of their
delayed expression in T cells. Conceivably, then, PD-1 and BTLA may
have inhibitory actions that provide a redundant inhibitory system
geared toward maintaining peripheral tolerance. An examination of
mice deficient for both PD-1 and BTLA will be required to test this
hypothesis.

CTLA-4 and PD-1 each interact with two known ligands, B7-1 and
B7-2, and PD-L1 and PD-L2, respectively32. So far, we have identified
only one candidate protein containing an Ig domain that may interact
with BTLA. We may infer that an interaction occurs between BTLA
and B7x from the loss of binding of the B7x-Ig fusion protein to BTLA-
deficient T cells; however, it is conceivable that BTLA does not interact

directly with the B7x-Ig fusion protein, but instead controls the
expression of another, directly interacting, partner. On the basis of our
interpretation that BTLA functions as an inhibitory receptor like PD-1
and CTLA-4, rather than as a regulator of protein transport, we favor
the interpretation that there is a direct interaction between BTLA and
B7x. Our analysis of potential BTLA-interacting candidates is in its
early stages. So far, our search has been restricted to using Ig fusions of
various B7 family members, which may limit the sensitivity of detect-
ing interactions. For example, the limited sensitivity of Ig fusion pro-
teins became evident in our control analysis of PD-1 expression.
Anti–PD-1 detected a much higher signal that did the PD-L1 or PD-L2
Ig fusion proteins, probably a result of the lower affinities of the PD-L1
or PD-L2 Ig fusion proteins, as compared with the affinity of the PD-1
antibody, for PD-1. Thus, detecting additional BTLA-interacting pro-
teins may require techniques with higher sensitivity.

The existence of a human homolog of BTLA that is very closely
related to the mouse sequence, combined with the observation that
murine and human BTLA cytoplasmic domains associate with the
phosphatases SHP-1 and SHP-2, argue for a conserved inhibitory
function. Polymorphisms in CTLA-4 may be linked to autoimmune
disorders in humans46,47. Given the variable PD-1-deficient pheno-
type on different genetic backgrounds, and the quantitative nature of
the BTLA-deficient phenotype, we propose that polymorphisms
affecting the function of either of these inhibitory receptors could be a
basis for variably penetrant susceptibility to autoimmunity in the
human population. In this regard, we have noted variations among
murine strains of the BTLA sequence (data not shown). Variations in
receptor-ligand affinity, ligand expression or inherent receptor signal-
ing could contribute to variable autoimmune susceptibility among
individuals, particularly if these two inhibitory receptors provide a
redundant shield for peripheral tolerance.

METHODS
Isolation of BTLA. We used an EST (aa839766) expressed by TH1, but not TH2,
cells to screen a TH1 cDNA phage library made in the Lambda ZAP vector
(Stratagene) and isolated a partial clone, BTLAs, that lacked an Ig domain. Full-
length BTLA cDNA, amplified from WEHI cell RNA by RT-PCR with primers
J10-3K (5′-TTTGGCCTAAGATGCTGCTA-3′) and J10-7F (5′-CACA-
GATTGGGTACGACATG-3′), was inserted into the GEM-T Easy Vector
(Promega) to produce mJ11W1. We obtained additional full-length BTLA
cDNA isolates by screening a second mouse splenocyte cDNA library
(Stratagene) using the 5′ region of mj11W1 as a probe. Coding sequence and
intron-exon boundaries were further determined by sequencing 129SvEv strain
bacterial artificial chromosome clones containing the BTLA region (Genome
Systems). Some Ig domain sequence polymorphisms occur among mouse
strains. Human BTLA cDNA, amplified from Ramos B lymphoma RNA by RT-
PCR with primers hJ10 (5′-TTTTCCATCACTGATATGTGCAGG-3′) and hJ10
AS (5′-GGTCCCTGTTGGAGTCAGAAAC-3′) based on the Celera human
genome assembly, was inserted into the GEM-T Easy Vector to produce
hJ11#14u.

Plasmid constructions. Myc-tagged BTLA constructs were prepared as follows.
The open reading frame of mBTLAs was amplified from a colony obtained
from screening a DO11.10 TH1 cDNA library with primers J10-RV1-Bgl2 (5′-
AGCTCTGAAGATCTCTAGGGAGGAAG-3′) and J10-Xho1 (5′-CATGCTC-
GAGGAAGGTCCAGACAGAGGTATTG-3′). The product was digested with
BglII and XhoI and cloned into the IRES-GFP-RV retrovirus48 at the BglII and
XhoI sites to produce mBTLAs-RV.

