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Introduction

Summary

B and T lymphocyte attenuator (BTLA) is an immunoglobulin superfamily
member surface protein expressed on B and T cells. Its ligand, herpesvirus
entry mediator (HVEM), is believed to act as a monomeric agonist that
signals via the CRD1 of HVEM to inhibit lymphocyte activation: HVEM is
also the receptor for lymphotoxin-ot and LIGHT, which both bind in the
CRD2 and CRD3 domains of the HVEM molecule, and for CD160 which
competes with BTLA. We have shown that recombinant HVEM and a panel of
different monoclonal antibodies specifically bind murine BTLA on both B
and T cells and that some antibodies inhibit anti-CD3¢e-induced T cell pro-
liferation in vitro, but only when constrained appropriately with a putatively
cross-linking reagent. The antibodies had no significant effect on
in vitro T cell proliferation in a mixed lymphocyte reaction (MLR) assay
nor on in vitro DO11.10 antigen-induced T cell proliferation. None of these
antibodies, nor HVEM-Fc, had any significant effect on in vitro B cell pro-
liferation induced by anti-immunoglobulin M antibodies (*anti-CD40) or
lipopolysaccharide. We further elucidated the requirements for inhibition of
in vitro T cell proliferation using a beads-based system to demonstrate that
the antibodies that inhibited T cell proliferation in vitro were required to be
presented to the T cell in a cis, and not trans, format relative to the anti-CD3g
stimulus. We also found that antibodies that inhibited T cell proliferation in
vitro had no significant effect on the antibody captured interleukin-2 associ-
ated with the in vivo activation of DO11.10 T cells transferred to syngeneic
recipient BALB/c mice. These data suggest that there may be specific struc-
tural requirements for the BTLA molecule to exert its effect on lymphocyte
activation and proliferation.

Keywords: activation, B lymphocyte, BTLA, cross-linking, inhibition, T
lymphocyte

to the herpesvirus entry mediator (HVEM) molecule in the
most membrane distal cysteine-rich domain 1 (CRD1) of

B and T lymphocyte attenuator (BTLA) is a recently
described molecule that is expressed on B and T lymphocytes
and at lower levels on dendritic cells, splenic macrophages
and natural killer (NK) cells [1,2]. It has been reported to be
absent on naive T cells, up-regulated on activated T cells and
maintained on polarized T helper type 1 (Th1), but not Th2
cells, in both mice and humans [3]. It has an immunoglo-
bulin superfamily domain in its extracellular region and the
classical immunoreceptor tyrosine-based inhibitory motif
(ITIM) sequences in its intracellular region [1]. Recent data
have demonstrated that BTLA binds uniquely as a monomer
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HVEM and that HVEM signals unidirectionally through
BTLA to inhibit T cell proliferation, possibly by recruiting
intracellular SHP-1 and SHP-2 [2-5].

HVEM is also the receptor for both LIGHT and
lymphotoxin-o, which bind in the CRD2 and CRD3
domains, and for CD160, which has been reported to
compete with BTLA for binding to HVEM [6].

Functionally, several investigators have provided evidence
that signalling through BTLA acts to inhibit T lymphocyte
proliferation using a transfected cell co-culture system, plate-
immobilized HVEM ligand or monoclonal antibodies
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specific for mBTLA [3,7-9]. With the exception of the
reported slightly greater in vitro proliferation of purified
B cells from the BTLA knock-out mice to anti-
immunoglobulin M (IgM), little work has been conducted
on the functional role of BTLA on B cells, despite the
demonstrably high levels of BTLA expression on B cells
[1,2,4].

Identification of the HVEM :BTLA axis has allowed
new insights into some long-standing puzzling in vivo
observations. HVEM knock-out mice have been shown to
exhibit increased morbidity in a model of concanavalin
A-mediated T cell-dependent autoimmune hepatitis, as well
as increased susceptibility to myelin oligodendrocyte glyco-
protein (MOG) peptide-induced experimental autoimmune
encephalitis [10,11]. Interestingly, the BTLA knock-out mice
have a somewhat similar phenotype to the HVEM knock-out
mice in that T cells from the mice exhibited enhanced pro-
liferative responses to in vitro anti-CD3¢ stimulation, but
not to concanavalin A [1,12]. The BTLA knock-out mice also
exhibited increased specific antibody responses and
increased susceptibility to MOG peptide-induced experi-
mental autoimmune encephalitis [1].

Several in vivo studies have been performed with
HVEM-Ig that demonstrate its beneficial effect in mouse
models of transplantation rejection and uveitis [13-16].
However, these studies all predate the identification of the
HVEM : BTLA axis, and it is not clear whether these in vivo
effects are due to the neutralization of signalling through
HVEM by LIGHT and lymphotoxin- & or the actions of the
soluble HVEM-Ig through BTLA. No in vivo disease models
or mechanism-based studies with a uniquely BTLA specific
reagent have been described in the literature.

Interestingly, Cheung et al. identified the UL144 (Unique
Long 144) protein from the human cytomegalovirus
(HuCMV) as being capable of binding hBTLA, but not
LIGHT, and inhibiting in vitro lymphocyte proliferation
[17-19]. HuCMYV infection is a serious disease in immuno-
suppressed patients and the UL144 is one of many open
reading frames present in clinical isolates but not in com-
monly used laboratory strains [20-25]. UL144 is homolo-
gous to the N terminal, putative BTLA binding region of
hHVEM. There is no known murine equivalent. This sug-
gests that that the virus may have evolved the ability to target
the BTLA pathway in an effort to induce immunosuppres-
sion in its human host. This raises the intriguing possibility
that targeting BTLA may be an attractive pharmacological
approach for the treatment of human inflammatory
diseases. This hypothesis is supported further by associations
of BTLA polymorphisms with clinical rheumatoid arthritis
and inflammatory bowel disease and the demonstrated
crucial role for BTLA in models of inflammatory bowel
disease (IBD) [26-28].

