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The current reporting period represents approximately the first year of the 2 year award. During the first year
the primary goals of generating crosses between various genetic strains of mice were initiated and are
currently underway, with the bulk of the proposed analysis awaiting completion of this phase. However, in
addition during this period we have undertaken mechanistic studies of the actions of BTLA in regulating
immune responses, and have uncovered a beneficial mechanism whereby graph vs host disease is prevented
by administration of anti-BTLA antibodies at the time of bone marrow transplantation. While we continue in the
proposed tasks related to generation of breast cancer mouse models, we are encouraged at the therapeutic
benefit of BTLA directed therapy in the murine GVHD paradigm. Mechanistic discoveries should apply across
various model systems in which BTLA and its interactions with its ligands are manipulated. Our current
mechanistic investigations into the GVHD effect indicate that anti-BTLA antibody treatment operates through a
selective reduction in the expansion of autoreactive effector T cells compared to the expansion of regulatory T
cells during the period of lymphopenic expansion. Thus in essence, therapy directed at BTLA in this model
allows the appropriate expansion of T reg cells that are able then to control a reduced number of autoreactive
effector T cells.
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INTRODUCTION: The award was in the format of a synergistic idea award to Dr. Gillanders, a
cancer surgeon, and Dr. Murphy, a basic immunologist. The overall aim was to evaluate the
potential of manipulating the BTLA inhibitory receptor on lymphocytes for the purpose of
augmenting immunotherapy’s directed at cancers, particularly in this instance breast cancer
models in mice. The proposed plan was to use a spontaneous breast cancer mouse model in
which the role of BTLA would be tested by introducing targeted genetically manipulations to
BTLA. The scope of the evaluation is directed at the characterization of the T cell responses to
tumors. The benefits of a spontaneous tumor model will eventually help to reveal the in-vivo
role of manipulating BTLA for anti tumor therapies, but require the initial investment in the
required genetic crosses, and also have the built in difficulty of the duration required for the
generation of coherts in mice that develop the spontaneous cancers.

5|Page



BODY: The tasks associated with specific aims 1, 2, and 3 that were specified for the first year
of research are underway. The breeding between PD-1 and BTLA deficient mice has been
completed, with no observation of spontaneous disease. Currently we know that T cells
develop normally in the double-deficient mice with no obvious alteration in the development of
major immune subsets. At present, no spontaneous tumors from balb/c-new t mice have been
evaluated due to the absence of mice of sufficient age and genetic background at this point.

Mechanistic work related to the BTLA/HVEM access has been carried out in a readily available
model of murine Graft-versus-Host Disease (see accompanying manuscript). Based upon the
likely similarity of the actions of BTLA on anti tumor T cells and in T cells expanding in the
GVHD model, we have carried out a series of studies into the mechanism and effects of BTLA
directed immunotherapy. In GVHD, T cells expanding following bone marrow transplantation
not only manifest Graft-versus-Host Disease, but also mediate important anti-tumor effects in
this setting that are used advantageously in the setting of certain cancers of lymphoid tissues.
Therefore, we have carried out an analysis to evaluate the role of BTLA directed therapy in this
setting during this period in which experimental mice colonies are being generated through
breeding programs.

The model used during this period is the fully irradiated GVHD model. Two forms of this were
tested, being a fully MHC-mismatched model of B6 transfer into Balb/c recipients, or a parental
into f1 model. In both cases, either lethal or chronic GVHD is established, concurrent with
significant weight loss, and a permanent mucosal inflammatory disease in the gut and
elsewhere. Our essential finding is that the treatment of recipient mice with a single injection of
anti-BTLA antibody (6a6) results in a permanent prevention of GVHD. We find that treatment at
the time of bone marrow transplantation (BMT) leads to a permanent cure, but that treatment
with antibody delayed by 7 or 14 days fails to have any impact on the prevention of GVHD. In
analyzing this observation, we have found that the effect is mediated by the alteration of
populations of T cells expanding during the period of lymphopenia immediately following BMT.
The accompanying manuscript has been submitted to Nature Medicine, and has received
favorable reviews with suggestions for additional experiments, which we are currently
undertaking to perform. In these additional experiments, we have used Foxp3-reportor mice in
a series of cellular adoptive transfer experiments and have evaluated the effects of BTLA-
directed therapy. The results indicate that BTLA acts on the expanding effector cells, exerting a
preferential inhibition of their expansion compared to the expansion of regulatory T cells. This
may relate to our earlier observations that effector cells express high levels of BTLA, whereas
regulatory T cells express lower levels of BTLA and therefore may be inhibited to a lesser extent
than expanding effector T cells. This prevention of robust effector cell expansion during
lymphopenia following BMT may have the effect of limiting the expansion of auto-reactive T
cells that are driven to expand through antigen interactions during the period of lymphopenia.
By allowing the establishment of an appropriate balance between regulatory T cell populations
and the effector cells that they control, a permanent cure and prevention of GVHD appears to
take place once lymphopenic homeostatic expansion ceases in the recipient about 7-14 days
following BMT.
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Of relevance to the current proposal, we have found that HVEM is not involved in the
mechanisms of the beneficial effects of BTLA-directed therapy. During homeostatic expansion,
HVEM is not engaged to limit the expansion of effector T cells after BMT. This observation may
alter our future focus to concentrate on BTLA rather than HVEM manipulations in considering
ways to augment anti-tumor vaccinations.
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KEY RESEARCH ACCOMPLISHMENTS:
Generation of proposed genetic strains is completed or underway.

Identification of an effect of BTLA-directed therapy in the treatment of Graft-versus-Host
Disease, which may impact anti-tumor T cell effects.
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REPORTABLE OUTCOMES: The accompanying manuscript has been submitted to Nature
Immunology and is currently under revision. This unanticipated result was obtained during the
period of time in which the major activities involved generation of various mouse strains.
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CONCLUSION: The current proposal as initially funded is not yet completed, intermediate
conclusions relate to the beneficial effect of anti-BTLA therapy in Graft-versus-Host Disease.
Analysis of mice generated in the next funding year will be required for additional conclusions.
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APPENDICES: See attached PDF’s
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The Journal of Immunology

Unexpected Role of B and T Lymphocyte Attenuator in
Sustaining Cell Survival during Chronic Allostimulation

Michelle A. Hurchla,* John R. Sedy,* and Kenneth M. Murphy"**

B and T lymphocyte attenuator (BTLA; CD272) can deliver inhibitory signals to B and T cells upon binding its ligand herpesvirus
entry mediator. Because CD28, CTLA-4, programmed death-1, and ICOS regulate the development of acute graft-vs-host disease
(GVHD), we wished to assess if BTLA also played a role in this T cell-mediated response. In the nonirradiated parental-into-F,
model of acute GVHD, BTLA*'* and BTLA~'~ donor lymphocytes showed equivalent engraftment and expansion during the first
week of the alloresponse. Unexpectedly, BTLA ™'~ donor T cells failed to sustain GVHD, showing a decline in surviving donor cell
numbers beginning at day 9 and greatly reduced by day 11. Similarly, inhibition of BTLA-herpesvirus entry mediator engagement
by in vivo administration of a blocking anti-BTLA Ab also caused reduced survival of donor cells. Microarray analysis revealed
several genes that were differentially expressed by BTLA '~ and BTLA™'* donor CD4™* T cells preceding the decline in BTLA ™/~
donor T cells. Several genes influencing Th cell polarization were differentially expressed by BTLA*'* and BTLA '~ donor cells.
Additionally, the re-expression of the IL-7R« subunit that occurs in BTLA*'* donor cells after 1 wk of in vivo allostimulation was
not observed in BTLA '~ donor CD4™ cells. The striking loss of BTLA~'~ T cells in this model indicates a role for BTLA activity
in sustaining CD4™ T cell survival under the conditions of chronic stimulation in the nonirradiated parental-into-F, GVHD. The

Journal of Immunology, 2007, 178: 6073-6082.

and T lymphocyte attenuator (BTLA)? is a lymphoid-

B specific cell surface receptor that is expressed by B cells,
T cells, dendritic cells, macrophages, and NK cells in
CS57BL/6 mice (1-4). BTLA shows both structural and expression
polymorphisms in mice, with BALB/c and C57BL/6 alleles dif-
fering at 10 aa within the extracellular region, and the BALB/c
allele lacking expression by macrophages or NK cells (2). Func-
tional analysis has suggested that BTLA exerts inhibitory actions,
indicating a role more similar to CTLA-4 and programmed death-1
(PD-1) than to activating receptors of the CD28/B7 family (1, 4).
BTLA represses Ag-driven T cell proliferation upon binding its
ligand, herpesvirus entry mediator (HVEM) (5), a member of the
TNFR superfamily, expressed mainly by T lymphocytes and im-
mature dendritic cells (6). An agonist Ab to murine BTLA inhibits
IL-2 secretion and T cell proliferation in vitro, further suggesting
an inhibitory role for BTLA (4). Phosphorylation of BTLA leads
to recruitment of Src homology domain 2-containing protein ty-
rosine phosphatases (SHP-1 and SHP-2) to two tyrosine motifs in
the cytoplasmic domain of mouse and human BTLA (3, 5). Human
BTLA possesses an additional tyrosine residue that may also par-
ticipate in inhibitory signaling (7). BTLA expression is increased

*Department of Pathology and Center for Inmunology and "Howard Hughes Medical
Institute, Washington University School of Medicine, St. Louis, MO 63110

Received for publication October 2, 2006. Accepted for publication March 7, 2007.

The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked advertisement in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.

! Address correspondence and reprint requests to Dr. Kenneth M. Murphy, Depart-
ment of Pathology, Washington University School of Medicine, 660 South Euclid
Avenue, St. Louis, MO 63110. E-mail address: murphy @pathology.wustl.edu

2 Abbreviations used in this paper: BTLA, B and T lymphocyte attenuator; 7-AAD,
7-aminoactinomycin; GVHD, graft-vs-host disease; aGVHD, acute GVHD; cGVHD,
chronic form of GVHD; HVEM, herpesvirus entry mediator; LIGHT, homologous to
lymphotoxins, exhibits inducible expression, and competes with HSV glycoprotein D
for HVEM, a receptor expressed by T lymphocytes; LT, lymphotoxin; PD-1, pro-
grammed death-1.

Copyright © 2007 by The American Association of Immunologists, Inc. 0022-1767/07/$2.00

www.jimmunol.org

on in vivo-anergized T cells, but not on CD25™ T regulatory cells,
in contrast to CTLA-4 and PD-1, suggesting it may have a distinct
role in modulating immune responses (2). Notably, mouse and
human BTLA contain a conserved intracellular tyrosine motif sug-
gestive of a Grb-2 recruitment site (1, 3), which can interact with
Grb-2 and the p85 subunit of PI3K in vitro (8). Although the func-
tion of this region has not been established, it suggests that BTLA
may have the capability to function in a costimulatory or prosur-
vival manner.

The effects of BTLA-HVEM interactions may also be influ-
enced by the interactions of HVEM with its additional ligands,
tumor necrosis family members LIGHT (TNFSF14) and lympho-
toxin (LT)a (9). In contrast to the inhibitory nature of BTLA-
HVEM interactions, HVEM-LIGHT binding exerts a costimula-
tory effect on T cell activation (10—12). This regulatory network is
increasingly complex because HVEM has the potential to bind
BTLA and LIGHT simultaneously (13-15). Consequently, the bal-
ance between costimulatory and inhibitory signals may be regu-
lated by a complex including BTLA, HVEM, and LIGHT.

Graft-vs-host disease (GVHD) is an immune response against
alloantigens, such as foreign MHC molecules (reviewed in Refs.
16 and 17). In the parental-into-F, model of GVHD, parental T
cells react against alloantigens of the F, host, whereas F, host T
cells are tolerant to parental cells (18, 19). The type of GVHD that
develops in nonirradiated, immunocompetent F, recipients is de-
pendent on the strain of parental donor cells transferred (18). In the
most widely reported version of this model, transfer of C57BL/6
(H-2") splenocytes into a nonirradiated, immunocompetent
C57BL/6 X DBA/2 F, (B6D2F,; H-2") host induces acute
GVHD (aGVHD), characterized by a Thl cytokine driven, cell-
mediated response against host tissues (18, 20). Donor T cells
exert cytotoxic effects through Fas-Fas ligand interactions, per-
forin, and inflammatory cytokines (21-23). In contrast, transfer of
DBA/2 (H-2% splenocytes into B6D2F, hosts results in a
chronic form of GVHD (cGVHD), characterized by production
of Th2 cytokines and activation of host B cells, resulting in
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autoantibody development and a systemic lupus erythematosus-
like syndrome (24, 25).

In this study, a related parental-into-F, model of GVHD was
examined. In this model, transfer of C57BL/6 donor cells into
C57BL/6 X BALB/c F, (CB6F,; H-2") yields aGVHD, whereas
BALB/c donor cells produce chronic GVHD (26). Although
GVHD induced in CB6F, mice is generally similar to that in
B6D2F,, as described above, strain-dependent differences have
been identified. BALB/c-into-CB6F, resulted in chronic GVHD
that was comparable to that of DBA/2-into-B6D2F, (26). The
aGVHD resulting from C57BL/6-into-CB6F,, characterized by
donor cell expansion and antihost CTL activity, was similar to that
in C57BL/6-into-B6D2F, during the first 3 wk following transfer
(26). After 3 wk, while C57BL/6 donor cells continued to expand
in B6D2F, hosts, the percentage of parental cells progressively
decreased in CB6F, hosts (26). By 12 wk, the C57BL/6-into-
CBO6F, mice had transitioned to cGVHD, with an absence of anti-
host CTL activity and the development of autoantibodies (26). In
this study, we analyze the 2 wk following transfer of C57BL/6-
into-CB6F,, a point at which only aGVHD parameters are
observed.

