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The function of antigen-specific CD8+ T cells, which may protect against both infectious and malignant diseases, 
can be impaired by ligation of their inhibitory receptors, which include CTL-associated protein 4 (CTLA-4) and 
programmed cell death 1 (PD-1). Recently, B and T lymphocyte attenuator (BTLA) was identified as a novel inhib-
itory receptor with structural and functional similarities to CTLA-4 and PD-1. BTLA triggering leads to decreased 
antimicrobial and autoimmune T cell responses in mice, but its functions in humans are largely unknown. Here 
we have demonstrated that as human viral antigen–specific CD8+ T cells differentiated from naive to effector 
cells, their surface expression of BTLA was gradually downregulated. In marked contrast, human melanoma 
tumor antigen–specific effector CD8+ T cells persistently expressed high levels of BTLA in vivo and remained 
susceptible to functional inhibition by its ligand herpes virus entry mediator (HVEM). Such persistence of BTLA 
expression was also found in tumor antigen–specific CD8+ T cells from melanoma patients with spontaneous 
antitumor immune responses and after conventional peptide vaccination. Remarkably, addition of CpG oligo-
deoxynucleotides to the vaccine formulation led to progressive downregulation of BTLA in vivo and consequent 
resistance to BTLA-HVEM–mediated inhibition. Thus, BTLA activation inhibits the function of human CD8+ 
cancer-specific T cells, and appropriate immunotherapy may partially overcome this inhibition.

Introduction
Activation of lymphocytes is controlled by 2 classes of signals: 
first, by those triggered through the T cell receptor upon interac-
tion with antigenic peptide bound to MHC molecules; and second, 
by signals delivered by binding of coreceptors to their ligands on 
antigen-presenting cells (1). Coreceptors consist of costimulato-
ry and coinhibitory receptors (2–7). Preclinical and clinical data 
indicate that the co-inhibitory receptors CTL-associated protein 4 
(CTLA-4) and programmed cell death 1 (PD-1) are co-responsible 
for the suppression of human effector T cell responses to infec-
tious diseases and cancer (5, 6); the therapeutic blockade of these 
2 pathways is in promising clinical development. Lymphocytes can 
express additional inhibitory receptors, such as killer-inhibitory 
receptors and C-lectin–type receptors (8) — both of these classes, 
however, are expressed by only small subsets of T cells (8, 9).

A more recently described co-inhibitory receptor is B and T lym-
phocyte attenuator (BTLA; CD272), an immunoglobulin-like mol-
ecule belonging to the CD28:B7 family, which is expressed by the 
majority of lymphocytes (6, 10–12). Interestingly, its ligand, herpes 
virus entry mediator (HVEM), is a member of the TNF receptor 
(TNFR) superfamily (10, 11). This receptor system also includes lym-
photoxin-α, LIGHT (CD258), and CD160, which are present at the 
cytoplasmic membrane of cells of different histological origin. They 
may compete for their ligand HVEM, which is present on T, B, and 
NK cells, DCs, and myeloid cells, and also a variety of tumor cells (6, 
10–12). The ligation of BTLA by HVEM leads to phosphorylation 
of immunoreceptor tyrosine–based inhibition motifs (ITIMs) and 

Src homology 2 (SH2) domain–containing phosphatase 1 (SHP-1)/
SHP-2 association, resulting in decreased T cell proliferation and 
cytokine production (12–14). In B cells, BTLA regulates B cell recep-
tor signaling by reducing the phosphorylation of syk, B cell linker 
protein (BLNK), and phospholipase Cγ2 (PLCγ2) (15).

B and T cell development is normal in BTLA-deficient mice. 
Mature lymphocytes, however, are functionally altered and show 
enhanced generation of memory T cells and memory responses 
(16). BTLA deficiency was found to enhance protection from 
murine malaria (17) and to aggravate experimental autoimmune 
encephalomyelitis (12) and allergic airway inflammation (18) and 
was associated with spontaneous development of an autoimmune 
hepatitis–like disease (19). More recently, BTLA has been shown to 
be involved in peripheral T cell tolerance induction (20) and in early 
control of tissue damage and of antibacterial immunity (21).