In this study, we set out to determine the exact require-
ments for BTLA specific reagents to inhibit T and B lympho-
cyte proliferation in vitro and to test their ability to
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ameliorate inflammation in a mechanistically relevant in
vivo model.

We found that HVEM and a panel of different mono-
clonal antibodies bound murine BTLA specifically on both
B and T cells and that some antibodies inhibited anti-
CD3e-induced T cell proliferation in vitro, but only when
constrained appropriately with a putatively cross-linking
reagent. They did not affect in vitro T cell proliferation
induced in a mixed lymphocyte reaction or antigen-induced
proliferation of DO11.10 transgenic T cells. None of these
antibodies, nor the HVEM-Fc molecule, had any significant
effect on in vitro B cell proliferation. We elucidated further
the requirements for inhibition of in vitro T cell proliferation
using a beads-based system to demonstrate that the antibod-
ies that inhibited T cell proliferation in vitro were required to
be presented to the T cells in a cis, and not trans, format
relative to the anti-CD3¢ stimulus. We also found that the
antibodies that inhibited T cell proliferation in vitro had no
significant effect on the antibody-captured interleukin
(IL)-2 associated with the in vivo activation of DO11.10 T
cells transferred to syngeneic recipient BALB/c mice. These
data suggest that there may be specific structural require-
ments for the BTLA molecule to exert its effect on lympho-
cyte activation and proliferation.

Materials and methods

Anti-BTLA reagents

Antibodies specific for BTLA (and fluorescently labelled
antibodies) were obtained from e-BioSciences (San Diego,
CA, USA). Murine BTLA (extracellular domain), murine
HVEM (CRD1-4) and mCTLA-4 were made as mouse or
human IgG1 Fc fusion proteins as indicated and expressed in
a CHO adherent cell line. Single cell clones were isolated and
conditioned medium was harvested over 7 days of
production. The proteins were purified with a monoclonal
antibody (mAb) select column in the Department of Protein
Sciences at Amgen Thousand Oaks. mAb 20A9 was used as
an irrelevant mouse IgG1 isotype control antibody specific
for the CXCL10 chemokine [29].

In vitro murine T cell proliferation assays: plate- and
bead-based

Mouse CD4" T cells were purified from C57BL/6 mouse
splenocytes by AutoMACS-negative selection (Miltenyi
Biotec, Auburn, CA, USA). In a U-bottomed 96-well plate,
100 000 T cells were activated in vitro by 0-1 ug per plate of
hamster anti-mouse CD3¢ clone 145-2C11 for 72 h and
[*H]-labelled tritium was added to the cell culture medium
for the last 18 h; the test reagent was co-immobilized with
the activating stimulus at the indicated amounts. In the
cross-linked plate, 1 ug per well of a polyclonal goat anti-
mFc reagent (Sigma Biochemicals, St Louis, MO, USA) was
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added at the same time as the activating stimulus and the test
reagents were added for the last 18 h at the indicated
amounts. Cells were harvested onto a filter after 72 h of
stimulation and radioactivity was assessed as a measure of
cell proliferation. Analysis of secreted cytokines was by
multi-analyte profiling using a kit from LincoPlex (St
Charles, MO, USA), as per the manufacturer’s instructions.
For the bead-based assays, 100 000 T cells in a U-bottomed
96-well plate were activated in vitro by bead-absorbed anti-
mouse CD3e coated at 0-1 pg per 10° cells on tosyl-activated
4-5 uM beads (Dynal Biotech, ASA Corporation/Invitrogen,
Oslo, Norway/Carlsbad, CA, USA: catalogue no. 140-13) for
72 h and [*H]-labelled thymidine was added to the cell
culture medium for the last 18 h; the test reagent was either
co-immobilized with the activating stimulus (cis format) or
on a separate bead (trans format) at the indicated amounts.
Cells were harvested and proliferation and secreted cytokines
analysed as described previously. Proteins were immobilized
on the beads, as per the manufacturer’s instructions. Briefly,
0-5 ml of the provided Dynabeads were washed twice with
phosphate-buffered saline (PBS), resuspended in 200 pl of
PBS per tube, and 20 pg of anti-CD3¢ and/or the indicated
pg amount of anti-BTLA test antibody (or antibodies)
reagent was absorbed passively to the beads, mixed well and
incubated at room temperature for 60 min. The tube was
vortexed (bench top) every 3 min to ensure mixing. Then
100 pl of a 0-5% bovine serum albumin (BSA) solution in
PBS was added to each tube and the volume adjusted to
500 ul with PBS to block any unoccupied bead surface. The
beads were incubated at 4°C for 3 days with shaking and then
washed three times with 0-1% BSA in PBS buffer. They were
finally resuspended in 500 pl of 0-1% BSA in PBS to yield a
final bead concentration of 4 x 10%/ml and the final bead-
: cell ratio in the well was adjusted to 1:1.