Costimulatory signals have been demonstrated to be essential to
the development of disease in a variety of GVHD models. Block-
ing B7/CD28 costimulatory interactions with mAbs to B7-1 and
B7-2 (27, 28), CTLA-4lg, a soluble competitive inhibitor of CD28
(29-31), or by using CD28'~ splenocytes (32) inhibited donor T
cell activation and disease development. Blockade of ICOS signaling
strongly suppressed Th2-driven cGVHD disease yet augmented do-
nor T cell expansion in Th1-driven aGVHD (33). Several studies have
established that inhibitory receptors slow the development of GVHD.
Blocking Abs against CTLA-4 (34) or PD-1 (35) accelerated
GVHD following bone marrow transplant. CTLA-4 and PD-1
do not appear fully redundant in their regulation of GVHD be-
cause an additive increase in disease severity occurs when both
pathways are inhibited (35).

In this study, we use the nonirradiated parental-into-F, model of
GVHD to examine the function of BTLA in regulating allore-
sponses. We anticipated that BTLA ™'~ parental cells would have
augmented alloreactivity, similar to that seen in the absence of
inhibitory signals such as CTLA-4 or PD-1. Unexpectedly, we
observed that BTLA™'~ donor splenocytes are unable to sustain
this GVHD response. Although BTLA™'~ lymphocytes react to
host alloantigens and expand in an early effector response, this
response is not sustained. In comparison to BTLA™'* donor cells,
BTLA™'~ donor T cells undergo a rapid contraction in vivo be-
ginning on day 10, which is accompanied by resolution of GVHD
pathology. DNA microarray analysis indicates that CD4"
BTLA™'~ donor cells have altered expression of several important
genes that may influence the effector response or survival of T
cells, including IL-7Ra (36-38), IL-18Ra (39), and IL-4 (re-
viewed in Ref. 40). These results suggest that BTLA may act not
only as an inhibitor as shown previously (1, 2, 4, 5) but, under
some conditions, may participate in providing signals that promote
the immune responses.

Materials and Methods

Reagents

The following Abs used for FACS analysis were from BD Pharmingen:
CD4-PE-Cy7 (RM4-5), CDS8-PE or allophycocyanin (53-6.7), B220-allo-
phycocyanin (RA3-6B2), H-2K*-FITC or PE (SF1-1.1), H-2K*-FITC or
PE (AF6-88.5), IL-15RB-PE (TM-1), IL-6Ra-PE (D7715A7), IFN-yRa-
biotin (GR20), BrdU-FITC, annexin V-allophycocyanin, and streptavidin-
allophycocyanin. IL-7Ra-FITC (A7R34) and BTLA-PE (6F7, pan-allele
specific) were obtained from eBioscience. IL-18Ra-biotin (polyclonal) and
goat IgG-biotin were obtained from R&D Systems. Four-color analysis

was performed on a FACSCalibur (BD Biosciences) and analyzed using
FlowJo (Tree Star). For in vivo blockade, endotoxin-free anti-BTLA (6A6,
C57BL/6-allele specific) was purified from hybridoma supernatants ac-
cording to standard procedures (2). Isotype control hamster IgG was ob-
tained from Jackson ImmunoResearch Laboratories.

Mice

C57BL/6, BALB/c, and C57BL/6 X BALB/c F, (CB6F,) mice were bred
in our facility. Btla~’~ mice were backcrossed to C57BL/6 or BALB/c for
at least nine generations (1). In some experiments, BTLA™~ X BTLA™'~
(generation 9) littermate mice were used as donors, and the BTLA geno-
types of mice were determined by surface staining of B220" peripheral
blood cells with 6F7-PE (anti-BTLA). All donor and host mice were 812
wk of age and sex matched. Syngeneic CBOF, mice were used as control
donors.

Induction of GVHD

Unless otherwise stated, single-cell suspensions of pooled donor spleno-
cytes were subjected to RBC lysis and suspended in sterile, endotoxin-free
HBSS. aGVHD was induced as previously described in Ref. 33, except that
5 X 107 C57BL/6 donor cells (which we found to yield similar results as
the reported 6 X 107 cells) were injected via the lateral tail vein into
normal, nonirradiated CB6F, host mice. Control mice received donor cells
from syngeneic CB6F, mice. To induce cGVHD, 8 X 107 pooled BALB/c
donor splenocyte were transferred into CB6F; mice. At indicated time
points, splenocytes from each GVHD-induced mouse were analyzed
separately.

ELISA for anti-DNA Abs

Serum autoantibodies specific for ssDNA and dsDNA were detected by
ELISA. After precoating with 0.01% poly-L-lysine, ELISA plates were
coated with 3 wg/ml single-stranded calf thymus DNA (Sigma-Aldrich) or
2.5 wg/ml double-stranded calf thymus DNA (Sigma-Aldrich) in PBS.
Nonspecific binding was blocked by incubating with 10% FCS. Serial di-
lutions of each experimental serum were plated and developed with anti-
mouse-IgG-HRP (Southern Biotechnology Associates). Serum from an
MRL/Ipr mouse was used as a positive control for autoantibodies. The OD
reading for MRL/Ipr serum was set to an arbitrary unit of 1, and the level
of autoantibody in serum from experimental mice was expressed relative to
this value.

In vivo treatment with anti-BTLA mAb

Experimental mice were injected i.p. with 100 ug of purified 6A6 (monoclonal
anti-BL/6 BTLA) (2) or control hamster-IgG (Jackson ImmunoResearch Lab-
oratories) at the time of GVHD induction (day O) or again on day 3 and 6
following transfer, as indicated.

Assessment of proliferation by CFSE dilution and BrdU
incorporation

To assess cell division during the initiation of GVHD, donor cells were
labeled with 1 uM CFSE (Molecular Probes) before transfer, as in Ref. 5.
To assess proliferation at later stages of the response, in vivo 5-BrdU (BD
Pharmingen) labeling and FACS staining were conducted according to the
manufacturer’s suggested protocol (BrdU Flow kit; BD Pharmingen).
Briefly, 18 h before harvest, mice were injected i.p. with 1 mg of BrdU in
PBS. BrdU incorporation was assessed by FACS staining of fixed and
permeabilized cells with anti-BrdU-FITC.

CFSE-based cytotoxicity assay

This FACS-based CTL assay was conducted as reported by Jedema et al.
(41), with alterations noted below. Briefly, allogeneic P815 (H-2K?) or
syngeneic EL4 (H-2K") target cells were labeled with 1 uM CFSE. Target
cells were suspended in medium at 1 X 10° cells/ml and 100 wl/well plated
in round-bottom 96-well plates. Whole splenocytes from GVHD-induced
mice, subjected only to RBC lysis, served as effector cells and were plated
at the indicated E:T ratios. Plates were incubated for 4 h at 37°C. Wells
were harvested, and 7-aminoactinomycin (7-AAD) was added just before
FACS analysis. Lysed targets were determined by the percentage of
CFSE™ cells that were 7-AAD™ (Molecular Probes). Nonspecific lysis was
assessed in wells without effector cells added. Splenocytes from naive
CBG6F, served as a syngeneic control.

Microarray analysis

On days 9 and 10 following GVHD induction, the CD4* donor-derived
population was sorted from pooled splenocytes of several experimental
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FIGURE 1. C57BL/6 BTLA™'~ donor T lymphocytes fail to persist long term in CB6F, hosts. A total of 5 X 107 donor splenocytes from C57BL/6
BTLA™" (H-2°, @) or C57BL/6 BTLA™'~ (H-2, []) mice 5 were transferred into CB6F, (H-2*%) hosts. Spleens were harvested at days 3, 7, 9, 11, and
14 after transfer and analyzed by FACS to establish the kinetics of donor-host chimerism. Donor-derived cells were distinguished by the absence of H-2K*.
A, The absolute number of live donor CD4" (top panel) and CD8" (bottom panel) splenocytes were calculated at each time point. B, The percentage of
splenic CD4™ (top panel) or CD8™ (bottom panel) compartments that were donor derived is shown at each time point. C, BTLA™'~ donor cells fail to elicit
a strong antihost response, as demonstrated by maintenance of the host B cell compartment. The absolute number of live B220* host splenocytes (top panel)
and the total percentage of B220" splenocytes (bottom panel) are shown at each time point. Average values were calculated from three mice per group
at each time point with error bars indicating SEM. Asterisks indicate time points at which Student’s ¢ tests indicate significant differences of p < 0.05
between BTLA™'" and BTLA™'~ donors. Data are representative of five independent experiments.

mice that had received BTLA™'* or BTLA™'~ and stained with
anti-H-2K*-FITC, anti-BTLA-PE, and anti-CD4-allophycocyanin. Post-
sort analysis showed >95% purity of the sorted populations. RNA was
extracted with the RNeasy kit (Qiagen). Biotinylated cRNA target was
generated using the Two-Cycle cDNA synthesis kit (Affymetrix). Each
cRNA was hybridized to the Affymetrix Mouse Genome 430 2.0 array.
Data were analyzed using dCHIP (www.dchip.org).

Results
BTLA is required for maintenance of donor lymphocytes in the
parental-into-F; GVHD model

To investigate the functions of BTLA during an in vivo allogeneic
immune response stimulated by MHC mismatch, we compared the
actions of BTLA*'* and BTLA~'~ cells in a model of parental-
into-F,-induced aGVHD. Transfer of C57BL/6 (H-2K") BTLA™'*
splenocytes into unirradiated CB6F, (H-2""?) hosts elicited a pro-
gressive expansion of donor CD4" and CD8™ lymphocytes char-
acteristic of aGVHD, as expected (Fig. 1, A and B). However,
transfer of BTLA ™'~ cells was unable to sustain donor cell expan-
sion over the course of a 14-day response (Fig. 1, A and B). To
characterize the kinetics of this response, the absolute number
(Fig. 1A) and percentage (Fig. 1B) of donor T cells in the spleens
of GVHD-induced mice were assessed by FACS on days 3, 7, 9,
11, and 14 after transfer. Mice receiving either BTLA™'" and
BTLA™'~ donor cells showed expansion of donor T cells during
the initial 9 days following GVHD induction (Fig. 1, A and B).
However, BTLA~'~ donor cells began to decline in numbers after
day 10, in contrast to the progressive increase in BTLA™'" donor
CD4™" and CD8™ T cells (Fig. 1, A and B). To investigate whether
BTLA expressed by host cells was important in controlling
GVHD, donor cells were also transferred into BTLA~'~ CB6F,
hosts. Again, BTLA™'" T cells continually expanded in BTLA~/~
recipients, whereas BTLA~'~ T cells showed a rapid contraction

by days 11 and 14, suggesting that BTLA expressed by the host is
not required for maintenance of GVHD by donor cells (data not
shown).

The inability of BTLA~'~ donor lymphocytes to sustain aGVHD
was also demonstrated by the absence of an antihost cytotoxic
response, apparent from the lack of depletion of the host B220™
population (Fig. 1C). On day 14, spleens from mice receiving
BTLA™'* cells were <10% B220™, indicating cytolysis of host B
cells, as expected. In contrast, mice receiving BTLA™'~ cells re-
tained a normal number of B cells, ~60% of splenocytes.

To determine whether BTLA™ '~ donor lymphocytes were en-
grafting and expanding, we transferred and analyzed CFSE-labeled
donor cells (Fig. 2). CD4" and CDS™ T cells from BTLA™*'* and
BTLA™'~ donors showed similar percentages and numbers of cells
that had undergone division after 3 days (Fig. 2). These results
indicate that later disappearance of BTLA ™'~ donor cells is not due
to a failure in initial activation by host alloantigens. We also used
BTLA™'", BTLA™'~, and BTLA™'~ littermates generated from an
intercross of C57BL/6 BTLA™'~ mice as donor cells to test for any
minor histocompatibility mismatch with CBOF, host mice. Again,
only the BTLA™'~ donor cells failed to survive at day 14, whereas
both BTLA™*'* and BTLA™'~ donor cells expanded to occupy 60—
70% of the CD4" and CD8" compartments (Fig. 3), suggesting
that the findings were due to the absence of donor cell BTLA
expression rather than a result of transplant incompatibility.

We also evaluated a model of cGVHD characterized by gradual
development of a Th2 cytokine-induced, autoantibody-mediated
disease (24, 25). Transfer of BALB/c BTLA™'* donor splenocytes
into CB6F, hosts induced expansion of CD4* and CD8" donor T
cells (although to a lower extent than seen in aGVHD, as expected
(26)), the development of anti-dsDNA and anti-ssDNA Abs and
activation of host-derived B cells as measured by CD69 induction
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FIGURE 2. BTLA™'~ donor cells engraft and divide during the initiation stage of GVHD. A total of 5 X 107 CFSE-labeled CB6F,, C57BL/6 BTLA*'*,
or BTLA~'~ splenocytes were transferred to CB6F, host mice. Splenocytes were harvested 3 days posttransfer and gated on live, CFSE™ donor lymphocytes
by FACS. A, Donor cells were divided into CD4* and CD8" populations (first column), and the percentage of the donor CD4™" (second column) and CD8*
(third column) populations that had undergone one or more divisions was assessed by CFSE dilution. Histogram gates indicate the percentage of each
population undergoing one or more divisions. B, Following the gating scheme above, the absolute number of donor cells that had undergone one or more
divisions was calculated. Bar graphs show an average of three mice, with error bars indicating SEM (BTLA™* donors, [1; BTLA™'~ donors, l). Student’s
7 tests did not show significant differences between BTLA™'* and BTLA™'~ donor cells (CD4*, p = 0.143; CD8™, p = 0.084). Data are representative of

two independent experiments.
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FIGURE 3. Failed survival of BTLA™'~ donor cells cannot be attributed to
a minor histocompatibility mismatch. BTLA™*, BTLA™'~, or BTLA™'~ litter-
mates from a BTLA™'~ X BTLA''~ breeding (generation 9 backcross to
C57BL/6) were used as donor splenocytes. Donor mice were tail bled and
BTLA genotyped confirmed by FACS staining of B220™ cells before transfer
(data not shown). Donor splenocytes (5 X 107) from a single mouse were
transferred into a CBOF, host and harvested on day 14. The percentage of
donor-derived cells (H-2K“ negative) in the CD4 ™ (second column) and CD8*
(third column) populations are indicated by the left gate on each histogram.
The H-2K%-positive population (right gates) indicates host cells.