In humans, BTLA expression may be altered by specific immu-
notherapy with allergens, as shown for allergic rhinitis (22). How-
ever, only little is known about the role and function of BTLA in 
humans, and there are no data yet available on antigen-specific T 
cells. In this study, we show for the first time to our knowledge 
that BTLA is downregulated during human CD8+ T cell differen-
tiation to effector cells. This was, however, not the case for tumor 
antigen–specific (Melan-AMART-1–specific) T cells, which persistent-
ly expressed BTLA despite effector cell differentiation in unvac-
cinated melanoma patients. In contrast, when CpGs were used as 
adjuvant for vaccination, Melan-AMART-1–specific T cells downregu-
lated BTLA, developed strong effector functions, and became inde-
pendent of BTLA-mediated inhibition. Finally, the BTLA ligand 
HVEM was found to be expressed by melanoma tumors in situ and 
mediated functional inhibition of BTLA+ T cells.
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Figure 1
BTLA (CD272) is downregulated with progressive CD8+ T cell differentiation, except in tumor antigen–specific CD8+ T cells. Direct ex vivo 
analysis of CD8+ T cells from PBMCs by flow cytometry. (A) Representative examples of BTLA expression by Melan-AMART-1– and virus-specific 
(EBV, CMV, and influenza virus [FLU]) CD8+ T cells from healthy donors (HD) and melanoma patients. BTLA+ T cells were distinguished from 
BTLA– T cells using a threshold established according to the autologous naive T cell subset, which is always BTLA positive. Numbers indicate 
percentage of positive or negative cells. (B) Comparison of BTLA expression on total CD8+ and virus- and Melan-A–specific T cells, from healthy 
individuals and unvaccinated melanoma patients. **P < 10–2 for each of the 2 populations of Melan-A–specific T cells compared with all 5 other 
populations. (C–E) BTLA expression in subsets of CD8+ T cells of healthy individuals (n = 58), upon definition of early and late differentiation 
stages by CD45RA and CCR7 expression (i.e. naive [N, CD45RA+CCR7+], central memory [CM, CD45RA–CCR7+], effector memory [EM, 
CD45RA–CCR7–], and effector memory RA+ [EMRA, CD45RA+CCR7–] cells), gated as shown in C; a representative example demonstrates 
the narrow positive peak observed in phenotypic naive cells. (D) Statistical assessment of BTLA+ CD8+ T cell subsets. (E) GMFI data, showing 
results compatible with those presented in D. Overall GMFI was determined by including the whole range from BTLA-negative to -positive cells, 
as shown in C. GMFI data were normalized to values determined in autologous naive CD8+ T cells.
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Results
Virus- but not tumor-specific effector CD8+ T cells downregulate BTLA. To 
investigate the expression of BTLA by tumor-specific (Melan-AMART-1)  
and virus-specific (EBV, CMV, and influenza virus) human CD8+ 
T cells, we performed ex vivo multicolor flow cytometry analysis 
on PBMCs from healthy donors and untreated melanoma patients 
(Figure 1A). In healthy individuals, Melan-AMART-1–specific CD8+ 
T cells were predominantly BTLA+ (Figure 1B), with significantly 
higher BTLA expression than on virus-specific T cells or on total 
CD8+ T cells. This could be explained by their differentiation stag-
es, since Melan-AMART-1–specific T cells are almost always naive 
in healthy donors (Supplemental Figure 1; supplemental mate-
rial available online with this article; doi:10.1172/JCI40070DS1), 
in contrast to virus-specific CD8+ T cells (23). Correspondingly, 
naive T cells are BTLA positive in the murine system (11, 24, 25). 
Therefore, we studied BTLA expression on total CD8+ T cells, in 
relation to their differentiation stage as defined by expression of 
CCR7 and CD45RA (26) in 58 healthy individuals (Figure 1, C and 
D). Almost all phenotypic naive T cells (N) and the majority of 
central-memory T cells (CM) expressed BTLA. In contrast, effec-
tor memory T cells (EM) and effector memory RA+ T cells (EMRA) 
were frequently BTLA negative, demonstrating decreased BTLA 
expression correlating with CD8+ T cell differentiation.

In many instances, BTLA receptor levels displayed a pattern of 
continuous surface expression without a clear transition from 
negative to positive T cells. However, phenotypically naive CD8+ 
T cells were consistently positive, with a distinct narrow peak. We 
therefore used this population as a reference to set the threshold 
for BTLA+ cells (Figure 1C). Moreover, we also evaluated the data 
in terms of geometric mean fluorescence intensity (GMFI) val-
ues normalized to the GMFI of the autologous naive CD8+ T cell 
subset. The results (Figure 1E) closely resembled those based on 
the assessment of percentage of BTLA+ cells (Figure 1D). Thus, 
using autologous naive CD8+ T cells as the internal BTLA refer-
ence allowed consistent standardization and normalization of 
both percentage and GMFI data.

Analyzing PBMCs of melanoma patients revealed that BTLA 
expression was high among Melan-AMART-1–specific T cells, 
surprisingly even among memory and effector cells (Figure 1B 
and Figure 2, A and B). In contrast, total CD8+ T cells showed 
reduced BTLA expression, with progressive differentiation to 
effector cells (Figure 2B).

For comprehensive immune characterization, it is also impor-
tant to investigate T cells from diseased organs/tissues. Therefore, 
we analyzed lymphocytes from metastatic lymph nodes directly 
ex vivo and assessed BTLA expression by Melan-AMART-1–specific T 
cells as found in 13 of 18 normal lymph nodes and in 6 of 6 tumor-
infiltrated lymph nodes. Once again, the Melan-AMART-1–specific 
memory and effector T cells were largely BTLA+, and the remain-
ing CD8+ T cells bore significantly lower levels of BTLA (Figure 2, 
C and D). Thus, the expression of the inhibitory receptor BTLA 
was high for Melan-AMART-1–specific T cells both in circulation and 
in solid tissue, despite the fact these cells engage in considerable 
“spontaneous,” disease-driven responses in most patients with 
progressive melanoma (27).