For the mixed lymphocyte reaction (MLR) in vitro assay, T
cells were isolated from the spleens of C57BL/6 mice with a
pan T cell-negative selection isolation kit (Miltenyi Biotech);
antigen-presenting cells (APC) were selected negatively from
the spleens of BALB/c mice (Miltenyi Biotech). The APC
were incubated with mitomycin C (Sigma) at 25 pug/ml for
30 min at 37°C and then washed three times. T cells were
cultured with mitomycin C-treated APC at a 1:1 ratio, with
2 % 10° cells per well in 200 pl volume for 5 days. For the last
16 h, 1 uCi of [*H]-thymidine (MP Biomedicals, Inc., Irvine,
CA, USA) was added to each well. The cells were then har-
vested and [’H]-incorporation measured using a 1450
Microbeta Liquid Scintillation and Luminescence Counter
(Perkin Elmer, Sherton, CT, USA).

For the ovalbumin (OVA) antigen-specific T cell prolifera-
tion in vitro assay, CD4 T cells were isolated from the spleens
of DO11.10 mice by CD4 T cell-negative selection (Miltenyi
Biotec) and APCs were isolated from same mice with an
AutoMACS T cell depletion kit (Miltenyi Biotec). The APCs
were incubated with mitomycin C at 25 pg/ml for 30 min at
37°C and then washed three times. The T cells were stimu-
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lated by 0-1 pg/ml OVA peptide in the presence of mitomy-
cin C-treated APC at a 1:1 ratio, with 2 x 10° cells per well in
a 200 ul volume. Cell proliferation was measured at day 3 as
described above.

In vitro murine B cell proliferation assays

Mouse B cells were purified from C57BL/6 mouse spleno-
cytes by AutoMACS-negative selection (Miltenyi Biotec) and
100 000 cells were incubated in duplicate in 96-well flat-
bottomed plates in RPMI-1640 (Invitrogen, Inc.) with 10%
heat-inactivated fetal bovine serum (FBS) (54°C for 45 min),
I mM HEPES and 55uM -mercaptoethanol (all from
Gibco). Cells were stimulated with 2 pg/ml of lipopolysac-
caride (List Biological Laboratories, Inc.) or 1 pug/ml of anti-
CD40 mAb (BD Biosciences, San Diego, CA, USA) plus
2 ug/ml of goat F(ab’), anti-mouse IgM (Jackson Immu-
noResearch, West Grove, PA, USA) in the presence of various
concentrations of anti-BTLA reagent or mHVEM-Fc
protein. Cross-linking was performed as described pre-
viously. Cells were incubated for 72 h at 37°C and 5% CO,
and pulsed with radioactive [*H]-thymidine for the last 18 h
to assess proliferation.

BIACore surface plasmon resonance

The BIACore 2000, sensor chip CM5, surfactant P-20,
HBS-EP [10 mM HEPES, 0-15 M NaCl, 3-4 mM ethylendi-
amine tetraacetic acid (EDTA), 0-:005% P-20, pH 7-4], amine
coupling kit and 10 mM acetate pH 4-5 were from BIACore,
Inc. (Piscataway, NJ, USA). Immobilization of antibodies to
the sensor chip surface was performed according to the
manufacturer’s instructions, using a continuous flow of
10 mM HEPES, 0-15 M NaCl, 3-4 mM EDTA and 0-005%
P-20, pH 7-4 (HBS-EP buffer). Briefly, carboxyl groups on
the sensor chip surfaces were activated by injecting 60 pul of a
mixture containing 0-2 M N-ethyl-N’ (dimethylaminopro-
pyl)carbodiimide (EDC) and 0-05 M N-hydroxysuccinimide
(NHS). Specific surfaces were obtained by injecting antibody
diluted in 10 mM acetate, pH 4-5 at a concentration of
30 pg/ml. Excess reactive groups on the surfaces were deac-
tivated by injecting 60 pl of 1 M ethanolamine. Final immo-
bilized levels were ~9000-12 000 resonance units (RU) for
the antibodies. A blank, mock-coupled reference surface was
also prepared on the sensor chip. To perform a competition
binding analysis of the anti-mBTLA mAbs by BIACore, each
antibody was immobilized to a different flow cell of a CM5
sensor chip. Murine BTLA-mFc was captured on the anti-
body surfaces and then either the immobilized antibody
or a different antibody was injected over the captured
mBTLA-mFc.

In vivo DO11.10 T cell proliferation

DO11.10 splenocytes, 20 x 10°, were adoptively transferred
into BALB/c recipients. The next day mice were treated intra-
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Fig. 1. Anti-CD3¢ T cell proliferation is unaffected by
co-immobilized anti-B and T lymphocyte attenuator (BTLA) reagents
(a): cross-linked herpesvirus entry mediator (HVEM-Fc) and some
anti-mBTLA monoclonal antibodies (mAbs) suppress this
proliferation (b). Mouse CD4" T cells were purified from C57BL/6
mouse splenocytes by AutoMACS-negative selection (Miltenyi Biotec).
In schematic (a) 100 000 T cells in a U-bottomed 96-well plate were
activated in vitro by plate-bound hamster anti-mouse CD3¢ (clone
145-2Cl11 at 0-1 pg per plate) for 72 h and [*H]-labelled tritium was
added to the cell culture medium for the last 18 h; the test reagent was
co-immobilized with the activating stimulus at the indicated amounts.
In the cross-linked plate in schematic (b), 1 pug per well of a
polyclonal goat anti-mFc reagent was added just prior to the
activating stimulus and the test reagents were added for the last 18 h
at the indicated amounts. Cells were harvested onto a filter after 72 h
of stimulation and radioactivity was assessed as a measure of cell
proliferation. Analysis of secreted cytokines by multi-analyte profiling
showed that secreted levels of interferon-y correlated well with cell
proliferation (data not shown). Epitope grouping experiments using
BIACore showed that the anti-mBTLA mAbs that inhibited T cell
proliferation grouped to the same epitope on the mBTLA molecule
(see Fig. S3).