(Fig. 4), as expected for BALB/c donors (25, 42). Kinetic analysis
revealed that BALB/c BTLA™'~ donor T lymphocytes expand
equivalently to BTLA™'™ cells during the initial 10 days following
transfer (Fig. 4A). However, similar to the transfer of C57BL/6
donor cells, BALB/c BTLA~'~ donor CD4" and CD8" cells rap-
idly contract by day 12 of the response (Fig. 4A). Transfer of
BALB/c BTLA~'~ donor splenocytes also failed to show the in-
duction of anti-DNA autoantibodies characteristic of cGVHD (Fig.
4B). Additionally, host B cells from mice receiving BTLA ~’~ do-
nor cells were not activated, as measured by a failure to up-regu-
late CD69 (Fig. 4C). Thus, BALB/c BTLA™’~ donor cells show a
similar defect in sustaining cGVHD as was found for C57BL/6
BTLA '~ donor cells in sustaining aGVHD.

BTLA blockade by Ab treatment prevents maintenance of
BTLA™"* donor lymphocyte in aGVHD

The 6A6 mAb is specific for the C57BL/6 allele of BTLA and
blocks binding to its ligand HVEM (2). Administration of 6A6 at
the time of transfer of BTLA™'* donor cells resulted in a loss of
donor lymphocytes by day 14 of the response, similar to the trans-
fer of BTLA™'~ cells (Fig. 5). To ensure that the abrogation of
donor cell expansion was not due to opsonization and rapid host
clearance of BTLA-expressing donor cells by the Ab, we exam-
ined the kinetics the GVH response in the presence of 6A6 ad-
ministration. (Fig. 5). Expansion of C57BL/6 BTLA™'* donor cells
in recipients treated with isotype control or anti-BTLA Ab was
equivalent at days 3 and 8 following transfer (Fig. 5). By day 14,
few donor CD4™ and CD8" lymphocytes were present in mice
that had received anti-BTLA Abs (Fig. 5). A single Ab treatment
at the time of transfer was sufficient to cause the loss of donor cells,
as additional Ab administration at days 3 and 6 had no additional
effect (data not shown). The observation that blocking BTLA/
HVEM interactions through Ab treatment yields the loss of donor
cells similar to transfer of BTLA~'~ splenocytes suggests that the
interaction of BTLA with its ligand HVEM is necessary to support
the survival of donor lymphocytes in aGVHD.
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FIGURE 4. Transfer of BALB/c BTLA™'~ donor cells fails to elicit a chronic GVHD response. Chronic GVHD was induced by adoptively transferring
8 X 107 BALB/c BTLA™'* or BTLA~'~ donor splenocytes into CB6F, hosts. A, Spleens from mice receiving BTLA™* (@, H-2H") or BTLA™'~
(], H-2K?) donor cells were harvested at days 5, 8, 10, 12, and 21 after transfer and analyzed by FACS as in Fig. 1, except that donor cells were H-2K"
negative. The absolute number of live donor CD4™ (left panel) and CD8™ (right panel) splenocytes was calculated at each time point. Average values were
calculated from three mice per group at each time point with error bars indicating SEM. Asterisks indicate time points at which Student’s ¢ tests indicate
significant differences of p < 0.05 between BTLA™'* and BTLA™'~ donor cells. B, Serum was obtained from GVHD-induced mice at the indicated time
points and assessed by ELISA for development of anti-dsDNA (left graph) or anti-ssDNA (right graph) Abs. Naive MRL/Ipr mouse serum () was used
as a positive control for autoantibodies, whereas naive CBOF, serum (E]) was used as a negative control. The amount of autoantibody in MRL/Ipr serum
was set to an arbitrary value of 1, and the amount of anti-DNA Ab in serum from mice receiving BTLA™'" cells (M) or BTLA~'~ cells ((J]) was calculated
relative to MRL/Ipr serum. The average of four mice per group is shown, with error bars indicating SEM. Asterisks indicate points at which Student’s ¢
tests indicate significant differences of p < 0.05. C, Transfer of BTLA '~ donor cells fails to induce activation of host B cells. Splenocytes were harvested
on day 11 after GVHD induction. The expression level of the activation marker CD69 on host B cells (B220*, H-2K" positive) is shown. Data are
representative of two independent experiments.

BTLA™"~ donor cells demonstrate reduced BrdU incorporation amined these parameters at days 9 and 10, a time just before the
and antihost CTL activity before contraction onset of rapid contraction, using BrdU labeling, markers of apo-
Contraction of BTLA™'~ donor cells could be a result either of ptosis, and assays for cytolytic activity (Fig. 6). At day 9, the
decreased proliferation or increased cell death. Therefore, we ex- percentage of BTLA~'~ donor T cells that had incorporated BrdU
CD4* donor splenocytes CD8* donor splenocytes
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FIGURE 5. Anti-BTLA Ab treatment at the initiation of GVHD inhibits the long-term survival of BTLA™*'* donor lymphocytes. C57BL/6 BTLA™'*
splenocytes (5 X 107) were transferred into CB6F, hosts. A total of 100 g of hamster IgG (isotype control, ) or anti-BTLA Ab (6A6, [J) was
administered i.p. to host mice concurrent with donor cell transfer (day 0). Splenocytes were harvested after 3, 8, and 14 days and analyzed for donor/host
chimerism as in Fig. 1. Absolute numbers of donor CD4 ™" (left graph) and CD8™ (right graph) were calculated at each time point. Average values are shown
for three mice per group at each time point with error bars indicating SEM. Asterisks indicate points at which Student’s # tests indicate significant differences
of p < 0.05 between isotype- and 6A6-treated mice. Data are representative of three independent experiments.
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FIGURE 6. BTLA™'~ donor cells incorporate less BrdU but do not exhibit increased apoptosis before contraction. GVHD was induced by transferring 5 X 107
BTLA™'* C57BL/6 (M) or BTLA™'~ ({J) splenocytes into CB6F, hosts. A, Splenocytes were harvested at days 9, 10, and 11 following transfer. Eighteen hours
before harvest, mice were injected i.p. with 1 mg of BrdU to observe cellular proliferation. Splenocytes were subjected to FACS staining to identify the percentage
of donor CD4™ (left graph) and CD8™ (right graph) cells incorporating BrdU. Data at each time point is representative of the average of two mice per group. B,
The percentage of annexin V-positive donor CD4 " (left panels) or CD8™ (right panels) splenocytes from mice receiving BTLA™Y'™ (upper panels) or BTLA™'~
(lower panels) splenocytes was assessed at day 9 by FACS. Gates indicate the percentage of annexin V-positive cells. Data are representative of two mice per group.
C, At day 10, unfractionated splenocytes from GVHD-induced mice were analyzed for CTL activity against allogeneic (H-2K“) P815 cells. Effector splenocytes
were incubated with CFSE-labeled targets at the indicated ratios for 4 h. A vitality dye (7-AAD) was added, and the percentage of target cells lysed (CFSE*7-
AAD™) was determined by FACS. CTL activity was not observed toward syngeneic (H-2K") EL4 cell targets (data not shown). The mean + SEM of three mice

per group is shown.

is approximately two-thirds of the percentage of BrdU" BTLA™'*
donors (Fig. 6A). On day 10, BrdU incorporation by BTLA™/~
donor cells is further reduced to approximately one-third the level
of BTLA™'" donors (Fig. 6A). BTLA~'~ donor CD4" and CD8*
T cells showed a similar degree of reduced BrdU incorporation.
However, we did not observe a detectable difference in the degree
of annexin V staining, a marker of apoptotic cells, of CD4™" or
CD8* BTLA™'~ and BTLA™'" donor cells at day 9 (Fig. 6B).
Analysis of cytolytic activity at day 10 showed that BTLA~'~ do-
nor cells had a greatly reduced capacity to kill allogeneic P815
(H-2K?) cells in vitro compared with BTLA™" donor cells (Fig.
6C). This result agrees with our finding of normal levels of host
B220™" cells persisting in mice receiving BTLA™'~ donor cells
(Fig. 10). Overall, these results suggest that the failure of
BTLA™'~ donor cells to sustain GVHD is due to a progressive
decrease in donor cell proliferation, survival, and insufficient an-
tihost CTL activity.

Differential gene expression of BTLA™"" and BTLA™"~ donor
CD4™ cells during GVHD

We performed DNA microarray studies to characterize the poten-
tial molecular mechanism accounting for the contraction of
BTLA ™'~ donor populations during GVHD. GVHD was induced
by transferring either C57BL/6 BTLA™'* or BTLA~'~ donor cells
into CB6F, recipients, and donor CD4™ lymphocytes were har-
vested 9 and 10 days after transfer. We selected these times for
analysis because they directly precede the decline in BTLA™/~
donor cells and may reveal cellular changes leading to their loss.

Consistent with comparable annexin V staining on BTLA™'" and
BTLA ™'~ donor cells (Fig. 6B), no differential expression of either
pro- or antiapoptotic genes (including BCL-2, BCL-x; , and Bad)

Table I. Global gene analysis reveals genes induced and inhibited in
BTLAY"" and BTLA™'~ CD4" donor cells 9 days after acute GVHD
induction

Day 9
Gene Fold change BTLA™* BTLA™/~
Genes induced in BTLA™/™"
CD4™" donors
BTLA® 40.99 4321 112
IL-7Ra” 3.16 1020 323
IL-18RB® 2.76 488 176
CXCR6® 2.32 4046 1742
IL-18Ra” 1.70 3042 1785
Genes inhibited in BTLA ™"
CD4" donors
IL-4¢ 34 87 297
IL-1R antagonist® 2.5 97 244
IL-1RI¢ 2.0 276 138
NFATcl¢ 1.96 2760 1407
Bcl-3¢ 1.81 467 258
IL-6Ra“ 1.61 114 185

“RNA was harvested from donor CD4 " lymphocytes sorted from the spleens of
GVHD mice at day 9 following GVHD induction. Data were analyzed using dCHIP,
with the relative expression values and fold changes reported for immune-related
genes demonstrating differential expression at each time point.

" Genes with higher expression in BTLA*'* as compared with BTLA /™.

¢ Genes with higher expression in BTLA™/~ cells as compared with BTLA™/".
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Table II. Global gene analysis reveals genes induced and inhibited in
BTLA™"" and BTLA™'~CD4" donor cells 10 days after acute GVHD
induction”

Day 10
Gene Fold change BTLA™/* BTLA ™/~
Genes induced in BTLA™/™*
CD4™" donors
BTLA” 16.89 2634 155
T1/ST2" 11.13 1569 141
IL-18Ra” 7.33 3420 466
CXCR6” 6.87 2316 337
Granzyme B” 6.86 2199 320
CCL2 (MIP-2a)" 5.53 1195 216
IL-18RB" 491 305 62
CCR2" 3.72 1068 286
TNFSF7 (CD70)" 3.59 226 63
IFNyRI® 3.39 2363 696
CD86" 3.09 341 110
CCL3 (MIP-1)" 2.99 1011 338
TNFSF25 (DR3)" 2.35 1161 495
CCLA4 (MIP—]B)” 2.20 515 234
CCL5 (RATNES)” 2.04 426 208
IL-7Ra” 1.88 853 454
Genes inhibited in BTLA ™"
CD4™" donors
IL-4¢ 10.45 81 847
IL-1RI¢ 9.57 85 821
CD10Y¢ 9.51 46 443
CXCR5* 4.81 627 3020
IL-6a¢ 4.03 171 689
gpl30°¢ 3.60 93 335
GADD45¢ 3.54 66 236
IL-1R antagonist® 3.37 119 403
IL-13Ra“ 2.79 71 200
LIGHT® 2.52 221 557
ITK¢ 2.50 1465 3665
BcoR° 2.38 434 1034
TNFSF8 (CD30L)¢ 2.15 998 2149
IL-16° 2.09 526 1099

“ RNA was harvested from donor CD4* lymphocytes sorted from the spleens of
GVHD mice at day 10 following GVHD induction. Data were analyzed using dCHIP,
with the relative expression values and fold changes reported for immune-related
genes demonstrating differential expression at each time point.

> Genes with higher expression in BTLA*'* as compared with BTLA™'~ cells.

“ Genes with higher expression in BTLA™/~ cells as compared with BTLA™/™.

was seen by DNA microarray (Tables I and II). We identified
several immune specific genes that were differentially expressed
by BTLA™* and BTLA~'~ donor CD4 " populations at day 9 (Ta-
ble I) and day 10 (Table II). These included IL-7R«, IL-18Ra,
IL-6Ra, and IFN-yR1 (Fig. 7).

IL-7Ra (CD127) showed 3.2- and 1.8-fold higher expression in
BTLA™'* compared with BTLA™'~CD4™ T cells on days 9 and 10,
respectively (Table I). On day 10, T1/ST2, an IL-1R family mem-
ber (43), was expressed 11.1-fold higher in BTLA™'*CD4* donor
cells compared with BTLA~/~ cells (Table II). IL-18Ra showed a
1.7-fold higher expression at day 9 and a 7.3-fold higher expres-
sion at day 10 in BTLA™™ donor cells. IFN-yR1 (CD119) expres-
sion was 3.3-fold higher in the BTLA™'* donor CD4™ population
than the BTLA~'~ donors at day 10 (Table II). Some genes were
expressed more highly by BTLA~'~CD4" donor cells compared
with BTLA™'*CD4" donor cells. IL-4 expression was 3.4-fold
higher in BTLA™'~ cells at day 9 (Table I), which increased to a
10.4-fold higher expression on day 10 (Table II). IL-6R« had 1.6-
fold higher expression in BTLA ™'~ cells at day 9 and 4-fold higher
expression at day 10 (Table I).