In situ expression of HVEM by melanoma cells and T cell inhibition 
by BTLA-HVEM ligation. We next sought to determine whether 
BTLA could negatively regulate T cell function via binding to 
HVEM expressed by cancer cells. The characterization of cultured 
melanoma cell lines (Figure 3A) revealed that 26 of 40 expressed 

HVEM (19 of 40 highly and 7 of 40 weakly), whereas none of them 
expressed BTLA or LIGHT (Figure 3B). Subsequently, we assessed 
in situ HVEM expression by immunohistochemistry on paraffin-
embedded metastases from patients (Figure 3C). We found that 
50% and 25% of metastases were strongly and moderately positive 
for HVEM expression, respectively, while the remaining 25% were 
weakly positive or negative (Table 1).

To test whether HVEM expression by melanoma cells could 
inhibit the function of antigen-specific T cells, we analyzed IFN-γ  
production by Melan-AMART-1–specific CD8+ T cell clones upon 
triggering with HVEM-expressing melanoma cell lines. For these 
experiments, we first characterized our new mAb, BTLA-8.2, and 
found that it efficiently blocked the interaction between BTLA 
and HVEM (Supplemental Figure 2A). Subsequent experiments 
showed that T cell clones properly secreted IFN-γ in the presence 
of IgG1 control antibody, as expected. In contrast, IFN-γ produc-
tion was significantly increased for clones expressing BTLA upon 
addition of blocking mAb BTLA-8.2 during the stimulation. In 
contrast, no change in IFN-γ secretion by a clone lacking BTLA 
expression was observed (clone 618–420, Figure 3D). These data 
demonstrate functional inhibition of tumor-specific CD8+ T cells 
via BTLA-HVEM interactions.

Downregulation of BTLA upon vaccination with peptide and CpG. Next, 
we addressed whether vaccination of melanoma patients altered 
BTLA expression by tumor antigen–specific CD8+ T cells. Patients 
received s.c. vaccinations with Melan-AMART-1 peptides in conven-
tional vaccine formulations, e.g., emulsified in incomplete Freund’s 
adjuvant (IFA) (28). A second cohort of patients was treated simi-
larly, except that CpG oligonucleotides (PF-3512676) were added 
to the vaccine formulation, resulting in considerably enhanced 
CD8+ T cell responses, as reported previously (29). Representa-
tive multicolor flow cytometry analyses of PBMCs are depicted in 
Figure 4A. Interestingly, while BTLA expression by Melan-AMART-1– 
specific T cells persisted at high levels after vaccination without 
CpG, BTLA downregulation was observed after vaccination with 
CpG (Figure 4, A and B), which occurred in the EM/EMRA sub-
sets (Figure 4C). For total CD8+ T cells, no significant differences 
in BTLA expression were observed between healthy donors and 
(un)treated patients (Supplemental Figure 3). These data demon-
strate that vaccinations with CpG lead to BTLA downregulation 
on tumor antigen–specific T cells.

BTLA downregulation correlates with the number of monthly booster 
vaccinations with CpG. After vaccination with CpG, BTLA down-
regulation on Melan-AMART-1–specific CD8 T lymphocytes differed 
considerably among patients (Figure 4B). Interestingly, we found a 
correlation with the number of monthly booster vaccinations. Per-
centages of BTLA expression by Melan-AMART-1–specific T cells were 
lowest in patients after multiple vaccinations, whereas low num-
bers (2–4) of vaccinations were not sufficient to induce significant 
BTLA downregulation (Figure 5, A and B). The reduction in BTLA 
expression was again a feature of EM/EMRA cells (Figure 5C). In 
addition, we found a tight correlation between BTLA and CD28 
downregulation (P < 0.001, Supplemental Figure 4A), the latter of 
which is characteristic of advanced effector T cell differentiation (2). 
No significant correlation was found between the number of vac-
cinations and BTLA expression by total CD8+ T cells and their EM/
EMRA subsets (Supplemental Figure 4B), suggesting that there is 
no major bystander effect of CpG vaccinations on BTLA expression. 
These findings likely reflect the fact that the vaccinations resulted 
in strong activation of Melan-AMART-1–specific T cells but not T cells 
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with other antigen specificities (data not shown). In conclusion, 
repeated vaccination with peptide and CpG leads to progressive 
BTLA downregulation by vaccine-specific CD8+ T cells.

Regulation of proliferation and cytokine production of primary CD8+ 
T cells depending on BTLA expression and interaction with HVEM. We 
next determined whether BTLA expression by Melan-AMART-1– 

specific T cells was associated with functional inhibition of T 
cells, as assessed ex vivo and in vitro. First, we examined the rela-
tionship between the in vivo frequency of Melan-AMART-1–spe-
cific CD8+ T cells and their proportion of BTLA+ cells in PBMCs 
from patients vaccinated without or with CpG. High T cell fre-
quencies as well as low percentages of BTLA+ cells were rarely 