The N-terminal Myc-tagged version of mBTLAs (Myc3-mBTLAs-RV) con-
tains a triple Myc tag inserted downstream of the signal peptide. To produce
this construct, a PCR product containing the mBTLA signal sequence and 3′
overhang homologous to the Myc tag was prepared with mBTLAs-RV as the
template and primers J10-RV1-Bgl2 and J10-A2 (5′GTTCAGATCCAAGGAT-
GCTCCAGAGGCCC-3′). This PCR product was annealed to a second PCR
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product comprising three copies of the Myc epitope with 5′ and 3′ overhangs
homologous to the N- and C-terminal portions of BTLA, respectively, which
had been amplified from the triple Myc/Bluescript template with primers J10-
A3 (5′-GAGCATCCTTGGATCTGAACAAAAGCTGATTA-3′) and J10-A4 (5′-
CTTTCTCACAGAGCTCGTACAGGTCCTCT-3′). The triple Myc/Bluescript
template contains ‘anchor’ sequences 5′ (GS) and 3′ (YEL) to the Myc3 coding
sequence, which are included in the final Myc-tagged mBTLA protein. We then
amplified the two annealed pieces with primers J10-RV1-Bgl2 and J10-A4. This
product was annealed to a third PCR product containing a 5′ Myc homologous
tail and the C-terminal portion of BTLA amplified from the template mBTLAs-
RV with primers J10-A5 (5′-GTACGAGCTCTGTGAGAAAGCTACTAA-
GAGG-3′) and J10-Xho1, and the full-length chimeric cDNA was amplified
with primers J10-RV1-Bgl2 and J10 Xho1. The resulting product was digested
with BglII and XhoI and ligated into the BglII and XhoI sites of IRES-GFP-RV to
yield Myc3-mBTLAs-RV.

To produce the N-terminal Myc-tagged version of mBTLA (Myc3-mBTLA-
RV), primers J10-RV1-Bgl2 and J10-A4 were used to amplify the signal
sequence linked to the triple Myc epitope from template Myc3-mBTLAs-RV. A
second PCR product was amplified with primers J10-A5 and J10 Xho1 and the
template mJ11W1. The two PCR products were annealed and amplified with
primers J10-RV1-Bgl2 and J10 Xho1, digested, and ligated into the retroviral
vector to produce Myc3-mBTLA-RV. A further modification was made by using
the Quick Change mutagenesis kit (Stratagene) to convert a cysteine down-
stream of the Myc tag to alanine to mimic more accurately the predicted signal
sequence processing in which this cysteine would be removed (SignalP V2.0).

∆cyt-Myc3-mBTLA-RV was generated using Quick Change mutagenesis of
Myc3-mBTLA-RV with the primers mJ11 trunc top (5′-TGATATTCCATAAAC
CTGCCACTGAGCCAG-3′) and mJ11 trunc bottom (5′-TGGCAGGTTTATG
GAATATCAACCAGGTTAGTG-3′). mBTLA-Myc2-RV, which expresses mBTLA
with two C-terminal Myc epitopes, was generated by ‘splicing by overlap exten-
sion’ (SOEing) together two PCR products (generated from primers J10-RV1-
Bgl2 and 3′ mj11 Myc tail (5′-GCTTTTGTTCACTTCTCACACAAATGGA
TGC-3′) with template mJ11W1, and primers 5′ mjll Myc tail (5′-TGAGGAGTG
AACAAAAGCTGATTAGCGAAG-3′) and new 3′ Xho Myc tail (5′-CCGCTCG
AGCTCCTACAGGTCCTCTTC-3′) with template triple Myc/Bluescript) with
primers J10-RV1-Bgl2 and new 3′ XhoI Myc tail and Pfu polymerase. After diges-
tion with BglII and XhoI, the PCR product was ligated into the retroviral expres-
sion vector Tb-lym-GFP RV49, which had been digested with BglII and XhoI, to
generate mBTLA-Myc2-RV.