peritoneally with 15 mg/kg of anti-BTLA reagent or control
reagent. Three h after protein treatment animals were
administered 10 pg of biotin-labelled rat anti-mIL-2 (clone
JES6-5 H4) to capture secreted IL-2 as described previously.
Mice were then injected in the footpad with 100 pug of OVA
protein to activate the monoclonal population of transferred
DOI11.10 T cells. The mice were rested for 18 h before exsan-
guination and then serum IL-2 was detected using an
enzyme-linked immunosorbent assay (ELISA) kit (R&D
Systems, Minneapolis, MN, USA). Studies that benchmarked
the effect of CTLA4-Fc in this model were performed in a
similar manner.

Results

Only cross-linked anti-BTLA reagents inhibit
anti-CD3¢ induced in vitro T cell proliferation

Figure 1 shows the effect of anti-BTLA reagents on the anti-
CD3e-induced proliferation of murine spleen-derived T
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cells in vitro. We have shown previously that the mHVEM-
mFc ligand and all the putative anti-BTLA mAb-stained T
and B cells by fluorescence activated cell sorter analysis
(FACS) and that the staining could be reversed specifically
with soluble mBTLA-mFc (data not shown). We also per-
formed individual titrations with commercial hamster anti-
mCD3¢e mAb clone 145-2C11 to induce robust and
reproducible T cell proliferation in vitro. When the anti-
BTLA reagents were co-immobilized on the plate with the
stimulus, no significant effect on T cell proliferation was
observed. However, when the anti-BTLA reagents were puta-
tively ‘cross-linked’ by coating the plate with a polyclonal
goat anti-mouse Fc reagent and then adding the murine
reagents, the mHVEM-mFc ligand and some of the anti-
BTLA mAb inhibited T cell proliferation dose-responsively —
specifically, clones 6 H6, 8F4 and 3F9.D12. A similar effect
was seen on the levels of secreted interferon-y (data not
shown). Further studies with the anti-BTLA reagents in the
murine in vitro MLR and the murine in vitro DO11.10
antigen-specific T cell proliferation system have shown
similar results to the direct plate immobilization assay
system in that the anti-BTLA reagents had no significant
effect on in vitro T cell proliferation induced by these
methods (see Supporting information, Figs S1 and S2, at the
end of the paper and online).

Competition binding experiments with surface plasmon
resonance (BIAcore) showed that the anti-BTLA mAb clones
that inhibited in vitro T cell proliferation in the ‘cross-linked’
plate format grouped to a similar epitope on the BTLA mol-
ecule and, conversely, the clones that had no effect on T cell
proliferation grouped to a different epitope (see Fig. S3).

Anti-BTLA reagents have no significant effect on
in vitro B cell proliferation

Figure 2 shows the effect of anti-BTLA reagents on the LPS-
induced or anti-CD40 plus anti-IgM mAb-induced prolif-
eration of murine spleen derived B cells in vitro. Neither
method of induced in vitro B cell proliferation was affected
significantly by anti-BTLA antibodies or mHVEM-Fc.
No significant inhibition of proliferation was detected
with co-immobilized (see Fig. 2) or cross-linked anti-BTLA
reagents (data not shown), nor did we see any effect on the
lower levels of proliferation induced by an anti-IgM mAb
alone (data not shown). Notably, none of the clones that
inhibited in vitro T cell proliferation had any significant
effect on B cell proliferation induced by any of the above
methods.

Only anti-BTLA reagents in cis format inhibit in vitro
T cell proliferation

In an effort to elucidate further the exact mechanism of how
the mHVEM-mFc ligand and some of the anti-BTLA mAbs
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Fig. 2. B cell proliferation is not inhibited by co-immobilized anti-B and T lymphocyte attenuator (BTLA) reagents. Mouse B cells were purified
from C57BL/6 mouse splenocytes by AutoMACS-negative selection (Miltenyi Biotec). Purified B cells (10°) were incubated in duplicate in 96-well
flat-bottomed plates in RPMI-1640 (Invitrogen, Inc.) with 10% heat inactivated fetal bovine serum (Gibco). Cells were stimulated with 2 pug/ml of
lipopolysaccaride (List Biological Laboratories, Inc.) or 1 pg/ml of anti-CD40 monoclonal antibody (mAb) (BD Biosciences, Inc.) plus 2 pg/ml of
goat F(ab’), anti-mouse immunoglobulin M (IgM) (Jackson ImmunoResearch, West Grove, PA, USA) in the presence of various concentrations of
anti-BTLA reagent or murine herpesvirus entry mediator (mHVEM-Fc) protein. Cells were incubated for 72 h at 37°C and 5% CO, and pulsed with

radioactive [*H] thymidine for the last 18 h to assess proliferation.

acted to inhibit T cell proliferation, we used a beads-based
approach in addition to direct immobilization on polysty-
rene plates. Figure 3 shows that, similarly to direct immobi-
lization in the plate, bead-absorbed anti-CD3e mAb caused
T cell proliferation. Some of the anti-BTLA reagents that had
been shown previously to inhibit T cell proliferation were
tested in this novel format — specifically the mAb 6H6 and
the mHVEM-mFc ligand, as well as an isotype control
antibody. The test reagents were immobilized on either the
same bead as the stimulus (cis format) or a different bead
(trans format). Only anti-BTLA reagents in the cis, and not
the trans, format relative to the activating stimulus inhibited
this T cell proliferation. The control mAb did not have any
significant effect on the T cell proliferation whether it was in
cis or trans format. Analysis of secreted cytokines by multi-
analyte profiling showed that secreted levels of interferon-y
correlated well with cell proliferation and this effect on inhi-
bition of T cell proliferation observed in either the plate-
immobilized or beads-based format could be reversed with
excess soluble mBTLA-Fc (data not shown).