Figure 2
Persistence of BTLA expression on Melan-AMART-1–specific lymphocytes despite effector cell differentiation. (A) Analysis of BTLA expression 
by Melan-AMART-1–specific T cells depending on differentiation. Representative example of PBMCs from an unvaccinated melanoma patient. 
(B) Percentages of BTLA+ CD8+ T cells from healthy individuals (gray, n = 58) and unvaccinated melanoma patients (white, n = 18); and from 
Melan-AMART-1 tetramer+ CD8+ T cells from unvaccinated patients (black, n = 14). Data from healthy donors (same as in Figure 1D) are shown 
again for comparison. Circulating central memory Melan-AMART-1–specific cells were rare, precluding analysis for BTLA expression. (C and D) 
BTLA expression by CD45RA+/– and CCR7+/– T cells from normal lymph nodes (NLN, n = 18) and tumor-infiltrated lymph nodes (TILN, n = 6) from 
melanoma patients. (C) Representative example and (D) comparison of BTLA expression in CD8+ T cells and Melan-AMART-1–specific T cells. In 
NLNs, Melan-AMART-1–specific T cells are all naive. Light gray, whole CD8+ T cells in NLNs (n = 18); white, Melan-AMART-1 tetramer+ CD8+ T cells 
in NLNs (n = 18); black, whole CD8+ T cells in TILNs (n = 6); dark gray, Melan-AMART-1 tetramer+ CD8+ T cells in TILNs (n = 6).
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observed without CpG but occurred frequently with CpG (Fig-
ure 6A). Consequently, the 2 parameters correlated significantly  
(P = 0.012) after vaccination with but not without CpG. Second, 
we analyzed the in vitro proliferation of Melan-AMART-1–specific 
CD8+ T cells. After 10-day stimulation by autologous mature 
DCs loaded with Melan-AMART-1 peptide, expansion of HLA-A2/
Melan-AMART-1 tetramer+ CD8+ T cells was significantly increased 
in the presence of blocking mAb BTLA-8.2 (Figure 6B), showing 
that BTLA inhibited proliferation of CD8+ T cells. Third, we mea-
sured ex vivo cytokine secretion by primary CD8+ T cells. PBMCs 
from healthy individuals and patients were triggered for 4 hours 

with SKMEL37 melanoma cells transfected by vector encoding 
HVEM, or empty vector (Supplemental Figure 5), which were 
loaded (or not) with cognate peptide. For both Melan-AMART-1–  
and EBV-specific T cells expressing high levels of BTLA, IFN-γ  
as well as TNF-α secretion was reduced when melanoma cell 
lines expressed HVEM (Figure 6, C and D). This inhibition cor-
related significantly with percentages of T cells expressing BTLA 
(Figure 6E). In contrast to IFN-γ and TNF-α, CD107a (a marker 
for cytotoxicity; ref. 30) was not affected by HVEM expressed by 
SKMEL37 cells (Supplemental Figure 6). Consistent with this 
finding, cytotoxicity was not altered (data not shown). Together, 

Figure 3
Expression of HVEM and its ligands BTLA and LIGHT by melanoma cells; and BTLA-mediated functional inhibition of tumor antigen–specific 
BTLA+ CD8+ T cells. (A) Representative examples of BTLA, LIGHT, and HVEM expression by the melanoma cell lines Me 280, Me 261, and 
Me 290. Cells were stained with isotype control (open histograms) or with anti-HVEM, anti-BTLA, or anti-LIGHT mAb (filled histograms) (B) 
Relative expression of HVEM, BTLA, and LIGHT by melanoma cell lines, expressed as ratio fluorescence intensity (RFI), i.e., MFI with specific 
mAb/MFI with isotype control. Of 40 melanoma cell lines analyzed, 19 were highly positive (white dots), 7 weakly positive (gray dots), and 14 
negative for HVEM expression (black dots). None of the melanoma cell lines expressed BTLA or LIGHT (black dots). (C) HVEM expression (in 
reddish brown) detected in paraffin-embedded tumor sections from 16 tumors of 14 melanoma patients. Examples show tumor tissues that were 
HVEM-negative, weakly positive (<10% HVEM+ tumor cells) or strongly positive (>50% positive tumor cells). Original magnification, ×200. (D) 
Melan-AMART-1/HLA-A*0201–specific CD8+ T cell clones (cl.) 618-45, 618-4, and 618-420 were stimulated by melanoma cell lines Me 275 and 
Me 290 (both Melan-A+, HLA-A*0201+, HVEM+). The graph shows fold increase in IFN-γ production by Melan-AMART-1–specific clones in the pres-
ence of blocking antibody BTLA-8.2, relative to isotype control antibody. IFN-γ production was determined by ELISA in supernatants of 24-hour 
cultures. BTLA expression by T cell clones was assessed by flow cytometry with BTLA-specific antibody (filled histograms) and isotype control 
(open histograms). GMFI is indicated in parentheses.
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these data reveal an inhibitory role for BTLA in CD8+ T cell pro-
liferation and cytokine production but not cytotoxicity.