We verified some of these differences by FACS analysis (Fig.
7). IL-7Ra surface expression on BTLA™*'*CD4™ donor cells in-

6079
CD4* donors CD8* donors
naive day 7 day 9 day 9

W .

IL-7Ra

m— BTLAY/*
=== BTLAT

IL-6Ra:
FIGURE 7. Differential gene expression of BTLA*'* and BTLA™'~ do-
nor CD4™ cells during GVHD. C57BL/6 BTLA™*'* splenocytes (5 X 107)
were transferred into CBOF, hosts. Splenocytes were harvested on days 9
and 10. The surface levels of various receptors are compared with
BTLA™™ (solid lines) and BTLA ™'~ (dashed lines) CD4™" donor cells. Iso-
type control staining of a mixture of BTLA™'" and BTLA~'~ splenocytes is
shown (shaded regions). The first column indicates the receptor level on
naive BTLA™'* C57BL/6 cells. Expression levels of all receptors are sim-
ilar between BTLA™*'* and BTLA™'~ cells at day 7. IL-7Ra, IL-18Ra, and
IFN-yR1 levels are increased on BTLA™'* compared with BTLA ™'~ donor
cells at days 9 and 11. IL-6Ra expression is higher on BTLA™~ donor
cells at day 11, whereas IL-15RS levels remain equivalent between
BTLA™"* and BTLA™'~ cells throughout. Expression of IL-15R, but not
IL-7R«, was lower on CD8VBTLA ™'~ donor cells than BTLA*™ donor
cells at day 9 (right column).

creased progressively over time, ultimately returning to levels sim-
ilar to that of naive CD4" cells, whereas BTLA™'~ donor cells
failed to re-express the receptor (Fig. 7). In contrast, the expression
of IL-7Ra on CD8*BTLA™/~ donor cells was equivalent to that
of BTLA™* donors at day 9. Although the IL-15RB-chain
(CD122) remained equivalently expressed by both BTLA™'* and
BTLA™'~CD4" donor cells populations at all time points,
CDS8*BTLA™'~ donor cells expressed decreased levels of IL-
15RB at day 9 (Fig. 7). The IL-18Ra was expressed equivalently
at day 7 but later increased on BTLA™*'" donor CD4" cells and
decreased on BTLA~'~ donor cells (Fig. 7). IFN-yR1 expression
remained unchanged on BTLA~/~CD4™" donor cells but was in-
creased on BTLA™/TCD4™ donor cells at days 9 and 11 (Fig. 7).
IL-6Ra was expressed equivalently between BTLA™'* and
BTLA '~ cells at day 7 but was up-regulated on only BTLA™'~
donors at day 11 (Fig. 7).

Discussion

The major finding of this study is the unexpected stimulatory,
rather than inhibitory, role of BTLA in an in vivo model of chronic
allostimulation. In the parental-into-F, nonirradiated GVHD
model, we found that BTLA '~ donor cells were unable to sustain
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GVHD pathology, as opposed to the expected augmentation of
disease. These data suggest that BTLA, acting either as a receptor
or as a ligand for HVEM, has prosurvival activity in this in vivo
model of sustained alloresponse. Although the initial activation
and expansion of BTLA~'~ and BTLA™"'" donor cells was similar,
BTLA™'~ donor cell numbers began to decrease at day 10, even-
tually disappearing (Fig. 1). Thus, under this model of chronic
allostimulation, BTLA is acting in a prosurvival manner and is
clearly necessary for the maintenance, rather than the initiation, of
the effector T cell response.

BTLA was initially identified as having inhibitory actions on T
cell proliferation and cytokine production in vitro (1, 44). Inhibi-
tory actions observed in vivo in models of experimental allergic
encephalomyelitis (1) and allergic airway inflammation (45) sup-
port these observations. Engagement of BTLA on murine CD4" T
cells by the BTLA ligand HVEM expressed on APCs (5) or by a
HVEM-Fc fusion protein (13) also caused a reduction in early T
cell proliferation. A chimeric receptor containing the extracellular
domain of CD28 fused to the human BTLA cytoplasmic tail was
able to potently inhibit IL-2 production by primary human CD4 T
cells, again indicating inhibitory actions for BTLA (7). Finally, a
recent report describing increased homeostatic expansion of
BTLA™'~ T cells in lymphopenic hosts and increased numbers of
CD8™ central memory cells in BTLA~'~ and HVEM '~ mice fur-
ther demonstrates the inhibitory activity of BTLA (46).

However, not all reported actions of BTLA have been inhibi-
tory. Two different systems of cardiac transplantation (47) were
used to evaluate the role of BTLA in allograft rejection (48). In the
first system, partially MHC mismatched allografts, differing at a
single class II MHC locus, are tolerated for long periods by wild-
type recipient mice. These allografts were rapidly rejected, rather
than tolerated, by BTLA™'~ or HVEM ™'~ recipients, consistent
with an inhibitory action of BTLA in the recipient immune re-
sponse (48). In the second system, fully MHC mismatched, with
differences at both class I and class Il MHC loci, cardiac allografts
are rapidly rejected by wild-type mice. These allografts showed
slightly prolonged survival in BTLA™'~ recipients (48). Although
the basis for this difference was not established, these results sug-
gested a positive action of BTLA in the recipient immune
response.

In addition to ITIM and immunoreceptor tyrosine-based switch
motif inhibitory motifs (1), the cytoplasmic domains of human and
mouse BTLA contain other conserved tyrosine-containing motifs
that may be relevant to signaling, such as sites that may recruit
Grb-2 (7, 8). In one study, mutation of all cytoplasmic tyrosine
residues was required to abolish the inhibitory actions of a chi-
meric signaling protein containing the human BTLA cytoplasmic
domain (7). Another study indicated that the one Grb-2 recruitment
motif in murine BTLA may interact with both Grb-2 and the p85
subunit of PI3K (8). While indirect evidence, a peptide containing
the conserved phosphorylated Grb-2 recruitment region of the
BTLA cytoplasmic domain had the ability to interact with PI3K,
suggesting that BTLA may sometimes have a positive, rather than
inhibitory, action (8). However, neither of these studies examined
the in vivo role of these conserved signaling motifs.

To analyze the role of BTLA in immune regulation in vivo, we
have surveyed various models of pathogen infections, induced and
spontaneous autoimmunity, and various transplantation systems.
As part of this survey, we examined the nonirradiated parental-
into-F; GVHD system (18), expecting to observe augmented im-
mune responses against host cells in the absence of BTLA’s in-
hibitory actions. This nonirradiated GVHD model is distinct from
other models of GVHD models that use host irradiation and bone
marrow transplantation to more closely mimic GVHD that arises

in clinical settings using myeloablative conditioning (reviewed in
Ref. 17). Indeed, each model system contributes unique factors
that complicate the analysis of the allogeneic response. Irradiation
causes epithelial damage and extensive inflammatory cytokine
production that exacerbate GVHD (16), whereas the nonirradiated
model is complicated by an intact host immune system that may
respond to inflammatory stimuli and contribute an antigraft re-
sponse (49). Consequently, different mechanisms may account for
the pathology in the irradiated and nonirradiated systems, and dis-
tinct roles for perforin (50, 51) and IFN-vy (52, 53) have been
revealed in each model.

Global gene expression analysis of BTLAY'* and BTLA™'~ do-
nor cells harvested from hosts on days 9 and 10 revealed several
genes with differential expression (Table I). Many of the differen-
tially expressed genes are known to function during allogeneic
responses. Polarization of donor CD4™ T cells toward the Thl
phenotype is important for development of aGVHD (54-56). In-
terestingly, genes associated with Th2 cells were increased in
BTLA™'~ CD4™" donors cells, whereas genes associated with Th1l
cells were decreased in BTLA~'~ CD4™ donors. For example, IL-4
was increased in BTLA™'~ CD4" donors (Table I) and is Th2
specific (40), whereas IL-18Ra and CXCR6 were decreased in
BTLA~'~ CD4" donors cells and are Thl specific (39, 57, 58).
Thus, the inability of BTLA '~ donor cells to mount a sustained
effector response to allogeneic stimulation may be due to altered
CD4™ T cell polarization.

We also found that IL-7R« failed to become highly expressed
on BTLA™'~ cells to the same extent as BTLA™'* donor CD4*
cells. IL-7 is critical for homeostatic survival of naive T cells (59)
and regulates the transition of CD4™" effector T cells to long-lived
and memory T cells (36-38). It was also recently reported that
persistence of GVHD in an irradiated model system involved the
development of alloreactive CD4" or CD8" memory T cells
whose survival required the cytokines IL-2, IL-7, and IL-15 de-
spite chronic allostimulation (60, 61). Conceivably, failure of
BTLA™'~ CD4™ cells to re-express IL-7R« in the nonirradiated
GVHD model could prevent necessary survival signaling such as
BCL-2 (62) or PI3K (63), causing the contraction observed after
day 10 in vivo.

HVEM activity was shown recently to be required for manifes-
tation of disease in a similar parental-into-F, nonirradiated model
of GVHD (64). HVEM '~ and LIGHT '~ donor T cells showed
decreased survival and reduced antihost CTL activity compared
with wild type donor cells 7-10 days following transfer (64). Pre-
viously, blockade of LIGHT using soluble LTBR-Ig or anti-
LIGHT Ab was found to reduced severity of GVHD in this system
(12). Notably, cotransfer of WT and LIGHT '~ T cells showed
that wild-type donor cells had a significant survival advantage after
11 days (64).

That study (64), taken together with the results reported here,
indicate that HVEM, LIGHT, and BTLA all have similar actions
on promoting donor cell survival in the parental-into-F; model of
GVHD. We have independently confirmed that HVEM '~ donor
cells show reduced survival in this model (data not shown), as
reported previously (64). If HVEM signaling, activated by LIGHT
or LTa, delivers a prosurvival signal required for donor cell main-
tenance, then our results suggest that BTLA may be playing some
role in augmenting this signaling pathway. Thus, sustaining a
chronic alloresponse may require a complex involving BTLA,
LIGHT, and HVEM. In the absence of BTLA, the LIGHT-HVEM
complex may either induce an apoptotic signal or be insufficient to
maintain cell expansion and survival. In summary, our data iden-
tify a condition in which BTLA unexpectedly promotes, rather
than inhibits, an immune response. We do not know whether this
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action is mediated by BTLA signaling or by BTLA acting as a
ligand for HVEM, with HVEM mediating the prosurvival signals.
Distinguishing between these and other possibilities will likely re-
quire extensive additional analysis and involve mutations of both
BTLA and HVEM.
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BTLA is a lymphocyte inhibitory receptor with
similarities to CTLA-4 and PD-1

Norihiko Watanabe!®>, Maya Gavrieli', John R Sedy!, Jianfei Yang!>>, Francesca Fallarino?, Susan K Loftin!,
Michelle A Hurchla!, Natalie Zimmerman?, Julia Sim3, Xingxing Zang4, Theresa L Murphyl, John H Russell3,

James P Allison* & Kenneth M Murphy!

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 (Ty1) but not T2 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).

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 activation'. 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)?, and its ligand B7h? (also known as B7RP-1 (ref.
4), GL50 (ref. 5), B7H2 (ref. 6) and LICOS) is expressed on both lym-
phoid and nonlymphoid cells®®. 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 h0m010g16>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 Ty;1 and T2
cells. Expression of BTLA is subsequently lost on highly polarized Ty;2
cells but remains on Tyl 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 arrays'$, we identified an
anonymous Ty1-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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Figure 1 BTLA sequence and genomic structure. b
(a) Alignment of mouse and human BTLA. The a Mouse (L 28.0kb .
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(=) and cysteine residues (¢) predicted to CDVQLYIKRQSEHSILAGDPFELECPVKYCANRPHVTWCK o1 156-208
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between human and mouse BTLA, and are also e I Mouse  Leader peptide Transmembrane region
conserved in the rat homolog (EST Al235902) 00 TR S CRONDT SDTAGRE INE VAN LKSEQTEAST BTLA POM o comain HEEE EE

expressed in normalized rat ovary. The mouse 252 RmGALEqOTOTYD

sequence is from the 129SvEv strain and the RONSQVLLY

human sequence was cloned from the Ramos T S e (kb

cell line (Methods). (b) Exon and intron
organization of mouse and human BTLA gene.
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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.

motifs that are conserved between mouse and human: the first is in
a potential Grb2 interaction site!® and the other two are in ITIM
sequences?’. 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 BILA 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
Tyl and T2 conditions (Fig. 2¢). On day 7 after primary T cell acti-
vation, expression of BTLA mRNA was increased, with slightly higher
expression in T;1 than in T2 cells (Fig. 2¢). After a second week of in
vitro culture under Tyl or Ty2 polarization conditions, BTLA
expression remained high in Tyl cells, but by comparison was
reduced in Ty;2 cells (Fig. 2d).

a - &N v N
= £ L X
° R e
3 000 o
& g E‘}!!x!
2§55 . Porcrt [ S S
S ESS5c5FS2 Eg g2 EE
EsITI3ILTasEZ w 0o 0
BTLA
BTLA
.. Day 2
GAPDH | #% =% &5 a5 #& an
o AERRE TR A
BTLA | W w w == 0
Day 7
GAPDH | S 0 40 40 S
b d - o o= oo
I I I T
® -k kO
8 0000
S - o« ¥ X X X
£ o - T Iy » < <«
a oo - - E E E E
2 &% -
cagax8g2e R T A
eerFr3I2383
o = =
BTLA| - - |
Day 14

NATURE IMMUNOLOGY VOLUME 4 NUMBER 7 JULY 2003

Thus, expression of BTILA mRNA seems to be regulated during the
activation and differentiation of T cells. BTLA expression is not strictly
dependent on any single Ty1-inducing signal, because it remained
expressed in Ty;1 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 domain?!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 2 Expression of BTLA in lymphoid cells. (a) Tissue distribution of
BTLA mRNA. Northern analysis of 10 g 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 2C5! 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 Ty1 and T2 cells on day 14. Wild-type, STAT1-deficient
and STAT4-deficient DO11.10 transgenic T cells!8 (3 x 106 per ml) were
activated by 0.3 uM OVA peptide in Tl or T2 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-y, IL-4 and GAPDH mRNA as described?8.
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N-linked glycosylation sites predicted in the extracellular region (Fig.
la). 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. 3¢,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 motifs??,
Y257 seems to be an ITIM?’, 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)?>. To evaluate such potential interactions,
we developed a system of inducible BTLA phosphorylation.
Extracellular Myc-tagged BTLAs was expressed stably in the
DO11.10 hybridoma?® (Fig. 4a). By a similar strategy to that used for
crosslinking PD-1 with the B cell receptor complex?’, 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
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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, Mycs-
mBTLA-RV (BTLA), Acyt-Myc3-mBTLA-RV (Acyt 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-Myc,-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-Mycs-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).