The N-terminal Myc-tagged version of hBTLA containing a triple Myc tag
inserted downstream of the signal peptide (Myc3-hBTLA-RV) was prepared sim-
ilarly. Three separate PCR products were generated using the following primers
and templates: 5′ Bgl2 hj11 (5′-GAAGATCTGCAGGAAATGAAGACATTGCCT-
3′) and 3′ Myc/hj11 bottom (5′-TCAGCTTTTGTTCCCCATGGATGTTCCA-
GATGTCC-3′) with hj11#14u; 5′ hj11/Myc top (5′-CATCCATGGGGAACAAA
AGCTGATTAGCGAAGAG-3′) and 3′ hj11/Myc bottom (5′-CACATGATTCTT
TCAGGTCCTCTTCGCTAATCAGC-3′) with triple Myc/Bluescript; and 
5′ Myc/hj11 top (5′-GAGGACCTGAAAGAATCATGTGATGTACAGCTTTA-3′)
and 3′ Xho hj11 (5′-CCGCTCGAGTTGGAGTCAGAAACAGACTTAAC-3′)
with hj11#14u. These PCR products were sequentially annealed and amplified,
and cloned into tb-lym-GFP-RV, which had been digested with BglII and XhoI.

hBTLA containing three carboxy-terminal Myc epitopes (hBTLA-Myc3-RV)
was generated by SOEing together two PCR products (from primers 5′ Bgl2 hJ11
and 3′ hJ11 Myc tail (5′-TGAGGAGTGAACAAAAGCTGATTAGCGAAG-3′)
with template hJ11#14u, and primers 5′ hj11 Myc tail (5′-TGAGGAGTGAA-
CAAAAGCTGATTAGCGAAG-3′) and new 3′ Xho Myc tail with template triple
Myc/Bluescript) with primers 5′ Bgl2 hJ11 and new 3′ Xho Myc tail and Pfu
polymerase. After digestion with BglII and XhoI, the PCR product was ligated
into retroviral expression vector Tb-lym-GFP-RV49, which had been digested
with BglII and XhoI, to generate hBTLA-Myc3-RV. Embyronic stem cells
(MC50) were a gift from R. Schreiber (Washington University School of
Medicine, St. Louis, Missouri).

Tyrosine mutations. Single tyrosine-to-phenylalanine mutations of hBTLA-
Myc3-RV were produced using Quick Change mutagenesis and Pfu polymerase
(Stratagene) with the following oligonucleotide pairs: Y226F top2 (5′-GA
AACTGGAATTTATGATAATGACCCTGACCTTTG-3′) and Y226F bot (5′-GG

GTCATTATCAAAAATTCCAGTTTCTGATAGCAG-3′); Y257F top2 (5′-ACCA
GGCATTGTTTATGCTTCCCTGAACCATTCTG-3′) and Y257F bot (5′-AGG
GAAGCAAAAACAATGCCTGGTTTGT-3′); Y282F top2 (5′-GCACCAACAG
AATATGCATCCATATGTGTGAGG-3′) and Y282F bot (5′-ATATGGATGCAA
ATTCTGTTGGTGCTTCTTTTA-3′).

We produced double and triple tyrosine-to-phenylalanine mutations of
hBTLA-Myc3-RV by using the oligonucleotide pair Y257F top2 and Y257F bot
first with the Y226F-mutated hBTLA-Myc3-RV template to produce
Y226F/Y257F and then with the Y282F-mutated template to produce
Y257F/Y282F. The oligonucleotide pair Y282F top2 and Y282F bot was used
with the Y226F-mutated template to produce Y226F/Y282F, and with the
Y226F/Y257F-mutated template to produce Y226F/Y257F/Y282F.

Cell culture and expression analysis. Activation of DO11.10 TCR transgenic 
T cells50 and retroviral infections, northern analysis and immunoblotting49

were done as described. We prepared tissue and cellular RNA with the RNeasy
Midi kit (Qiagen). A 20× stock of pervanadate was prepared 5 min before use
by diluting 12.5 µl of 1 M NaVO4 and 4 µl of 30% H2O2 to 600 µl in distilled
water. The Opteia Mouse IL-2 set (PharMingen) was used to measure for IL-2
by enzyme-linked immunosorbent assay (ELISA).