Modulation of BTLA expression by HVEM. We observed that TCR 
ligation by HVEM+ stimulator cells led to downregulation of 
BTLA on antigen-specific T cells (Figure 7, A and B). Kinetic 
studies revealed that HVEM+ stimulator cells induced a rapid 
BTLA downregulation between 4 hours and 2 days, indepen-
dent of peptide antigen (Figure 7C). In contrast, in the absence 
of HVEM, antigen-triggered BTLA downregulation was less 
pronounced and led to higher BTLA expression levels at the late 
time points. Surface BTLA expression returned to basal levels 
in all conditions after 4–6 days (Figure 7C). These results indi-
cate that BTLA is reversibly downregulated upon binding to its 
ligand HVEM. In parallel, we observed that the yield of anti-
gen-specific CD8+ T cells was higher in the absence of HVEM 
(Figure 7D), confirming the BTLA-HVEM–mediated inhibition 
of CD8+ T cell proliferation.

Discussion
BTLA is widely expressed by human CD8+ T cells but progres-
sively downregulated with advanced effector T cell differentia-
tion, with the majority of long-term effector T cells being BTLA-
negative (Figure 1, D and E). In a parallel study, we found high 
BTLA expression in CMV-specific T cells during the early phase of 
acute CMV infection and consequent T cell inhibition via BTLA 
(D. Olive, unpublished observation). In the present study, we 
focused on later phases of immune responses, i.e., in individuals 
with persistent or resolved viral infections or malignant diseases 
and patients after repeated vaccinations. While we observed BTLA 
downregulation in virus-specific T cells and tumor-specific T cells 
after CpG-based vaccination, persistence of BTLA expression was 
seen in melanoma patients that were untreated or after vaccina-
tion without CpG. Sizeable fractions of T cells remained BTLA+, 
supporting the development of therapeutic interventions interfer-
ing with BTLA-mediated immune regulation.

Recent advances in T cell vaccination have enabled the gen-
eration of larger numbers of tumor antigen–specific T cells and 
broader immune responses, but with limited clinical responses. 
In persistent or progressive disease, immune protection may be 
hampered by several mechanisms of peripheral T cell inhibition 
(3, 31). Our data indicate that inhibition via BTLA may play a cen-
tral role, since it is persistently expressed by tumor-specific CD8+ 
T lymphocytes (Figures 1 and 2). BTLA expression is maintained 
at high levels despite differentiation to effector cells, unlike in 
virus-specific CD8+ T cells (Figure 1 and data not shown). How-
ever, significant proportions of EBV- and CMV-specific CD8+ T 

Table 1
HVEM expression analyzed by immunohistochemistry

HVEM expression	 Negative	 < 10%	 10%–50%	 > 50%
Number of tumors (n = 16)	 1	 3	 4	 8
Percentage of tumors	 6.25	 18.75	 25	 50

The table summarizes all results from immunohistochemical HVEM 
staining of paraffin-embedded tumor sections of 16 tumors from 14 
patients with melanoma.

Figure 4
Repeated vaccination with Melan-AMART-1 peptide, IFA (Montanide ISA-51), and CpG (PF-3512676) induces downregulation of BTLA on Melan-A– 
specific CD8+ T cells. (A) Representative examples of A2/Melan-AMART-1 tetramer and BTLA staining in unvaccinated and vaccinated patients. 
Numbers indicate percentages of positive or negative cells. w/o, without. (B) Comparison of BTLA expression in Melan-AMART-1–specific CD8+ 
T cells from 14 unvaccinated patients, 24 patients vaccinated with peptide but without CpG, and 16 patients vaccinated with peptide plus CpG. 
(C) Expression of BTLA by Melan-AMART-1–specific CD8+ T cells (black) and whole CD8+ T cells (white) according to CD8 differentiation stages 
after vaccinations without CpG (upper panel; n = 24) or with CpG (lower panel; n = 16).



research article

	 The Journal of Clinical Investigation      http://www.jci.org      Volume 120      Number 1      January 2010	 163

cells persistently expressed BTLA, in contrast to influenza-spe-
cific CD8+ T cells (Figure 1B). These data suggest that antigenic 
exposure may result in continued BTLA expression and conse-
quent inhibition of specific CD8+ T cells.

Our data on BTLA and HVEM expression in vivo (Figures 1–3 
and Table 1) and the demonstration of T cell inhibition via BTLA-
HVEM interaction (Figures 3, 6, and 7) suggest that melanoma-
specific CD8 responses may be inhibited in vivo via this pathway. 
Vaccinations with peptide and conventional adjuvants such as 
IFA did not overcome this problem, as BTLA expression and T cell 
inhibition remained high (Figure 4).

The introduction of CpG as an immune adjuvant for human T 
cell vaccination shows great promise, indicating that its clinical 
efficacy should be assessed in clinical phase III trials. CpGs pro-
mote expansion of antigen-specific CD8+ T cells to high numbers 
(29, 32, 33), with features critical to immune protection such as 
high T cell receptor avidity (34), strong clonotypic bursts, and 
multifunctionality (D.E. Speiser, unpublished observation). We 
now report that CpG induces the progressive downregulation of 
the inhibitory receptor BTLA concurrent with the differentiation 
to effector cells (Figure 5). This is likely promoted by plasmacy-
toid DCs that are strongly activated by the triggering of TLR9, the 
ligand of CpG (35). Since TLR9 is also highly expressed by human 
B cells, they may also contribute to the observed profound T cell 
activation and differentiation mediated by CpG.