Anti-BTLA mAbs do not affect in vivo activation of
DO11.10 T cells transferred to syngeneic mice

We were interested to test the effect of the anti-BTLA regents
that inhibited in vitro T cell proliferation in a mechanistically
relevant in vivo model of inflammation. The most strongly
indicated for T cell antagonism was judged to be the

© 2010 Authors

DO11.10 T cells syngeneic transfer with in vivo trapping of
IL-2 (see later discussion).

Figure 4 shows that a large dynamic range for trapped IL-2
was generated in this model and that this was unaffected
by an isotype control antibody and that the IL-2 signal
was normalized completely by dosing with recombinant
mCTLA4-hFc. None of the anti-BTLA mAbs that had inhib-
ited in vitro T cell proliferation had a significant effect on the
levels of trapped IL-2 in this model, even with relatively high
dosing of 15 mg/kg. In an effort to determine any additive or
synergistic effects of CTLA4-Fc and anti-BTLA reagents in
this experimental system, we titrated the effect of CTLA4-Fc
and have found that it is extremely effective at a wide range
of concentrations, providing almost complete quenching of
the signal even at a very low dose of 8 g per mouse
(approximately 0-2 mg/kg) (see Fig. S4). In our experience,
this profound suppression of the disease-associated readout
leaves an insufficient dynamic range for any additive or syn-
ergistic combination studies in this model.

Discussion

In this study we have elucidated further the mechanism of
how BTLA acts to affect lymphocyte proliferation. We found
that HVEM and a panel of different monoclonal antibodies
bound murine BTLA specifically on both B and T cells and
that some of the antibodies inhibited anti-CD3¢-induced T
cell proliferation in vitro. None of these antibodies, or the
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AutoMACS-negative selection (Miltenyi Biotec). In a U-bottomed 96-well plate, 100 000 T cells were activated in vitro by bead-absorbed anti-mouse
CD3e [clone 145-2C11] at 0-1 ug per 10° cells on tosyl activated 4-5 {M beads (Dynal) for 72 h and [*H]-labelled tritium was added to the cell
culture medium for the last 18 h: the test reagent was either co-immobilized with the activating stimulus (cis format) or on a separate bead (trans

format) at the indicated amounts. Cells were harvested onto a filter after 72 h of stimulation and radioactivity was assessed as a measure of cell

proliferation. Analysis of secreted cytokines by multi-analyte profiling showed that secreted levels of interferon-y correlated well with cell

proliferation (data not shown).

HVEM molecule, had any significant effect on in vitro B cell
proliferation.

Although some of the anti-BTLA reagents potently inhib-
ited in vitro T cell proliferation, this effect occurred only
when the BTLA ligand or the antibodies were in the appro-
priate format, i.e. putatively cross-linked with a reagent spe-
cific for the Fc region of the test agents. Despite the extensive
use of this approach in many laboratories, the exact nature of
the molecular interaction between the cross-linking reagent,
the test agents and the target cells is still unclear. We eluci-
dated further the requirements for inhibition of in vitro T
cell proliferation using a beads-based system to immobilize
the stimulus and the test agent. This system offers the
advantage of either separating or locally clustering these two
separate elements that interact with the cell. This system
demonstrated clearly that the anti-BTLA reagent could
inhibit anti-CD3e-induced T cell proliferation only when it
was in a cis conformation relative to the activating stimulus,
and not in a a trans format. This suggests that the anti-BTLA
reagent needs to be in close contact with, if not immediately
juxtaposed to the stimulus that causes the T cells to
proliferate.

Figure 5 shows a schematic illustrating a possible mecha-
nistic explanation for this observation. In Fig. 5a, bead-
absorbed anti-CD3¢ clusters and activates the TCR and the
cell proliferates. Anti-BTLA reagents on the same bead can
localize BTLA to synapse, bringing the BTLA molecule in
juxtaposition to the TCR. This allows the activation of
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BTLA to recruit the SHP-2 phosphatase adjacent to the
intracellular domain of the TCR, resulting in dephos-
phorylation of the TCR complex and countering T cell
proliferation.

In Fig. 5b, bead-absorbed anti-CD3e clusters and activates
the TCR and the cell proliferates. An anti-BTLA reagent on a
different bead is dislocated physically from the immunologi-
cal synapse and is unable to localize BTLA to the synapse.
Hence, the SHP-2 phosphatase cannot be recruited adjacent
to the intracellular domain of the TCR and T cell prolifera-
tion is unaffected.

We propose a model whereby Fig. 5a is analogous to the
presence of a cross-linking reagent when the reagents are
directly immobilized on the plate. When the cross-linking
reagent is used, it brings the stimulus and the anti-BTLA
reagent into close physical proximity as they interact and T
cell proliferation is inhibited, as shown in Fig. 1b. Without a
cross-linking reagent, the stimulus and the anti-BTLA
reagent are immobilized directly on the plate and dislocated
physically from each other and T cell proliferation is unaf-
fected, as shown in Fig. la.