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 cells?®. 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
DOI11.10 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
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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)*8 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 x 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-CD3e 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.

mRNA in peripheral lymphocytes (Fig. 5¢). 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
DOI11.10 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 Ty;1 cells showed a roughly twofold increase in prolif-
eration in response to 0.3 UM 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 cells!' and in
CTLA-4-deficient CD8% T cells®® 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 responses?®30.

These results suggest that BTLA has an inhibitory, rather than activat-
ing, influence on T lymphocyte responses. Consistent with this, 4 weeks
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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 pg and 50 pg of peptide induced severe disease in 129SvEv
mice, whereas 2 g 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
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Figure 5 Generation and analysis of BTLA-
deficient mice. (a) The Btla locus and targeting
construct. Exons I11-VI, encoding the
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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 background®!, 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).
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Figure 6 /n vitroresponses 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-CD8a-FITC or anti-B220-PE. Cells were
stimulated with the indicated final concentrations of plate-bound anti-lgM,
LPS, concanavalin A or plate-bound anti-CD3e. Cell proliferation was
measured by pulsing with [3H]thymidine for 16 h.
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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

a b WT (n=5) KO (n=5)
5 —o— 129 2.9 5 5
—+— 129 10,
4+ 12950:: 4 4
—e— B610ug q
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Clinical score
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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 pg, 10 pg and 50 pg (n =5) in incomplete Freund’s
adjuvant and 500 pg of mycobacterium on day O. Pertussis toxin (300 ng) of
was injected intravenously on days 1 and 3. C57BL/6 (B6) mice injected
with 10 pg of MOG were used as positive controls. Mice were monitored
daily for symptoms. Clinical scores: O, 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 pg 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.
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Table 1 Augmented IgG responses of BTLA-deficient mice to Td antigen

Anti-NP Btlat* (%) Btla*'= (%) Btla™= (%)

1gG1 157.9 +81.3 179.2 + 160.6 272.1 +82.6P
1gG2a 110.0 £ 86.9 268.8 + 203.9 306.7 + 132.8¢
1gG2b 92.51 + 103.0 136.6 + 38.8 249.8 + 102.0¢

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. °P=0.029, °P = 0.014, 9P = 0.022 versus wild-type BTLA.

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 family*?, 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
ICOS?, 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

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
described3!. Immunofluorescent sections were counterstained with 4',6-
diamidino-2-phenylindole dihydrochloride (DAPI, blue).
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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 pM 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-1g
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 1gG1 isotype) and streptavidin-PE. Anti-Myc
was used as a negative control for the B7h-Ig fusion protein. (b,c) Ty1 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-lg, B7.2-lg, PD-L1-Ig and
PD-L2-Ig fusion proteins (open), followed by goat anti-human Fcy
F(ab'),—PE. In ¢, 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.

strongly on polarized Ty1 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
TCRon 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

CD4 CD11b
CS15- -
) - .
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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 phenotype®>. 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 background?® and delayed when crossed onto a FoxP3
transgenic background?*.

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 responses?>3. 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 anergy®®. CTLA-4 may exert at least
part of its regulatory activity by a non—cell-autonomous mecha-
nism*>~%7, 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 APCs®, leading to an
indirect regulatory action®. 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 mice!! and more severe in BALB/c
mice?’. 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
inhibition?*!. 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 pg/ml, but not at 2 pg/ml, of anti-CD3 in
vitro'? 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 activation*} and the later
unfolding of autoimmunity*»*, 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-LI and PD-L2, respectively*2. 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
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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 humans*®#’. 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 Ty1, but not T2,
cells to screen a Tyl ¢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 mJ11WI1. We obtained additional full-length BTLA
cDNA isolates by screening a second mouse splenocyte cDNA library
(Stratagene) using the 5' region of mjl11W1 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 Tyy1 cDNA library with primers J10-RV1-Bgl2 (5'-
AGCTCTGAAGATCTCTAGGGAGGAAG-3') and J10-Xhol (5'-CATGCTC-
GAGGAAGGTCCAGACAGAGGTATTG-3'). The product was digested with
Bglll and Xhol and cloned into the IRES-GFP-RV retrovirus*® at the Bglll and
Xhol sites to produce mBTLAs-RV.

The N-terminal Myc-tagged version of mBTLAs (Myc;-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 Myc; 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-Xhol, and the full-length chimeric cDNA was amplified
with primers J10-RV1-Bgl2 and J10 Xhol. The resulting product was digested
with Bg/II and Xhol and ligated into the Bg/II and Xhol sites of IRES-GFP-RV to
yield Myc;-mBTLAs-RV.

To produce the N-terminal Myc-tagged version of mBTLA (Myc;-mBTLA-
RV), primers J10-RV1-Bgl2 and J10-A4 were used to amplify the signal
sequence linked to the triple Myc epitope from template Myc;-mBTLAs-RV. A
second PCR product was amplified with primers J10-A5 and J10 Xhol and the
template mJ11W1. The two PCR products were annealed and amplified with
primers J10-RV1-Bgl2 and J10 Xhol, digested, and ligated into the retroviral
vector to produce Myc;-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).

Acyt-Myc;-mBTLA-RV was generated using Quick Change mutagenesis of
Myc;-mBTLA-RV with the primers mJ11 trunc top (5'-TGATATTCCATAAAC
CTGCCACTGAGCCAG-3') and mJ11 trunc bottom (5'-TGGCAGGTTTATG
GAATATCAACCAGGTTAGTG-3"). mBTLA-Myc,-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" mjll 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' Xhol Myc tail and Pfu polymerase. After diges-
tion with Bg/II and Xhol, the PCR product was ligated into the retroviral expres-
sion vector Tb-lym-GFP RV#’, which had been digested with Bg/II and Xhol, to
generate mBTLA-Myc,-RV.

The N-terminal Myc-tagged version of hBTLA containing a triple Myc tag
inserted downstream of the signal peptide (Myc;-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/hjl1 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 hjll (5'-CCGCTCGAGTTGGAGTCAGAAACAGACTTAAC-3")
with hj11#14u. These PCR products were sequentially annealed and amplified,
and cloned into tb-lym-GFP-RYV, which had been digested with Bg/II and Xhol.

hBTLA containing three carboxy-terminal Myc epitopes (hBTLA-Myc;-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" hjl1 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 Bgl/II and Xhol, the PCR product was ligated
into retroviral expression vector Tb-lym-GFP-RV#’, which had been digested
with Bglll and Xhol, to generate hBTLA-Myc;-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-
Myc;-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
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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-Myc;-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 cells®® and retroviral infections, northern analysis and immunoblotting*’
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 pl of 1 M NaVO, and 4 pl of 30% H,O, to 600 pl 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 x 10¢ 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 pg/ml of leupeptin, 1 pg/ml of pepstatin, 1 pg/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 x 10° cells were immunoprecipitated with
1 pg of monoclonal antibodies to Myc (clone 9E10; Santa Cruz) and 20 pl 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 pl of
PNGase denaturing buffer (NEB). After centrifugation to remove PGS, eluted
proteins were transferred to PCR tubes containing 1 pl of 10% Nonidet P-40
(NP-40) and 1 pl of 10x G7 buffer (NEB), divided into two 6-pl aliquots, and
treated without or with 1 pl of PNGase F (NEB) for 1 h at 37 °C. We boiled sam-
ples with 6 pl of 2x 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 x 10° cells were immunoprecipitated using
1 Mg 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-RV#8 or Myc;-mBTLAs-RV and purified them by
sorting. Cells were incubated with 4 pg/ml of hamster anti-CD3¢ (clone 145-
2Cl11, PharMingen) and 2 pg/ml of anti-Myc for 30 min at 4 °C, and
crosslinked with 100 pg/ml of prewarmed goat anti-mouse IgG (GaM; 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-CD3€. 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 x 10 cells were immunoprecipitated with
2 Hg 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 x 10* DO11.10
cells expressing GFP-RV, Myc;-mBTLAs-RV or Myc;-mBTLA-RV were stimu-
lated with 1 pg/ml of immobilized anti-CD3¢ in combination with various
concentrations of immobilized polyclonal rabbit anti-Myc or 50 ng/ml of PMA
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plus 1 pM 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 pg of NP'7-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 NP?>-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-
CD8a  (PharMingen) or phycoerythrin = (PE)-conjugated anti-B220
(PharMingen). Cells (5 % 10° per ml) were stimulated with various concentra-
tions of plate-bound anti-IgM (Affinipure F(ab'), 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 [*H]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,
B7.2-1g, PD-L1-Ig and PD-L2-Ig fusion proteins (Fc portion; human IgG1 iso-
type; R&D  Systems); goat anti-human Fcy F(ab'),~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 protein®, a gift of W. Sha (Univ. California Berkeley), and the cDNA
encoding the fusion protein were inserted into the GFP-RV retroviral vector?s,
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 IgGl 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, Myc;-mBTLA-RV, Acyt-Myc;-mBTLA-RV and Myc;-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'), anti—rabbit IgG (Jackson Research Laboratories).

Histological analysis. CNS tissues were removed from mice and frozen and 10-
Mm 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 CDI11b by immunofluorescence microscopy as
described’!.

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?zdb=protein).
From the NCBI Protein database.
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Note: Supplementary information is available on the Nature Immunology website.
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B and T lymphocyte attenuator regulates
T cell activation through interaction with

herpesvirus entry mediator

John R Sedy!, Maya Gavrieli!, Karen G Potter?, Michelle A Hurchla!, R Coleman Lindsley!, Kai Hildner!,
Stefanie Scheu®, Klaus Pfeffer®, Carl F Ware?, Theresa L Murphy! & Kenneth M Murphy'*

B and T lymphocyte attenuator (BTLA) provides an inhibitory signal to B and T cells. Previously, indirect observations suggested
that B7x was a ligand for BTLA. Here we show that BTLA does not bind B7x; instead, we identify herpesvirus entry mediator
(HVEM) as the unique BTLA ligand. BTLA bound the most membrane-distal cysteine-rich domain of HVEM, distinct from regions
where the ligands LIGHT and lymphotoxin-o bound HVEM. HVEM induced BTLA tyrosine phosphorylation and association of the
tyrosine phosphatase SHP-2 and repressed antigen-driven T cell proliferation, providing an example of reverse signaling to a
non-tumor necrosis factor family ligand. The conservation of the BTLA-HVEM interaction between mouse and human suggests
that this system is an important pathway regulating lymphocyte activation and/or homeostasis in the immune response.

The lymphoid-specific cell surface receptor B and T lymphocyte
attenuator (BTLA) inhibits lymphocytes during immune responses’.
Although identified in a screen for T helper type 1-specific genes,
BTLA shows high expression by resting B cells!, is induced on anergic
CD4" T cells (M.A.H,, JR.S., M.G., C.G. Drake, T.L.M. and KM.M,,
data not shown) and has lower expression on macrophages, dendritic
cells (DCs) and natural killer cells®. The cytoplasmic domain of BTLA

contains one potential recruitment site for growth factor receptor—

otif and switch motif!, which after tyrosine phosphorylation associ-
ate with Src homology domain 2—containing protein tyrosine phos-
phatases SHP-1 and SHP-2 (refs. 1,3).

BTLA is polymorphic between C57BL/6 and BALB/c mice*, with
the C57BL/6 allele containing six cysteine residues in its extracellular
domain and the BALB/c allele containing five. We examined 23 mouse
strains and found one additional allele in the MRL/lpr and four other
strains differing from the BALB/c allele at a single residue. We also
identified evidence of expression polymorphisms within lymphoid
subsets, with C57BL/6 but not BALB/c mice expressing BTLA on
macrophages and natural killer cells (data not shown).

There has been an indirect indication that the B7 family member
B7x (also identified as B7S1 and B7-H4)'>° might interact with
BTLA; a B7x-Fc fusion protein showed lower binding to Btla=/~
lymphocytes than to wild-type lymphocytes. However, this might
have reflected indirect effects of BTLA deficiency and not a direct
BTLA-B7x binding interaction. Also, the B7x-Fc fusion protein

'. .l bound protein 2 and an immunoreceptor tyrosine-based inhibitory

showed a much weaker interaction with lymphocytes than did B7-1-
Fc (CD80), B7-2-Fc (CD86) and B7h-Fc fusion proteins. We therefore
sought to obtain direct evidence regarding the potential ligand
interactions of BTLA.

Here, we first tested for direct interactions between BTLA and B7x.
We obtained no evidence for a direct interaction using tetramers and
Fc fusion proteins of BTLA and B7x with transfected cells expressing
each of these proteins. In addition, we found specific interactions
of BTLA-Fc fusion proteins with naive T cells, which do not
express B7x>~7, also challenging the idea of a direct interaction between
BTLA and B7x. These results motivated an effort to clone BTLA-
interacting ligands.