Cancer patients often experience expansion of tumor antigen–
specific CD8+ T cells (27), but these remain at relatively low fre-

quencies, and their function is significantly decreased in metas-
tases (36). Fortunately, functional T cell deficits in situ are largely 
reversible (36). T cells appear to readily adapt to changing micro-
environments, and their function depends on local activatory and 
inhibitory signals. Our data demonstrating that BTLA expression 
and its inhibitory function could be modulated and partly reversed 
by blocking BTLA triggering support this notion.

Inhibition via BTLA is known to compromise T cell–mediated 
immunity in mice (17, 19, 21, 37, 38). Our data demonstrate that 
BTLA inhibits T cell function in humans, as it does in mice, sug-
gesting that BTLA may compromise T cell–mediated protection 
from infection and cancer in humans. The functional relevance 
of BTLA downregulation is at least 2-fold: first, it has direct con-
sequences, abrogating BTLA-mediated inhibition; and second, 
indirectly, through its correlation with advanced differentiation 
to highly functional effector T cells.

Our data show that cancer cells frequently express HVEM in 
situ. Since tumor-specific T cells may persistently remain highly 
BTLA+, and still-sizeable proportions of effector T cells remain 
BTLA+ even in viral infections and after CpG-based vaccination, 
inhibition via HVEM-BTLA may play an important role in func-
tional T cell deficits in situ. A previous study showed that HVEM 
is also frequently expressed by human B cell malignancies and 
suggested that this finding be further explored for optimization 
of immunotherapy (39).

BTLA was transiently downregulated upon interaction with 
HVEM, while stimulation with cognate antigen enhanced BTLA 

Figure 5
Progressive BTLA downregula-
tion upon repeated vaccination 
with CpG. (A) Representative 
dot plots of A2/Melan-AMART-1 tet-
ramer and BTLA staining (gated 
on CD8+ T cells) of PBMCs 
from 2 patients, before vaccina-
tion and after 16 vaccinations, 
respectively. Numbers indicate 
percentages of positive or nega-
tive cells. (B and C) Correlations 
between numbers of vaccinations 
without or with CpG and percent-
ages of BTLA+ T cells among 
(B) Melan-A–specific CD8+ T 
cells and whole CD8+ T cells 
and (C) subsets of Melan-A– 
specific CD8+ T cells.
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expression in the absence of HVEM (Figure 7, C and D). A similar 
effect has been shown for HVEM, which is downregulated after 
binding to LIGHT (40). It remains to be determined whether the 
reduced BTLA expression that we observed after vaccination with 
CpG is due to enhanced binding to HVEM in vivo. Alternatively, 
BTLA expression may be regulated in conjunction with CD8+ T cell 
differentiation, in parallel with the progressively reduced expres-
sion of CD27 and CD28 (Supplemental Figure 4A) by advanced 
differentiated effector T cells.

HVEM interacts not only with BTLA but also with CD160, 
LIGHT, and lymphotoxin-α (41–43). While ligation of HVEM 
to LIGHT and lymphotoxin-α stimulates T cell responses (44), 
HVEM binding to BTLA and CD160 delivers co-inhibitory signals 
to T cells (11, 12, 42, 45). Thus, HVEM is a bidirectional molecular 
switch regulating T cell activation by co-stimulation or co-inhibi-
tion whose outcome depends on the ligand engaged (41). How-
ever, the overall function of HVEM is inhibitory (46), suggesting 
that negative signals mediated by BTLA and CD160 are dominant. 

Figure 6
Functional inhibition of CD8+ T cells depending on BTLA expression and HVEM triggering. (A) Direct ex vivo analysis of percentage of 
A2/Melan-AMART-1 tetramer+ CD8+ T cells among PBMCs, in relation to their BTLA expression, after vaccination without and with CpG. (B) In 
vitro expansion of Melan-AMART-1 tetramer+ T cells from healthy donors, after 10 days of stimulation with peptide-loaded DCs, in the absence 
versus presence of blocking mAb BTLA-8.2. (C and D) IFN-γ (C) and TNF-α (D) production by BTLA+ antigen-specific CD8+ T cells after  
4 hours of peptide stimulation of PBMCs assessed ex vivo, i.e., without prior in vitro cultivation. Representative histograms of PBMCs from 
patient LAU 618 (after 2 vaccinations, with CpG) and from healthy donor BCB122 stimulated by SKMEL37 cells expressing HVEM or not, 
loaded with Melan-AMART-1 or EBV peptides, respectively. Histograms are gated on tetramer+ T cells. Percentages of cytokine-positive cells 
are indicated. (E) Significant correlation between percentages of BTLA+ tetramer+ T cells and percentages of IFN-γ production inhibition (i.e., 
reduction when stimulated with HVEM+ SKMEL37 cells as compared with HVEM– SKMEL37 cells). Each dot represents a single experiment 
with Melan-AMART-1– or EBV-specific T cells.
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Other cell functions may also be affected, since BTLA or CD160 
triggering may also promote cell survival (47). The complex inter-
actions within this receptor system require further investigation. 
Nevertheless, it seems clear that negative signals delivered by BTLA 
may be relevant even without interfering with CD160. Possibly, 
simultaneous blockade of both, BTLA and CD160, may result in 
an even greater promotion of T cell activation (41).