Immunoblotting and analysis of N-linked glycosylation. To analyze the glyco-
sylation status (Fig. 3b), cells (15 × 106 per ml) were lysed in Triton X-100 lysis
buffer (25 mM HEPES (pH 7.5), 0.15 M NaCl, 1% Triton (v/v), 1 mM pervana-
date, 1 µg/ml of leupeptin, 1 µg/ml of pepstatin, 1 µg/ml of aprotinin and 
1 mM phenyl methylsulfonyl fluoride) for 30 min at 4 °C and centrifuged at
14,000g for 10 min. Extracts from 15 × 106 cells were immunoprecipitated with
1 µg of monoclonal antibodies to Myc (clone 9E10; Santa Cruz) and 20 µl of a
1:1 slurry of protein G–Sepharose (PGS) (Pharmacia). After being washed
three times in Triton lysis buffer, the pellets were boiled for 10 min in 10 µl of
PNGase denaturing buffer (NEB). After centrifugation to remove PGS, eluted
proteins were transferred to PCR tubes containing 1 µl of 10% Nonidet P-40
(NP-40) and 1 µl of 10× G7 buffer (NEB), divided into two 6-µl aliquots, and
treated without or with 1 µl of PNGase F (NEB) for 1 h at 37 °C. We boiled sam-
ples with 6 µl of 2× SDS-PAGE sample buffer and resolved them on 10% poly-
acrylamide gels. The proteins were transferred to nitrocellulose, blocked in 3%
bovine serum albumin (BSA) in TBS-T buffer, blotted with rabbit anti-Myc
(Santa Cruz) and horseradish peroxidase (HRP)-conjugated goat anti–rabbit
IgG (Jackson), and analyzed by enhanced chemiluminescence (ECL).

To analyze the phosphorylation status (Fig. 3c,d), cells were treated with 
1 mM pervanadate for 2 min at 37 °C, placed on ice for 1 min, lysed in an equal
volume of 2× 1% Triton X-100 lysis buffer for 30 min and centrifuged for 
10 min at 8,000g. Extracts from 15 × 106 cells were immunoprecipitated using 
1 µg of anti-Myc (clone 9E10) and PGS. Blots were first analyzed for phospho-
tyrosine (pTyr) using HRP-conjugated (clone 4G10, Upstate Biotechnology),
and then stripped and reanalyzed using rabbit anti-Myc and HRP-conjugated
goat anti-rabbit IgG.

TCR crosslinking. To analyze the induction of tyrosine phosphorylation and
association with SHP-1 and SHP-2 on TCR crosslinking, we infected DO11.10
hybridoma T cells with GFP-RV48 or Myc3-mBTLAs-RV and purified them by
sorting. Cells were incubated with 4 µg/ml of hamster anti-CD3ε (clone 145-
2C11, PharMingen) and 2 µg/ml of anti-Myc for 30 min at 4 °C, and
crosslinked with 100 µg/ml of prewarmed goat anti–mouse IgG (GαM; Caltag)
for various times, as indicated (Fig. 4). We used fluorescence-activated cell sort-
ing (FACS) to confirm the cross-reactivity of goat anti–mouse IgG with ham-
ster anti-CD3ε. As a positive control for phosphorylation, some cells were
incubated with 1 mM pervanadate for 2 min at 37 °C. Cells were lysed in RIPA
buffer, and 1 ml of lysates from 25 × 106 cells were immunoprecipitated with 
2 µg of anti-Myc (9E10). We used the following antibodies to analyze the
immunoprecipitates: anti-pTyr (RC20H, Transduction Laboratories), poly-
clonal rabbit anti-Myc (A-14, Santa Cruz), rabbit anti–SHP-2 (C-18, Santa
Cruz), rabbit anti–SHP-1 antibody (C-19, Santa Cruz) and anti-Myc (9E10).

To measure the effect of crosslinking on IL-2 production, 3 × 104 DO11.10
cells expressing GFP-RV, Myc3-mBTLAs-RV or Myc3-mBTLA-RV were stimu-
lated with 1 µg/ml of immobilized anti-CD3ε in combination with various
concentrations of immobilized polyclonal rabbit anti-Myc or 50 ng/ml of PMA
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plus 1 µM ionomycin. Culture supernatants of triplicate cultures were collected
after 24 h, and the IL-2 concentration was determined by ELISA.

Antibody responses. Eight-week-old littermate wild-type, Btla+/− and Btla−/−

mice on a pure 129SvEv background (n = 5) were injected intraperitoneally
with 100 µg of NP17-KLH (Biosearch Technologies) in alum (Pierce) on days 0
and 14. Sera was collected on day 28, and the titers of anti-NP were determined
by ELISA using NP25-BSA (Biosearch Technologies) for antibody capture and
the SBA Clonotyping system/HRP kit for IgG subclass-specific ELISA
(Southern Biotech).