We identify herpesvirus entry mediator (HVEM) as the unique
ligand for BTLA in mice. Mouse BTLA-Fc fusion proteins and BTLA
tetramers selectively interacted with mouse HVEM and, furthermore,
human BTLA-Fc fusion proteins interacted with human HVEM,
suggesting some conservation between species of the BTLA-HVEM
interaction. We did not identify positive evidence of additional BTLA
ligands remaining in HVEM-deficient mouse lymphocytes. The BTLA
extracellular immunoglobulin domain interacted with the most
membrane-distal cysteine-rich domain (CRD1) of HVEM, indicating
a difference in binding of BTLA to HVEM compared with that of the
ligands LIGHT and lymphotoxin-o (LTa). Finally, HVEM induced
BTLA tyrosine phosphorylation and inhibited T cell proliferation in a
BTLA-dependent way. The binding between BTLA and HVEM is a
previously unknown structural interaction allowing reverse signaling
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stained (None) or were activated with plate-bound
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protein (shaded histograms) followed by anti-
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from a tumor necrosis factor receptor (TNFR) family member toward
lymphocytes that may be a barrier to T cell activation.

RESULTS
BTLA binds naive T cells but does not bind B7x
To test for direct interactions between BTLA and B7x, we made
NIH 3T3 cell lines stably expressing the extracellular domains of
B7x, BTLA, and programmed death 1 (PD-1) and its ligand (PD-L1),
and stained the cells with PD-1 and BTLA tetramers and with
PD-L1 and B7x Fc fusion proteins (Supplementary Fig. 1 online).
Whereas PD-1 tetramer bound to cells expressing PD-L1, as
expected, the BTLA tetramer did not bind to cells expressing PD-L1
or B7x. Furthermore, our B7x-Fc fusion protein did not bind cells
expressing BTLA.

To identify potential ligands on normal lymphocytes, we next used
a BTLA-Fc fusion protein and BTLA tetramer to stain splenocytes
(Figs. 1 and 2). As a control, the PD-L1-Fc fusion protein showed
selective binding to activated but not resting CD4" T cells and B220*
B cells (Fig. 1), as expected and consistent with the reported
inducibility of PD-1 expression®. Notably, our BTLA-Fc fusion protein
showed specific binding to resting CD4* and CD8* T cells but not to
B220* B cells (Fig. 1). In addition, this binding was greatly reduced
after T cell activation by treatment with antibody to CD3 (anti-CD3)
but was not affected by B cell activation. As B7x is not reported to be
expressed by naive T cells’”, the binding of the BTLA-Fc fusion

histograms, staining with human 1gG1 isotype
control in place of Fc fusion protein.

family members (data not shown). B7x mRNA was most highly
expressed in heart and lung but was absent from spleen, lymph
node and naive CD4* T cells. In contrast, we confirmed the expected
lymphoid-specific expression pattern for several CD28-B7 family
members, including ICOS, PD-1 and BTLA (data not shown).

To confirm and characterize the potential ligand on T cells
identified by the BTLA-Fc fusion protein, we next analyzed the
properties of BTLA tetramers binding to lymphocytes (Fig. 2). The
BTLA tetramer showed strong binding to both CD4* and CD8* T cells
obtained from both spleen and lymph nodes and bound weakly to
non-T lymphocytes (Fig. 2a). Furthermore, binding to T cells was
reduced after anti-CD3 stimulation (Fig. 2b), similar to our results
obtained with BTLA-Fc fusion proteins (Fig. 1). In contrast, treatment
of splenocytes with anti-immunoglobulin M (anti-IgM) or lipopoly-
saccharide did not reduce BTLA tetramer staining of CD4" T cells.
BTLA tetramers showed very slight binding to resting and activated B
cells (Fig. 2b). We also examined BTLA tetramer staining in thymic
subsets (Fig. 2c). BTLA tetramer staining was lowest in CD4*CD8*
(double-positive) thymocytes and showed more staining in mature
CD4* or CD8" thymocytes and double-negative (CD4~CD8™) thy-
mocytes, again indicating some physiological regulation of the BTLA
ligand. As BTLA tetramer binding was modulated 48 h after anti-CD3
stimulation of T cells, we did a more detailed kinetic analysis using
DOL11.10 T cells activated in vitro with ovalbumin (OVA) peptide
(Fig. 3). Again, BTLA tetramer binding was regulated during activa-
tion, initially increasing by twofold at 24 and 48 h after antigen-

O]

specific stimulation, decreasing on day 3 and day 4, and increasing

owever, we independently confirmed that B7x was not expressed by
again by day 7. Expression of this BTLA ligand was similar in both

l .I protein to T cells is not consistent with an interaction with B7x.
=" T cells by examining the expression of B7x and several other CD28-B7
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Figure 2 BTLA tetramer staining identifies a ligand on CD4* and CD8" cells. (a) Splenocytes and lymph node cells from pooled C57BL/6 and BALB/c mice
were stained with anti-CD8-FITC, anti-CD4-CyChrome, and either streptavidin-phycoerythrin (open histograms) or BTLA tetramer—phycoerythrin (shaded
histograms). Dot plots (left) show the CD4-CD8 gates used for single-color histograms of BTLA tetramer—phycoerythrin staining (right). (b) Splenocytes from
pooled C57BL/6 and BALB/c mice were left untreated or were activated 48 h with anti-CD3 or anti-lgM as described in Figure 1 or with lipopolysaccharide
(1 pg/ml) for 24 h and were stained with anti-B220-FITC, anti-CD4-CyChrome, and either streptavidin-phycoerythrin (open histograms) or BTLA tetramer—
phycoerythrin (shaded histograms). (c¢) Thymocytes from pooled C57BL/6 and BALB/c mice were stained with anti-CD8-FITC, anti-CD4—CyChrome, and
either streptavidin-phycoerythrin (open histograms) or BTLA tetramer—phycoerythrin (shaded histograms). The dot plot (left) shows the CD4/CD8 gates used
for the single-color histograms of BTLA-tetramer staining.
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Figure 3 BTLA ligand expression is modulated during T cell activation.
DO11.10 splenocytes were stimulated with 0.3 uM OVA peptide in T helper
type 1 conditions (Ty1l; 10 U/ml of IL-12 and 10 pg/ml of anti-IL-4) or

T helper type 2 conditions (Ty2; 100 U/ml of IL-4 and 3 pg/ml of anti-IL-
12). Cultures were collected after activation (time, horizontal axis) and were
stained with anti-CD4-FITC and BTLA tetramer—phycoerythrin. Filled circles,
streptavidin-phycoerythrin (SA-PE) staining of T helper type 1 cultures
without BTLA tetramer. MFI, mean fluorescence intensity.

T helper type 1- and T helper type 2—inducing conditions. Thus,
BTLA tetramers and BTLA-Fc fusion proteins have very similar
binding properties to lymphocytes, and a BTLA ligand is expressed
by resting T cells and undergoes regulation during thymocyte devel-
opment and T cell activation.

Cloning a BTLA-interacting protein

We constructed a retroviral ¢cDNA library from lymphocytes and
transduced two host cell lines, BJAB and NIH 3T3, that were negative
for BTLA tetramer binding (Fig. 4a). After four successive rounds of
sorting, we obtained lines uniformly positive for BTLA tetramer
staining, which we used to amplify retrovirus-specific inserts. From
BJAB cells, we obtained a predominant RT-PCR product that we
identified as mouse HVEM (Supplementary Fig. 2 online). From
NIH 3T3 cells we also obtained mouse HVEM as the main component
of RT-PCR isolates. Among the minor retroviral inserts identified
from NIH 3T3 cells, 4-1BB was the only transmembrane receptor; it
also belongs to the TNFR superfamily®.

We next tested these isolates as candidates for direct interactions
ith BTLA tetramers. We expressed full-length cDNA clones of mouse
HVEM, human HVEM, mouse 4-1BB and mouse LTBR, which binds
the same ligands (LIGHT and LTa) as HVEM, in BJAB cells and
analyzed these cells for binding to BTLA tetramers. We specifically
constructed BTLA tetramers from both the C57BL/6 and BALB/c
alleles to identify any potential allelic differences in binding (Fig. 4b).
We found specific binding of both forms of BTLA tetramers to green
fluorescent protein (GFP)—positive BJAB cells expressing mouse
HVEM but not to BJAB cells expressing human HVEM, mouse
4-1BB or mouse LTBR or to GFP-negative uninfected BJAB cells.

HVEM induces BTLA phosphorylation

We next sought to determine if HVEM could induce BTLA phosphor-
ylation (Fig. 4c,d). We analyzed BTLA phosphorylation in EL4 cells
using immunoprecipitation immunoblot analysis as described
above!. EL4 cells had low expression of BTLA but no detectable
HVEM, as assessed by BTLA tetramer binding (Supplementary Fig. 3
online). We therefore examined EL4 cells for BTLA phosphorylation
and SHP-2 coimmunoprecipitation after contact with mouse HVEM
expressed by BJAB cells. EL4 cells alone showed neither coimmuno-
precipitation of SHP-2 with BTLA (Fig. 4c) nor direct tyrosine
phosphorylation of BTLA (Fig. 4d). Mixing of EL4 cells with
HVEM-expressing BJAB cells induced both coimmunoprecipitation

92

of SHP-2 with BTLA and tyrosine phosphorylation of BTLA. In
contrast, mixing EL4 cells with HVEM-negative BJAB cells induced
neither coimmunoprecipitation of SHP-2 with BTLA nor BTLA
phosphorylation. As controls, pervanadate treatment of EL-4 cells
induced coimmunoprecipitation of SHP-2 and tyrosine phosphoryla-
tion of BTLA, but BJAB cells alone, either HVEM-negative or expres-
sing HVEM, showed neither SHP-2 coimmunoprecipitation nor BTLA
phosphorylation. Thus, these results show that HVEM can induce
BTLA tyrosine phosphorylation and association with SHP-2.

HVEM-BTLA interactions are conserved in human

Because tetramers of mouse BTLA bound mouse HVEM but not
human HVEM, we sought to determine if the BTLA-HVEM interac-
tion was conserved in humans. Therefore, we generated a human
BTLA-Fc fusion protein and characterized its interactions with mouse
and human HVEM (Fig. 4e). The mouse BTLA-Fc fusion protein
bound to BJAB cells expressing mouse HVEM but not cells expressing
human HVEM, confirming the data obtained with mouse BTLA
tetramers (Fig. 4b). In addition, the human BTLA-Fc fusion protein
bound to BJAB cells expressing human HVEM (Fig. 4e). The human
BTLA-Fc fusion protein also bound, although more weakly, to BJAB
cells expressing mouse HVEM. These interactions were specific,
as the isotype control antibody and the B7x-Fc fusion protein did
not bind to BJAB cells expressing either mouse or human HVEM.
Thus, the interaction between BTLA and HVEM occurs in human
lymphocytes, as it does in mouse lymphocytes. Also, although cross-
species interactions are noted for human BTLA and mouse HVEM
(Fig. 4e), it seems that this cross-species interaction is weaker than the
intraspecies interaction.

BTLA interacts with the CRD1 region of HVEM

HVEM is a member of the TNFR superfamily and interacts with the
two known TNF family members LIGHT and LTa>!°, Because HVEM
has multiple ligands, we sought to determine whether we could detect
additional ligands for BTLA. Thus, we compared binding of BTLA
tetramers to wild-type and HVEM-deficient lymphocytes (Fig. 5a).
BTLA tetramers showed no detectable specific binding to HVEM-
deficient CD4" or CD8" T cells but showed the expected binding to
wild-type T cells. Even the low binding of BTLA tetramer to B cells
was reduced to undetectable amounts in HVEM-deficient B cells
(Fig. 5a). Thus, we found no evidence of additional ligands for
BTLA in mice.

The interaction between HVEM and LIGHT can be detected with
an HVEM-Fc fusion protein containing the four extracellular CRD
regions of HVEM fused to the Fc region of human IgG1 (ref. 10). We
therefore sought to determine whether this HVEM-Fc fusion protein
can also bind BTLA (Fig. 5b). Because LIGHT is expressed by CD11c*
DCs but not by B220" B cells'"'2, we compared the binding of
HVEM-Fc fusion protein to B cells and DCs from wild-type and
BTLA-deficient mice (Fig. 5b). The HVEM-Fc fusion protein bound
to wild-type B cells but not to Btla—'~ B cells. In contrast, the HVEM-
Fc fusion protein bound to wild-type DCs with only slightly reduced
binding to Btla~'~ DCs. We next compared the binding of HVEM-Fc
fusion protein to wild-type and LIGHT-deficient (Tnfsf14~'~) B cells
and DCs (Fig. 5¢). The HVEM-Fc fusion protein bound to wild-type
and Tnfsfl4~'~ B cells and DCs with nearly equal intensity. In
addition, HVEM expression was actually increased in Btla~'~ mice
compared with that in wild-type mice (Supplementary Fig. 4 online).
This result might indicate that endogenous HVEM expression is
regulated by interaction with BTLA, similar to the reported regulation
of HVEM expression by LIGHT!3. Furthermore, this result formally
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Figure 4 HVEM is a ligand for BTLA. (a) NIH Before After
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percentage of BTLA tetramer staining in the GFP- 2 = 1) e
positive population. (c,d) HVEM activates BTLA FAE . = higG1 mB7x-Fe mBTLAjFC hBTLA-Fc
phosphorylation and SHP-2 association. EL-4 4188 f j HVEM
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(—) for 4 min at 37 °C at a density of 25 x £ LTBR g
s |hHVEM
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were treated (+) with pervanadate (VOg4) for < ?-l———m, - g f ; 3
4 min. Total cell lysates were prepared and were b - ?] -
GFP GFP

immunoprecipitated with 6A6 (anti-mouse
BTLA), and immunoblots were probed for
SHP-2 (c) or for phosphotyrosine (d) in

immunoprecipitates (IP) or in lysates without immunoprecipitation. Immunoblots using the isotype control for immunoprecipitation were negative for

SHP-2 association (data not shown). Data in ¢ and d are representative of four independent experiments. (e) BJAB cells were transduced with retrovirus
mHVEM-ires-GFP or hHVEM-ires-GFP and were stained with human IgG1 isotype control (hlgG1l), mB7x-Fc, mBTLA-Fc or hBTLA-Fc followed by anti-human
1gG-phycoerythrin. Numbers in dot plots show the percentage of fusion protein staining in the GFP-positive population.

shows that HVEM expression does not require BTLA as a ‘chaperone’.
These results might suggest that BTLA is the only ligand for HVEM on

ay be misleading, and it is possible that HVEM could also interact

l, .I B cells, but such conclusions based solely on soluble staining reagents

=" with other unknown molecules on B cells. For DCs, it seems that both

BTLA and LIGHT are ligands for HVEM.