This proposed mechanism of action of an anti-
proliferative BTLA-specific reagent is plausible based on the
association of BTLA with elements of the TCR signalling
complex [1,5,30]. It is also consistent with functional obser-
vations described in the literature. Hurchla ef al. [2,4] and
Sedy et al. [9] demonstrated that HVEM signals through
BTLA by co-culturing Chinese hamster ovary (CHO) cells
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Fig. 4. Anti-B and T lymphocyte attenuator (BTLA) monoclonal
antibodies (mAbs) do not affect in vivo activation of DO11.10 T cells
transferred to syngeneic mice; 20 x 10° DO11.10 splenocytes were
adoptively transferred into BALB/c recipients. The next day mice were
treated intraperitoneally with 15 mg/kg of anti-BTLA reagent or
control reagent (5 mg/kg for mCTLA4-hFc). Three h after protein
treatment animals were administered 10 pg of biotin-labelled rat
amIL-2 (clone JES6-5H4) to capture secreted interleukin (IL)-2
(Finkelman et al., Int. Immunol., 11, 1999). Mice were then injected in
the footpad with 100 pg of ovalbumin protein to activate the
monoclonal population of transferred DO11.10 T cells. The mice were
rested for 18 h before exsanguination and then serum IL-2 was
detected by enzyme-linled immunosorbent assay. A double asterisk
indicates no detectable IL-2.

expressing the IA? major histocompatibility complex (MHC)
molecule and also expressing either mBTLA or mHVEM
with OVA antigen-activated CD4" DO11.10 cells [2,4,9].
Co-expression of mBTLA had no effect on lymphocyte
proliferation and co-expression of mHVEM inhibited lym-
phocyte proliferation significantly. This HVEM-mediated
inhibition of proliferation did not occur if the CD4*
DOI11.10 cells were from a BTLA knock-out mouse. In this
system, the use of BTLA expressed on the surface of trans-
fected cells is analogous to the use of the beads-based system.
It is possible that the anti-BTLA reagent (in this case the
HVEM ligand) needs to be juxtaposed similarly to the stimu-
lus causing target cell proliferation (in this case the IA MHC
molecule presenting the OVA antigen).

In a more reduced in vitro proliferation system, Gonzalez
et al. demonstrated that full-length mHVEM-Fc inhibited
the proliferative responses of in vitro anti-CD3e-stimulated
CD4* T cells, but only when it was co-immobilized on the
plate via anti-mouse Fc (and presumptively cross-linked)
and not soluble [31]. They generated similar data with in
vitro anti-CD3g-stimulated primary human CD4" T cells
where co-immobilized hHVEM-Fc (via anti-human Fc)
inhibited lymphocyte proliferation significantly but soluble
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hHVEM-Fc did not. This effect could be blocked with a
monoclonal antibody to hBTLA that had otherwise been
shown to block the interaction between hBTLA and hHVEM
[3]. Again, this is consistent with our observations using
cross-linking reagents. Similarly, the Fiala strain of Hu CMV
protein in the form of UL144-Fc was shown to inhibit dose-
responsively anti-CD3¢ and anti-CD28-stimulated prolif-
eration of CD4" human peripheral blood lymphocytes when
cross-linked on the plate [17].

Krieg et al. generated a number of monoclonal antibodies
specific for mBTLA and characterized further the rat anti-

Bead aCD3e clusters TCR and cell proliferates :
mAbs on the same bead localize BTLA to synapse

& & CD3/TCR

. Phosphorylation
of intra-cellular TCR

YAnti BTLA test mAb JBTLA,
SHP-2

Anti-BTLA on a different bead cannot recruit
enough BTLA to counter TCR signalling

Fig. 5. Bead-absorbed oiCD3¢ causes T cell proliferation: Only anti-B
and T lymphocyte attenuator (BTLA) reagents in the cis, and not the
trans, format relative to the activating stimulus inhibit this
proliferation. Shown above is a hypothetical schematic that models a
possible explanation for this observation. (a) Bead-absorbed aCD3¢e
clusters and activates the T cell receptor (TCR) and the cell
proliferates. Anti-BTLA reagents on the same bead can localize BTLA
to synapse, bringing the BTLA molecule in juxtaposition to the TCR.
This allows the activation of BTLA to recruit the SHP-2 phosphatase
adjacent to the intracellular domain of the TCR, resulting in
dephosphorylation of the TCR complex and countering T cell
proliferation. (b) Bead-absorbed aCD3¢ clusters and activates the
TCR and the cell proliferates. An anti-BTLA reagent on a different
bead is dislocated physically from the immunological synapse and is
unable to localize BTLA to the synapse. Hence, the SHP-2
phosphatase cannot be recruited adjacent to the intracellular domain
of the TCR and T cell proliferation is unaffected.
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mBTLA (C57BL/B6) clone PK18 that inhibited proliferation
of in vitro anti-CD3e-stimulated CD3" and CD4" purified T
cells from wild-type C57BL/B6 mice, but not from BTLA
knock-outs [7,8]. Functionally, they showed that the mecha-
nism of proliferation inhibition does not involve elimination
of cells, the induction of apoptosis or the induction of puta-
tive regulatory CD4* CD25" T cells. This is the only pub-
lished study to demonstrate inhibition of lymphocyte
proliferation with a soluble, rather than an immobilized/
coated or Fc-bound BTLA-specific reagent, although the
required 60 ng/ml concentration needed is very high for
such an assay and one cannot rule out the possibility of an
artefactual effect on lymphocyte proliferation at such con-
centrations [7,8].