In vitro responses of BTLA-deficient lymphocytes. T and B cells from wild-
type or BTLA-deficient mice were purified by cell sorting using fluorescein
isothiocyanate (FITC)-conjugated anti-CD4 (Caltag), FITC-conjugated anti-
CD8α (PharMingen) or phycoerythrin (PE)-conjugated anti-B220
(PharMingen). Cells (5 × 105 per ml) were stimulated with various concentra-
tions of plate-bound anti-IgM (Affinipure F(ab′)2 fragment goat anti–mouse
IgM 115-006-075, Jackson ImmunoResearch), LPS (serotype 055:B5, Sigma),
concanavalin A or plate-bound anti-CD3e (PharMingen, 145-2C11). Cell pro-
liferation was measured after 48 h by pulsing with [3H]thymidine for 16 h.

Production and interaction of B7x-Ig. In the public databases we identified a
B7 homolog, B7x, that was conserved in mouse (accession code XP_143450.2
and AAH32925.1), rat (accession code XP_227553.1) and human (accession
code NP_078902.1) and was highly conserved in sequence. B7x-Ig was pre-
pared by fusing the coding region of the extracellular domain of B7x to the
CH2-CH3 domain of mouse IgG1 and a Myc-His tag in pcDNA4 (a gift of W.
Sha, Univ. California Berkeley, Berkeley, California, USA). The construct was
linearized with BglII and transfected into 293T cells with FuGENE 6 (Roche).
Stable transfectants were selected in 1 mg/ml of Zeocin (Invitrogen). To obtain
fusion protein, we cultured stable transfectants in serum-free Dulbecco’s mod-
ified Eagle’s medium for 72 h, collected the supernatant and purified B7x-Ig by
affinity column chromatography over His-Bind resin (Novagen). The purity of
the fusion protein was confirmed by SDS-PAGE and by immunoblotting with
antibodies against Myc and mouse IgG.

The following reagents were used to measure receptor and B7 ligand interac-
tions (Fig. 9): anti-CD4–FITC (Caltag); human IgG1 antibody (Sigma);
biotinylated anti-Myc (Santa Cruz); streptavidin-PE (PharMingen); B7.1-Ig,
B7.2-Ig, PD-L1-Ig and PD-L2-Ig fusion proteins (Fc portion; human IgG1 iso-
type; R&D Systems); goat anti–human Fcγ F(ab′)2–PE (Jackson
ImmunoResearch); and anti–PD-1–PE (PharMingen).

FACS analysis. Human IgG1 and goat anti–human PE were gifts of M. Cella
(Washington Univ., St. Louis, Missouri, USA). The construct for the B7h-Ig
fusion protein3, a gift of W. Sha (Univ. California Berkeley), and the cDNA
encoding the fusion protein were inserted into the GFP-RV retroviral vector48,
and the retrovirus was used to infect J558 cells. We purified fusion protein from
infected J558 supernatant with His-Bind resin (Novagen). B7.1-Ig, B7.2-Ig,
PD-L1-Ig and PD-L2-Ig fusion proteins (Fc portion; human IgG1 isotype)
were obtained from R&D Systems. All analyses were done on a FACSCalibur.

To measure the surface expression of BTLA, Bjab cells were infected with
amphotrophic retrovirus prepared in Phoenix A packaging cells to express
empty vector, Myc3-mBTLA-RV, ∆cyt-Myc3-mBTLA-RV and Myc3-mBTLAs-
RV. Expression of the Myc epitope on GFP-positive cells was assayed on a
FACScalibur with rabbit anti-Myc polyclonal serum (Santa Cruz) and PE-con-
jugated goat F(ab′)2 anti–rabbit IgG (Jackson Research Laboratories).

Histological analysis. CNS tissues were removed from mice and frozen and 10-
µm sections were prepared. Sections shown are from lumbar spinal cord. We
prepared sections stained with hematoxylin and eosin, and measured the
expression of CD4 and CD11b by immunofluorescence microscopy as
described31.

Accession codes. Murine BTLA, AY293285; human BTLA, AY293286; murine
B7x, XP_14350.2 and AAH32925.1; rat B7x, XP_227553.1; human B7x,
NP_078902.1 (http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=protein).
From the NCBI Protein database.

Note: Supplementary information is available on the Nature Immunology website.
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