We sought to identify which domains of HVEM are involved in
BTLA interactions. HVEM has four extracellular CRDs; it binds
LIGHT and LTa through CRD2 and CRD?3 (ref. 14) and binds herpes
glycoprotein D through CRD1 (refs. 14,15). We constructed a series of
HVEM mutants, including a mouse HVEM GFP fusion protein, an
HVEM deletion mutant lacking the N-terminal CRD1 as a GFP fusion
protein, an intact human HVEM, and a chimeric HVEM containing
mouse CRDI1 linked to human CRD2. We expressed this panel of
HVEM mutants in BJAB cells and examined binding of the mouse
BTLA tetramer (Fig. 5d). As expected, the BTLA tetramer did not
bind uninfected BJAB cells but bound to wild-type mouse HVEM.
However, the mouse BTLA tetramer did not bind to the HVEM
mutant lacking CRDI. In addition, BTLA tetramer did not bind to
human HVEM but did bind to the mouse-human chimeric HVEM
(Fig. 5d). As a control, we assessed the amounts of human HVEM
expressed by these cell lines (Fig. 5d), confirming expression of the
human and chimeric HVEM molecules. These results indicate an
important function for the CRD1 domain of mouse HVEM for BLTA
interactions but do not exclude the possibility of a contribution by
other domains.
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HVEM inhibits antigen-driven T cell proliferation

HVEM is expressed by several types of cells, including T cells, B cells
and DCs!'2131617 complicating the analysis of potential interactions
between cells expressing LIGHT, BTLA and HVEM. Thus, we first
sought to confirm the reported costimulatory effects of LIGHT on
CD4* T cells in our system!l. We stimulated highly purified CD4*
T cells with increasing amounts of anti-CD3 in the presence of various
concentrations of plate-bound LIGHT (Fig. 6a). At suboptimal
concentrations of anti-CD3 stimulation, LIGHT strongly augmented
T cell proliferation in a dose-dependent way. At the highest dose of
anti-CD3, the costimulatory effect of LIGHT was reduced slightly
because of an increase in the LIGHT-independent proliferation. These
data confirm reports that LIGHT engagement of HVEM provides
positive costimulation.

We next tested whether BTLA or HVEM expression by antigen-
presenting cells (APCs) inhibited or activated T cells. For this, we
produced a panel of Chinese hamster ovary (CHO) cells expressing
various combinations of I-A4 and B7-1 (ref. 18) plus either BTLA or
HVEM using retrovirus transduction and cell sorting. We confirmed
expression of I-Ad, B7-1, BTLA and HVEM by these cell lines using
flow cytometry (Supplementary Fig. 5 online). We sought to deter-
mine if BTLA expression by APCs costimulated DO11.10 T cells
(Fig. 6b). CHO cells expressing I-Ad alone supported minimal T cell
proliferation, similar to that seen with T cells and peptide alone. As
a positive control, CHO cells expressing I-A4 and B7-1 supported
higher proliferation in response to OVA peptide. In contrast, BTLA
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Figure 5 HVEM is the unique ligand for BTLA and interacts through CRD1. (a) Splenocytes from wild-type
(Tnfrsf14+*) or HVEM-deficient (Tnfrsf14='~) mice were stained with anti-CD4-FITC (CD4+), anti-CD8-FITC m/hHVEM-IRES-GFP
(CD8*) or anti-B220-FITC (B220*) and either C57BL/6 BTLA tetramer—phycoerythrin (shaded histograms) or ??C;?—(
streptavidin-phycoerythrin alone (open histograms). (b) Splenocytes from wild-type (Bt/a**) and Btla"'— mice
were stained with anti-B220-FITC (top) or anti-CD11c-FITC (bottom) and with either mHVEM-Fc (shaded [
histograms) or isotype control human IgG1 (open histograms) followed by anti-human 1gG-phycoerythrin. E;r;ﬁwer—PE Anti-NHVEM

(c) Splenocytes from wild-type (Tnfsf14++) and Tnfsf14~/~ mice were stained with B220-FITC (top) or

CD11c-FITC (bottom) and mHVEM-Fc or isotype control human IgG1 (open histograms), followed by anti-

human 1gG-phycoerythrin. (d) BJAB cells were left uninfected or were transduced with retroviruses expressing mouse HVEM-GFP fusion protein (mHVEM-
GFP), the HVEM deletion mutant lacking N-terminal CRD1 as a GFP fusion protein (NHVEMACRD1-GFP), intact human HVEM (hHVEM-IRES-GFP) or
chimeric HVEM containing mouse CRD1 linked to human CRD2 (m/hHVEM-IRES-GFP). Left, cells stained with BTLA tetramer—phycoerythrin (shaded
histograms) or streptavidin-phycoerythrin alone (open histograms); right, cells stained with either anti-hHVEM (shaded histograms) or a mouse 1gG1 isotype
control (9E10) followed by goat anti-mouse IgG1—phycoerythrin. Single-color histograms were gated on GFP-positive live cells. Right margin, composition of
the HVEM constructs, with mouse CRDs (open ovals) and human CRDs (shaded ovals).
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expression by APCs did not augment T cell proliferation induced by
CHO cells expressing I-A% alone (Fig. 6b), as did expression of B7-1,
suggesting that BTLA does not provide costimulation to T cells
through HVEM engagement.

Whereas BTLA, unlike LIGHT, may not activate HVEM, HVEM
seems to activate BTLA, as evidenced by BTLA phosphorylation and

HVEM expression by APCs influenced T cell proliferation (Fig. 6c).
The peptide dose—dependent proliferation supported by CHO cells
expressing I-Ad alone was reduced when HVEM was coexpressed on
these CHO cells (Fig. 6c). Furthermore, as expected, B7-1 increased
T cell proliferation induced by peptide and I-A? (Fig. 6d), shifting the
dose-response to lower concentrations of peptide. Again, coexpression

SHP-2 association (Fig. 4c,d). Thus, we sought to determine whether ~of HVEM on these CHO cells reduced peptide-dependent T cell
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Figure 6 HVEM expression on APCs inhibits T cell proliferation. (a) CD4* cells were purified from BALB/c mice by magnetic separation and were stimulated
(1 x 106 cells/ml) with plate-bound anti-CD3 (2C11; dose, horizontal axis) and increasing concentrations (wedges; 0, 0.3, 1.0, 3.0 and 10.0 pg/ml) of
plate-bound LIGHT. Cultures were pulsed with [3HIthymidine at 48 h and were collected at 60 h. Data represent c.p.m. + s.d. from one of three similar
experiments. (b) CD4* T cells from DO11.10 mice were purified by magnetic separation, followed by cell sorting for CD4*B220-CD11c™ cells to more than
98% purity, and were added to cultures alone (T alone) or with (T +) CHO cells expressing 1-Ad, I-Ad and B7.1, or I-Ad and BTLA, plus various concentration
of OVA peptide (horizontal axis), and proliferation was measured as described in a. (c) T cells prepared as described in b were cultured alone or with CHO
cells expressing I-Ad, or I-Ad and HVEM, plus various concentrations of OVA peptide, and proliferation was measured as described in a. (d) T cells prepared
as described in b were cultured alone or with CHO cells expressing I-Ad, or I-Ad and B7.1, or I-Ad, B7.1 and HVEM, and were activated with various
concentration of OVA peptide. Proliferation was measured as described in a.
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Figure 7 HVEM inhibits T cell proliferation in a BTLA-dependent way. (a) Highly purified DO11.10 CD4* T cells from wild-type (Btla*"*) or Btla"'~ mice were
prepared as described in Figure 6, were labeled with CFSE and were cultured for 3 or 4 d with CHO cells expressing I-A9, or I-Ad and BTLA, or |-Ad and
HVEM, plus 0.03 or 0.3 uM OVA peptide. Cells were analyzed by flow cytometry. Data are single-color histograms of CFSE gated on CD4* T cells. Numbers
indicate percentage of live cells that have divided at least once, as indicated by the gate drawn. (b) T cells prepared as described in a were cultured for 3 or
4 d with CHO cells expressing I-Ad and B7.1, I-A9, B7.1 and BTLA, or I-Ad9, B7.1 and HVEM, plus 0.03 or 0.3 uM OVA peptide, and were analyzed as
described in a. Numbers indicate percentage of live cells that have divided at least once.

roliferation. The inhibition produced by HVEM at the highest
peptide concentrations was smaller than the inhibition seen with
intermediate stimulation.

We extended this analysis using T cells labeled with carboxyfluor-
escein diacetate succinimidyl diester (CFSE; Fig. 7). In addition, we
tested whether the inhibitory effect of HVEM on T cell proliferation
required BTLA by using Bfla~/~ DO11.10 T cells. Using CHO cells
lacking B7-1 expression, we did not note T cell proliferation at the
lowest dose of OVA peptide (0.03 pM) on days 3 and 4 (Fig. 7a).
However, higher peptide concentrations (0.3 puM) induced T cell
proliferation on days 3 and 4. In these conditions, expression of
BTLA on CHO cells had no effect on T cell proliferation at any time.
However, expression of HVEM on CHO cells greatly reduced T cell
proliferation, which occurred only in wild-type DO11.10 T cells, not
Btla='~ T cells, and was evident on days 3 and 4 after activation.

We next examined the effects of HVEM on T cell proliferation in
response to antigen presentation by CHO cells expressing B7-1
(Fig. 7b). Again, B7-1 increased T cell proliferation induced by
peptide and I-Ad, shifting the dose-response to lower concentrations
of peptide, as demonstrated by larger numbers of cellular divisions at
lower doses of peptide; this was clearly evident on day 3 as well as day
4. In these conditions, coexpression of BTLA on CHO cells had no
effect on T cell proliferation. In contrast, coexpression of HVEM on
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CHO cells caused a reduction in proliferation of wild-type DO11.10
T cells, but this was evident only at the lowest peptide dose and was
evident only on day 3, not day 4, after T cell activation. This inhibition
of T cell proliferation was specific to BTLA, as we found it only in
wild-type but not Btla™'~ T cells. In summary, HVEM inhibits both
costimulation-independent and costimulation-dependent prolifera-
tion, but is more effective in blocking activation of antigen stimulated
T cells at low B7-1 expression. Furthermore, HVEM-mediated inhibi-
tion of T cell proliferation requires BTLA expression by T cells.

DISCUSSION

Here we have made the unexpected observation that BTLA, a member
of the immunoglobulin superfamily, functionally interacts with
HVEM, a member of the TNFR superfamily. The initial suggestion
that BTLA and B7x might interact was based on indirect observations
of decreased binding of a B7x-Fc fusion protein to Bla~'~ lympho-
cytes!. However, in this study we were not able to provide any
evidence for a direct BTLA-B7x interaction using tetramers and Fc
fusion proteins of BTLA and B7x for binding to transfected cells
expressing each of these proteins. Instead, we found evidence of a
BTLA ligand expressed on resting T cells, which do not express B7x>~.
Using expression cloning, we have identified HVEM as the unique
BTLA ligand in mice and have shown that this BTLA-HVEM
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interaction is also conserved in human. BTLA binds the CRDI of
HVEM, in contrast to LIGHT and LTa, which bind CRD2 and CRD3
(ref. 14). Finally, we have demonstrated that HVEM expressed on
APCs induces BTLA phosphorylation and inhibits T cell proliferation
in a BTLA-dependent way, particularly with low costimulation.

The interaction between BTLA and HVEM has structural and func-
tional importance. We are not aware of any other examples of a known
TNEFR family member’s being the ligand for an immunoglobulin
superfamily receptor!®. TNFR family members normally interact with
TNF family cytokines, with the exception of NGFR, a receptor that
binds neurotrophins of the growth factor cysteine knot superfamily?°.
Herpes simplex virus glycoprotein D, which binds HVEM using an N-
terminal hairpin loop extension rather than its immunoglobulin
domain, is expressed only by herpesviruses and has no apparent
mammalian homolog. Thus, the conserved binding of HVEM to an
immunoglobulin superfamily receptor is structurally unique.

It is relevant that the interaction between BTLA and HVEM may be
a unique example of reverse signaling mediated by a TNFR family
member through a non-TNF family member. Several TNFR family
members reportedly transmit reverse signals to cells through their
TNF family ligand, including TNFRI through membrane TNF2!,
CD30 through CD30L?2, HVEM through LIGHT?? and Fas through
FasL?4, although the way in which such signaling occurs is still unclear.
Here we have shown that HVEM induces the tyrosine phosphoryla-
tion of BTLA and association with SHP-2, suggesting a similarity in
the inhibitory mechanism to that of the inhibitory receptors CTLA-4
and PD-1 (refs. 18,25). In previous reports it was difficult to induce
BTLA phosphorylation, which required pervanadate treatment or
artificial crosslinking with antigen receptors!. Here we have shown
that HVEM expressed by tumor cell lines is sufficient for the
biochemical activation of BTLA on other cells. We found BTLA
phosphorylation occurred during the collection of splenocytes (data
not shown), which could result from contact between B cells expres-
sing BTLA with T cells expressing HVEM, although we have not
fully characterized that phenomenon. Thus, these results clearly
document the ability of this TNFR family member to ‘reverse’ signal
through BTLA.