The BTLA system is newly described and the biology
underlying it is complex. Although several different pub-
lished studies have concluded that the signalling in the
HVEM : BTLA axis is unidirectional through BTLA, it is
noteworthy that all the published studies have concentrated
upon the effects of BTLA- specific reagents on purified T
cells (either CD3*, CD4" or CD8") and not crude mixed cell
populations [2,3]. The study by Krieg ef al. used BALB.K
splenocytes as a source of antigen-presenting cells with the
antigen-activated pigeon cytochrome C-specific T cells and
the PK18 mAb inhibited proliferation significantly, but the
PK18 anti-mBTLA mAb does not cross-react with BALB.K
BTLA [7,8]. The study by Gonzalez et al. showed no effect
of soluble mHVEM-mFc on the proliferation of
concanavalin A-stimulated BALB/c crude splenocytes,
nor was there any effect of soluble hHVEM-Fc on the
phytohaemaglutinin-induced  proliferation of human
peripheral blood mononuclear cells. However, it is unclear
if this is because the HVEM-Fc was soluble, as was the case
for the purified CD4" murine T cells, or because the cell
population was not purified [3]. It is also possible that any
one cell can express both BTLA and HVEM, complicating
further the potential molecular interactions. We attempted
to define the exact requirements for signalling through
BTLA to exert an effect on lymphocyte proliferation. We
found that neither the HVEM-Fc ligand nor any of the anti-
BTLA mAbs had any significant effect on B cell prolifera-
tion in vitro. We found that the ligand and some of the
antibodies inhibited T cell proliferation, but only when they
were cross-linked with an anti-Fc reagent; this was consis-
tent with several different published studies. We used the
beads-based system to separate the stimulus and the test
agent physically and found that T cell proliferation could be
inhibited only when the test agent was juxtaposed immedi-
ately to the stimulus, and we have proposed a model for
how this might occur. Other evidence in support of this
hypothesis is shown by studies that demonstrate localiza-
tion of BTLA to the immunological synapse during T cell
activation [32]. None of the anti-BTLA reagents tested had
any significant effect on the observed in vitro T cell prolif-
eration in other commonly used experimental systems such
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as the MLR or the OVA antigen-induced system. In our
opinion, this observation is a reflection of our hypothesis
that an anti-BTLA reagent can act to inhibit T cell prolif-
eration only when it is juxtaposed immediately to the acti-
vating stimulus. In the MLR and DO11.10 in vitro systems,
the activating stimulus to the T cell is either a polymorphic
MHC molecule on another cell or the OVA peptide pre-
sented by an MHC molecule on another cell, respectively.
Hence, the anti-BTLA test agent is physically unable to
interdict the signalling complex that drives TCR signalling
and the subsequent T cell activation and proliferation.
Indeed, as the stimulus is inherent to the cell-cell interac-
tion, it would not be possible to mitigate the target T cell
activation successfully with an exogenous anti-BTLA
reagent in this experimental system. Based on our current
understanding of BTLA biology, in the frame of our current
hypothesis, one would have to engineer genetically the cell
that presents the stimulus to the target cell with an appro-
priate anti-BTLA reagent, such as the HVEM ligand, in
order to interdict successfully the target T cell activation.
Indeed, this was described by Sedy et al. [9], whereby the
presentation was made by CHO cells transfected with the
MHC IA® molecule that presented the OVA antigen to the
target DO11.10 T cell, causing T cell activation. This was
mitigated by transfection of the same CHO cell with the
HVEM molecule, i.e. the BTLA ligand.

We extended these studies to look at the effect of a BTLA-
specific reagent in vivo. Of the various options for in vivo
models, and bearing in mind the lack of any in vivo expo-
sure data for any of these reagents, the most strongly indi-
cated for T cell antagonism was judged to be the DO11.10 T
cells syngeneic transfer with in vivo trapping of IL-2. This
has the advantages of being short-term, robust and well-
validated. This system involves the transfer of ex vivo-
activated syngeneic CD4" T cells with a measure of in vivo
proliferation and IL-2 production and hence has a wide
dynamic range that is related directly to T cell proliferation
[33]. This model was also used by Sedy et al., and prolifera-
tion was inhibited by CHO/mHVEM-expressing cells [9].
Furthermore, several T cell function antagonists have been
validated in this model [33]. We found that antibodies that
inhibited T cell proliferation in vitro had no significant
effect on the antibody-captured IL-2 associated with the in
vivo activation of DO11.10 T cells transferred to syngeneic
recipient BALB/c mice. We propose that this may be
because an exogenously administered, soluble BTLA-
specific reagent is unable to interdict the immunological
synapse that has formed between an antigen-presenting cell
and a T cell in vivo. There are few studies that describe the
effects of anti-specific anti-BTLA reagents in vivo (as
opposed to soluble HVEM-Fc which can bind to other mol-
ecules). The study by Truong e al. is a novel and interesting
study that describes a synergistic improvement in allograft
maintenance when the anti-BTLA mAb clone 6F7 is com-
bined with CTLA4-Fc [34]. Specifically, at day 100 post-