Therapeutic blockade of the inhibitory pathway mediated by 
PD-1/PD-L1 has been shown to augment responses of otherwise 
exhausted T cells (4), an effect that was further enhanced upon 
double blockade of PD-1 and LAG-3 (7). Blockade of BTLA pro-
vides an additional therapeutic option, possibly already promi-
nent during the critical early phases of immune responses, since 
BTLA is strongly expressed in naive T cells, in contrast to PD-1 
and LAG-3 (4, 11, 24, 25, 48). A role of BTLA in naive T cells is 
supported by our observation that blocking BTLA-HVEM liga-
tion during priming of naive CD8+ T cells may have contributed 
to the enhanced proliferation (Figure 6B).

In summary, our findings provide a basis for improving current 
therapies aimed at avoiding BTLA-mediated T cell inhibition in 

infectious and malignant diseases and promoting T cell inhibition 
in autoimmune diseases or after transplantation.

Methods
Patients and vaccination. HLA-A*0201–positive patients with stage III/IV 
metastatic melanoma were included in the Ludwig Institute for Cancer 
Research clinical trials LUD 96-010 and LUD 00-018, approved by insti-
tutional review boards and regulatory agencies (28, 29). Patients received 
monthly low-dose vaccinations s.c. with 100 μg Melan-AMART-1 peptide. 
CpG (500 μg PF-3512676/7909; provided by Pfizer/Coley Pharmaceutical 
Group) was added where indicated. For all patients, vaccines were formu-
lated with IFA (300–600 μl Montanide ISA-51), except for 6 of 13 patients 
in the group “without CpG” who received no adjuvant (2 patients) or QS21 
plus MPL (4 patients) (28, 29).

HLA-A2/peptide tetramers and flow cytometry analysis of primary (not cul-
tured) T cells. PBMCs were obtained by density centrifugation using Lym-
phoprep (Axis-Shieldy) and cryopreserved in RPMI 1640 supplemented 
with 40% FCS and 10% DMSO. HLA-A*0201/peptide tetramers were 
prepared by P. Guillaume and I. Luescher as described (27) with modi-
fied Melan-A26-35A27L peptide ELAGIGILTV, EBV lytic protein BMLF1 

Figure 7
Downregulation of BTLA by primary CD8+ T cells upon T cell receptor activation and HVEM ligation. (A) Representative example of BTLA down-
regulation by BTLA+ EBV-specific CD8+ T cells from PBMCs of healthy donor BCB136 upon EBV peptide stimulation with target cells expressing 
HVEM or not. Histograms are gated on CD8+ EBV+ T cells. Percentages of BTLA+ cells (and GMFI in parentheses) are indicated. (B) Percent-
ages of BTLA expression by antigen-specific CD8+ T cells after stimulation with SKMEL37 cells expressing HVEM or not. Each dot represents 
a single experiment with Melan-AMART-1– or EBV-specific T cells. (C and D) Kinetic analysis of surface BTLA expression (C) and expansion (D) 
of EBV-specific CD8+ T cells upon stimulation with irradiated target cells expressing HVEM or not, in the presence or absence of EBV peptide. 
Results for 2 of 5 representative healthy donors tested are shown.
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peptide GLCTLVAML, CMV late antigen pp65 peptide NLVPMVATV, or 
influenza virus matrix protein peptide GILGFVFTL. Five-color stains were 
done with APC- and PE-conjugated A2/peptide tetramers, ECD-conjugat-
ed anti-CD45RA (Beckman Coulter), PE-conjugated anti-BTLA, PE-Cy7–
conjugated anti-CCR7, and Pacific Blue–conjugated anti-CD8 antibodies 
(BD). Analysis of primary T cells was performed as follows: PBMCs were 
thawed, then positively enriched with anti-CD8–coated magnetic micro-
beads (Miltenyi Biotec), which resulted in a population consisting of more 
than 90% CD8+ T lymphocytes. Cells were stained first with tetramers for 
30 minutes at 4°C in PBS, 0.2% BSA, and 50 mM EDTA and then with 
antibodies as indicated (30 minutes, 4°C). Cells were acquired on a FACS 
LSRII and analyzed with Diva software (BD). Using a new antibody spe-
cific for BTLA labeled with Alexa Fluor 647 (BTLA-7.1 mAb; Supplemen-
tal Figure 2B), we confirmed the results obtained with the BTLA-specific 
antibody from BD (Supplemental Figure 7 and data not shown).

Preparation of mature DCs and stimulation of Melan-AMART-1–specific CD8+ T 
cells. CD14+ monocytes were immunomagnetically purified with CD14 
mAb–conjugated microbeads (Miltenyi Biotec) from PBMCs of healthy 
donors. CD14+ monocytes were cultured for 2 days in 6-well plates at 2 × 106  
cells/well in RPMI 1640 medium with 8% human serum, 1,000 U/ml GM-CSF  
(Immunotools), and 20 ng/ml IL-4 (R&D Systems). LPS (5 μg/ml) was 
added for 1 additional day of culture. After 3 days, mature DCs were har-
vested and loaded with Melan-AMART-1 peptide (ELAGIGILTV) during 1 hour  
at 37°C. After washing, mature DCs were cocultured with immunomag-
netically purified autologous CD8+ T cells, with or without blocking mAb 
BTLA-8.2 (10 μg/ml). Flow cytometry with A2/Melan-AMART-1 tetramers 
was performed after 10 days of culture.