© 2010 Authors

Clinical and Experimental Immunology © 2010 British Society for Immunology, Clinical and Experimental Immunology, 163: 77-87



transplant approximately 40% of the mice treated with
CTLA4-Fc alone have survived and approximately 70% of
the mice treated with CTLA4-Fc and the mAb 6F7 have
survived. This probably represents a statistically significant
improvement, but the dynamic range between the two sepa-
rate treatment groups is moderate. Furthermore, it is
unclear if there is a significant improvement in the in vivo
phenotypical behaviour and proliferation (i.e. lymphocyte
precursor frequency) of the mice treated with CTLA4-Fc
plus mADb 6F7, relative to treatment with CTLA4-Fc alone,
and these reagents reportedly do not induce in vitro allospe-
cific unresponsiveness as measured by MLR and CTL
assays. In our hands, the anti-BTLA mAb 6F7 does not
inhibit T cell proliferation in vitro and it groups to a differ-
ent epitope on mBTLA relative to the reagents that inhibit T
cell proliferation and activation. Hence, we cannot account
readily for the reported synergistic improvement in trans-
plant tolerance with the mAb 6F7 that is described in this
study. However, differences between different animal facili-
ties and detailed experimental protocols between different
laboratories, as well as different preparations of test reagents
with varying potencies and pharmacokinetic properties,
may provide a partial explanation. It must also be borne in
mind that the DO11.10 OVA antigen-activated experimen-
tal system is very different mechanistically to the islet
allograft in vivo model, as the duration is very short (2-3
days relative to >3 months) and the population of in vivo-
activated T cells is monoclonal and specific for a defined
antigen, compared to the heterogeneous and variable popu-
lation of cells and their associated MHC molecules in an
islet allograft. However, we believe it is mechanistically rel-
evant to the BTLA pathway, as Sedy et al. described an ex
vivo analysis of these cells using a co-culture system with
CHO cells presenting the OVA antigen * the BTLA ligand
HVEM, and demonstrated inhibition of DO11.10 T cell
proliferation when the HVEM molecule was presented
appropriately to the T cells [9]. Taken together, the in vitro
and in vivo data set we have generated suggests that there
may be specific structural requirements for the BTLA
molecule to exert its effect on lymphocyte activation and
proliferation.
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Supporting information

Additional Supporting Information may be found in the
online version of this article:

Fig. S1. Anti-B and T lymphocyte attenuator (BTLA) mono-
clonal antibodies (mAbs) do not inhibit mouse T cell pro-
liferation in the mixed lymphocyte reaction (MLR) in vitro.
Mouse T cells and mitomycin C-treated antigen-presenting
cells were cultured at a 1:1 ratio in the presence of plate
coated anti-BTLA antibodies clone 6G3, 6H6 and mouse
immunoglobulin isotype control (10 ug/ml in phosphate-
buffered saline, 100 ul per well). Mouse CTLA4-Fc was
added to the indicated wells as a positive control inhibitor of
T cell proliferation. The cells were cultured for 5 days and
[*H]-thymidine was pulsed for the last 18 h. T cell prolifera-
tion was measured by scintillation counting as described in
the Materials and methods on day 5.

Fig. S2. Anti-B and T lymphocyte attenuator (BTLA) mono-
clonal antibodies (mAbs) do not inhibit antigen-induced
mouse DO11.10 T cell proliferation in vitro. DO11.10 mice
CD4" T cells and mitomycin C-treated antigen-presenting
cells were cultured ata 1:1 ratio in the presence of plate-coated
anti-BTLA antibodies clone 6G3, 6H6 and mouse immuno-
globulin isotype control (10 pug/ml in PBS, 100 ul per well).
Mouse CTLA4 Fc was added to the indicated wells as positive
control inhibitor of T cell proliferation. The cells were stimu-
lated with ovalbumin peptide at 0-05 pg/ml for 3 days and
[’H]-thymidine was pulsed for the last 18 h. T cell prolifera-
tion was measured by scintillation counting on day 5.

Fig. S3. Inhibitory anti-B and T lymphocyte attenuator
(BTLA) monoclonal antibodies (mAbs) bind to a different
epitope on muBTLA than do non-inhibitory anti-BTLA
mAbs. Anti-BTLA mADb 6F7, which does not inhibit in vitro
T cell proliferation, was immobilized on a CM5 sensor chip,
and mBTLA-mFc was captured on the antibody surface, fol-
lowed by injection of inhibitory anti-BTLA antibody. If the
immobilized antibody and the injected antibody bind to the
same epitope, a second binding event will not be observed; if
they bind to distinct epitopes, a second binding event will be
seen. Events during the experiment are represented by
letters, with ‘A’ corresponding to injection of mBTLA-mFc,
‘B> corresponding to the end of the mBTLA-mFc injection,
‘C’ corresponding to injection of the second mAb, and ‘D’
corresponding to the end of the second mAb injection and
start of the buffer wash.

Fig. S4. mCTLA4-Fc inhibits interleukin (IL)-2 production
of DO11.10 T cells transferred to syngeneic mice; 20 X 10°
DO11.10 splenocytes were transferred adoptively into
BALB/c recipients. The next day mice were treated intraperi-
toneally with mCTLA-hFc reagent at 10, 2 and 0-4 mg/kg,
respectively. One control group was treated with cyclosporin
A (100 mg/kg) and the protein control group was treated with
10 mg/kg of a non-specific Fc protein. Three h after treatment
animals were administered 10 ug of biotin-labelled rat
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amlIL-2 (Clone JES6-5 H4) to capture secreted IL-2 (Finkel-
man et al., Int Immunol, 11, 1999). Mice were then injected in
the footpad with 100 pg of ovalbumin protein in 1% alum to
activate the monoclonal population of transferred DO11.10
T cells. The mice were rested for 18 h before exsanguination
and then serum IL-2 was detected by enzyme-linked immu-
nosorbent assay; n = 5 (standard error of the mean).
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