Cytokine production by primary T cells, assessed by flow cytometry. SKMEL37 
melanoma cell line (HLA-A*0201-positive, Melan-AMART-1–negative) was 
transfected with a full-length human HVEM (gift from P. Schneider, Univer-
sity of Lausanne, Lausanne, Switzerland) inserted into PCR3 expression vec-
tor or with empty PCR3, using FuGENE HD (Roche) transfection reagent 
according to the manufacturer’s instructions. Cells were cultured in the 
presence of 0.5 mg/ml G418s (Sigma-Aldrich). PBMCs were thawed the day 
before the experiment and cultured overnight in RPMI containing 8% human 
serum. Magnetic microbead–sorted CD8+ T cells were stained with A2/EBV 
or A2/Melan-AMART-1 tetramers. SKMEL37 cells transfected with HVEM or 
with empty vector were loaded 1 hour at 37°C with 1 μM Melan-AMART-1  
(ELAGIGILTV) or EBV (GLCTLVAML) peptides and washed. Then, 0.1 × 106  
CD8+ T cells were cocultured with 5 × 104 irradiated SKMEL37 cells in the 
presence of 10 μg/ml Brefeldin A (Sigma-Aldrich) and PE-CY5–conjugated 
anti-CD107a (BD). After different time points, CD8+ cells were stained 
with tetramers and then with Pacific Blue–conjugated anti-CD8 and 
PE-conjugated anti-BTLA (BD). After washing in PBS, cells were stained 
with LIVE/DEAD Fixable NEAR-IR (Invitrogen), in order to exclude dead 
cells, and fixed at room temperature (RT) during 30 minutes with 1% 
paraformaldehyde buffer. Cells were washed and stained with mAbs anti–
IFN-γ–PE-CY7 and anti–TNF-α–FITC (BD) in FACS buffer with 0.1% sapo-
nin for 30 minutes at RT. Cells were then analyzed on a FACS LSRII.

Characterization of new BTLA-specific antibodies (BTLA-7.1 and -8.2) and 
blocking of BTLA-HVEM interaction. Cos cells (2 × 105) transiently transfect-
ed for 24 hours with a construct encoding for human BTLA were treated 
with a mixture of 10 μg/ml of HVEM-Fc and a range of concentrations 
(0.01–30 μg/ml) of BTLA-7.1 or -8.2 mAb for 30 minutes at 4°C. Cells 
were then washed with PBS and stained with R-PE–conjugated AffiniPure  

F(ab′)2 Fragment Goat Anti-Human IgG (H+L) (Jackson ImmunoRe-
search Laboratories Inc.) for 15 minutes at 4°C. Binding of HVEM-Fc 
and blocking activity of BTLA-7.1 or -8.2 mAb were determined by flow 
cytometry on a BD FACScan cytometer. To assess BTLA-HVEM interac-
tion, 5 × 103 Me 275 or Me 290 melanoma cells were cocultured with 
10 × 103 T cell clones specific for Melan-A, in the presence of 10 μg/ml 
blocking anti-BTLA antibody or IgG1 isotype control antibody (Beckman 
Coulter). After 24 hours of incubation, IFN-γ concentrations in superna-
tants were then measured by ELISA.

Immunohistochemistry. Consecutive paraffin sections (4 μM thick) were 
cut and mounted on electrostatically precharged slides (Superfrost Plus, 
Menzel-Gläser). The sections were deparaffinized in xylene and rehy-
drated through graded alcohols. After endogenous peroxidase quench-
ing (0.3% H2O2 in distilled water for 5 minutes), antigens were retrieved 
by boiling the sections in 1 mM EDTA solution, pH 9.0, in a pressure 
cooker for 3 minutes. Tissue sections were incubated overnight at 4°C 
with rat anti-human HVEM antibody (provided by O. Donze, Alexis Bio-
chemicals). After washing, tissue sections were incubated for 30 minutes 
at RT with horseradish peroxidase–conjugated anti-rat IgG (Dako) and 
diaminobenzidine (Dako). Finally, the sections were counterstained with 
hematoxylin and dehydrated through graded alcohols and xylene.

Statistics. Figures showing BTLA expression are box-and-whisker plot rep-
resentations. Boxes indicate 25th and 75th percentiles. The whiskers repre-
sent maximum and minimum values, whereas the horizontal bars within 
the box represent median values. For comparisons of data from healthy 
donors and patients (e.g., Figure 2B), the 2-sample t test was used assuming 
independent samples and unknown unequal variances for the underlying 
populations. When comparing different populations between patients or 
between healthy individuals, a 2-tailed paired t test was used (e.g., Figure 
1B). The Pearson correlation test was used to demonstrate significant 
inverse correlations between BTLA expression and numbers of vaccina-
tions (Figure 5). P values less than 0.05 were considered significant.
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