T cells showed relatively

o Previous in vitro examination of Btla~/~
@modes‘[ changes in proliferation!2. However, the conditions used in

those studies may not have been ideal for emphasizing the involve-
ment of BTLA by inducing its activation or for demonstrating the
involvement of HVEM-mediated T cell inhibition. For example,
relatively dilute T cell cultures activated with anti-CD3 may not
provide the density to allow potential T cell-T cell interaction to
engage BTLA by HVEM. Here we found conditions in which HVEM
inhibited T cell proliferation in a strictly BTLA-dependent way.
HVEM is expressed by several types of lymphoid cells, and we have
not yet identified the relevant source of HVEM in vivo. HVEM is
expressed not only by T cells but also by immature DCs, a property
unique among the TNFR family!226, Conceivably, immature DCs with
low expression of B7 molecules might express HVEM as a mechanism
to generate a ‘safety threshold’ to control nonspecific T cell activation.
However, T cells also express abundant HVEM and modulate its level
during activation. Thus, there could be a function for T cell-T cell
interactions that might autoregulate T cell population expansion
depending on density and location. Indeed, there have been sugges-
tions of T cell-T cell interactions involving interactions between B7
and CTLA-4 (refs. 27,28).

Here we sought to document the unexpected interaction between
BTLA and HVEM, and thus we have focused on showing functional
responses of T cells in response to BTLA ligation by HVEM. However,
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B cells also express BTLA, and we suspect a function for HVEM in
regulating antibody responses through BTLA as well (data not shown).
So far, Btla~/~ mice have shown only relatively minor changes in
antibody responses. However, we have not yet examined autoantibody
production over time or in response to experimental models of
autoimmunity or to pathogens. Alternatively, BTLA expression by
B cells may have some function other than B cell-intrinsic inhibition,
such as by exerting an effect on LIGHT-HVEM signaling in other cells.

We have demonstrated reverse signaling by HVEM through BTLA
but have not shown whether BTLA activates HVEM or what effects
BTLA might exert on LIGHT or LT« interactions with HVEM. LIGHT
can costimulate T cells through HVEM activation'"?>. Our finding
that BTLA expression by CHO cells did not increase T cell prolifera-
tion could be interpreted as evidence against HVEM activation by
BTLA. Structural considerations favor the suggestion that BTLA
should not activate HVEM signaling, as trimerization of TNFR
members by ligands seems to be involved, but clearly this issue
requires further examination!®. Conceivably, binding of BTLA to
HVEM might also structurally preclude the binding of LIGHT or
LTa to HVEM. In this way, BTLA expression by one cell could
potentially attenuate LIGHT or LTo activation of HVEM. It will
therefore be important to determine biochemically whether binding
of BTLA to HVEM is inhibitory for interactions of LIGHT and LT
with HVEM. So far, structural studies of HVEM have analyzed only its
interaction with herpesvirus glycoprotein D> but not with LIGHT or
LTa. Thus, functional, biochemical and structural studies may be
required to determine whether BTLA influences LIGHT-dependent or
LTo-dependent responses through HVEM.

METHODS

Mice. C57BL/6 and BALB/c mice (Jackson Labs) were bred in our facility.
Btla~'~ mice! were backcrossed to BALB/c for nine generations and were sub-
sequently crossed onto the DO11.10 T cell receptor—transgenic background®.
LIGHT-deficient mice were as described®® and HVEM-deficient ( Tnfrsf14~/~)
mice will be described elsewhere (data not shown).

Plasmids and retroviral constructs. The sequences of all oligonucleotides are
provided in Supplementary Table 1 online. For preparation of B7x-B7h-GFP-
RV, a PCR product made with primers 5'Bgl2 mB7x and B7xB7h bottom using
IMAGE cDNA clone 3709434 as the template, plus a PCR product made with
primers B7xB7h top and 3’R1 GFP using the B7h-GFP plasmid (a gift from
W. Sha, University of California, Berkeley, California) as the template, were
annealed and amplified with Pfu polymerase with primers 5Bgl2 mB7x and
3’R1 GFP. This product, encoding the B7x extracellular domain, B7h transmem-
brane and cytoplasmic domains fused to GFP, was digested with Bg/II and EcoRI
and was cloned into IRES-GFP-RV that had been digested with BglII and EcoRI.

The plasmid huHVEM-IRES-GFP-RV was produced by amplification of
huHVEM with primers 5'Bgl2 huHVEM and 3’Xhol huHVEM using IMAGE
cDNA clone 5798167 (Invitrogen) as the template, followed by digestion with
BglII and Xhol and ligation into Tb-lym-IRES-GFP-RV that had been digested
with Bglll and Xhol, replacing the Tb-lym ¢DNA with that of huHVEM.
Similarly, m4-1BB-IRES-GFP-RV was prepared with primers 5'Bgl2 m4-1BB
and 3’Xhol m4-1BB using library plasmid as the template, followed by
digestion with BgIII and Xhol and ligation into Tb-lym-IRES-GFP-RV. The
plasmid mLTBR-IRES-GFP-RV was prepared with primers 5'Bgl2 mITPR and
3’Sall mLTPR using IMAGE cDNA clone 5293090 (Invitrogen) as the template,
followed by digestion with BglII and Sall and ligation into Tb-lym-IRES-GFP-
RV. The plasmid mHVEM-FL-IRES-GFP-RV was similarly prepared with
primers 5'Bgl2 mHVEM and 3'Xhol mHVEM using, as the template, cDNA
from library infected BJAB cells sorted for BTLA tetramer binding, followed by
digestion with BglIl and Xhol and ligation into Tb-lym-IRES-GFP-RV. Three
amino acid changes (N58S, K92R and E128G) in mouse HVEM cDNA cloned
from the retrovirus library, compared with that of mouse HVEM cDNA from
the 129 SvEv mouse strain, were implemented by Quick Change mutagenesis
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(Stratagene) to generate mHVEM(129)-IRES-GFP-RV with serial application
of the primers S-N top plus S-N bot; R-K top plus R-K bot; and G-E top
plus G-E bot.

The plasmid mHVEM-FL-GFP-RV was made from two PCR products, with
primers 5'Bgl2 mHVEM and mHVEM/GFP bot using mHVEM-FL-IRES-GFP-
RV as the template, and primers mHVEM/GFP top and 3'GFP + Sal using
mHVEM-FL-IRES-GFP-RV as the template; the PCR products were annealed,
amplified with primers 5Bgl2 mHVEM and 3'GFP + Sal, digested with BglII
and Sall and ligated into IRES-GFP-RV that had been digested with Bgl/II and
Sall. The plasmid mHVEM-FL-GFP-RVACRD1 was made by Quick Change
mutagenesis from mHVEM-FL-GFP-RV with primers mHVEM d1 top and
mHVEM d1 bot. The plasmid m/hHVEM-IRES-GFP-RV (mouse CRD1 fused
to human CRD2) was made from two PCR products, with primers 5Bgl2
mHVEM and m/hHVEM bot using mHVEM-FL-IRES-GFP-RV as the tem-
plate, and primers m/hHVEM top and 3’Xho hHVEM using hHVEM-IRES-
GFP-RV as the template; the PCR products were annealed, amplified with
primers 5'Bgl2 mHVEM and 3’Xho huHVEM, digested with B¢/l and Xhol
and ligated into Tb-lym-IRES-GFP-RV that had been digested with Bg/II and
Xhol. C57BL/6-BTLA-GFP-RV, a BTLA-GFP chimera, was prepared from two
PCR products, with primers JIORV1 (Bgl 2) and 3’J10+10 using C57BL/6
BTLA cDNA as the template, and primers 5GFP+10 and 3’GFP+Sal using
GFP ¢DNA as the template; the PCR products were annealed, amplified
with JIORV1 (Bgl 2) and 3’GFP+Sal, digested with Bg/II and Sall and ligated
into Tb-lym-IRES-GFP-RV that had been digested with Bglll and Xhol.
A cytoplasmic deletion of this construct, BTLA-trunc-GFP-RV, was made by
site-directed mutagenesis (Stratagene) with primers mjlltrunc top and
mjlltrunc bottom.

PD-1-GFP-RV was made by amplification of the PD-1 coding region with
primers PD15" and PD13” using PD-1 cDNA as the template (a gift from
T. Honjo, Kyoto University, Kyoto, Japan); the PCR product was digested with
BglIl and BarmHI and was cloned into AIB3-GFP MSCV that had been digested
with BglII and BamHI (a gift from W. Sha). Similarly, PD-L1-GFP-RV was
made by amplification of the region encoding PD-L1 with primers PD-L1G5
and PD-L1G3" using PD-L1 cDNA (a gift from T. Honjo) as the template;
the PCR product was digested with Bg/ll and BamHI and was ligated into
AIB3-GFP MSCV.

PD-1 pET28 was made by amplification of the immunoglobulin domain
of PD-1 with primers PD1Tet5” and PD1Tet3” using PD-1-GFP-RV plasmid as
the template, followed by digestion with Ncol and BamHI and ligation
intoMLL1-pET28 (a gift from D. Fremont, Washington University, St. Louis,
Missouri) that had been digested with Ncol and BamHI. Similarly, B6-BTLA

5Y0) pET28 was made by amplification of the extracellular immunoglobulin domain
@of BTLA with primers J11TetMus5” and J11TetB63” using C57BL/6 BTLA-GFP-
~ RV plasmid as the template, followed by digestion with Ncol and BamHI and

ligation into MLLI-pET28. Similarly, BALB-BTLA pET28 was made with
primers J11TetMus5” and J11TetWEHI3’ using mJ11W1 as the template!,
and digestion with Ncol and BamHI and ligation into MML1-pET28. The
immunoglobulin domain was ‘corrected’ to authentic BALB/c allelic sequence
(data not shown) by serial mutagenesis with primers W1e23k5” and W1e23k3’
followed by primers W1h38n3B and W1h38n5C.
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Fc fusion proteins. For the creation of CD47-Fc-oTP-ires-GFP-RV, a bicis-
tronic retroviral vector for Fc fusion proteins, CP318 (a gift from Lewis Lanier,
University of California, San Francisco, California)*"3? was digested with PfIF I
and Notl, treated with Vent polymerase and ligated into mIL-12R-ires-GFP-RV
that had been digested with BglIl and Xhol and treated with mung bean
nuclease. The plasmids mBTLA-Fc-oTP-ires-GFP-RV, mB7x-Fc-oTP-ires-GFP-
RV, mPD-L1-Fc-oTP-ires-GFP-RV and hBTLA-Fc—oTP-ires-GFP-RV were
made by ligation of the following Xhol-digested PCR products containing
the immunoglobulin domains regions of these genes into the Xhol site of
CD47-Fc-aTP-ires-GFP-RV. The product mBTLA was made with primers
5’xho mJ11 dodecamer and 3’xho mJ11 dodecamer using as a template the
C57BL/6 splenocyte phage library (Stratagene). The product mB7x was made
with primers 5xho mB7x dodecamer and 3’xho mB7x dodecamer using
IMAGE cDNA clone 3709434 (Invitrogen) as the template. PD-L1 was made
with primers 5xho mPDL2 dodecamer and 3’Xho PDLI dodecamer using
pBacPAK8-PDLI (a gift from T. Honjo) as the template. Human BTLA was
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made with primers 5Xho hJ11 Ig and 3"Xho hJ11 Ig using hJ11(corr)ires-GFP-
RV as the template.

Fc fusion proteins were produced by transfection of Phoenix E cells, were
purified with Affi-prep protein A columns (Biorad) and were dialyzed against
PBS and stored at —70 °C. For flow cytometry, cells were stained with 200 ng
of purified Fc-fusion protein or, for hBTLA-Fc fusion protein, 1 ml of
supernatant, followed by phycoerythrin-conjugated anti-human IgG (heavy
plus light) that had been adsorbed against proteins from mouse, rat, cow and
other species (Jackson Immunoresearch), and anti-mCD4-tricolor (Caltag)
and anti-mB220—fluorescein isothiocyanate (FITC; BD-Pharmingen).

Production of tetramers. Tetramers produced with plasmid PD-1 pET28, B6-
BTLA pET28 or BALB-BTLA pET28 were transformed into BL21-CodonPlus
(DE3) RIPL Competent Cells (Stratagene) essentially as described?. Purified
proteins were biotinylated in vitro with BirA ligase (Avidity), purified by
gel filtration and concentrated. Tetramers were formed by the addition of
biotinylated protein to streptavidin-phycoerythrin at a molar ratio of 1:4.

Cell lines. BJAB and NIH 3T3 cells were from A. Chan (Washington University,
St. Louis, Missouri); EL-4 cells were from T. Ley (Washington University, St.
Louis, Missouri); 293T cells were from R. Schreiber (Washington University,
St. Louis, Missouri); CHO cells were from A. Sharpe (Harvard University,
Boston, Massachusetts)!®; and Phoenix A and E packaging cells were from
American Type Culture Collection. Retrovirus constructs were packaged
either in Phoenix A or E cells by calcium phosphate transfection as described®%.
CHO cells were transduced by retrovirus packaged by transfection of 293T cells
with pYITG plus pCGP (a gift from W. Sha) and were sorted for GFP to more
than 95% purity, followed by staining with 6A6 (anti-BTLA) or BTLA-
phycoerythrin tetramers.

Retrovirus library. Purified BALB/c and C57BL/6 splenocytes were left
unstimulated or were activated for 48 h with plate-bound anti-CD3 (500A.2
ascites) or soluble anti-IgM (Jackson Immunoresearch), then RNA was purified
(RNeasy mini kit; Qiagen) and mRNA was made with the Nucleotrap mRNA
purification kit (Clontech), full-length ¢cDNA was made with the SMART
¢DNA Library Construction Kit (Clontech) and double-stranded cDNA was
made by long-distance PCR with 5’PCR primer and CDS III/3’PCR primer; the
PCR products were digested with Sfil, size fractionated, amplified cDNA ligated
into Sfil-digested MSCV-ires-Thy1.1 retrovirus vector (a gift from W. Sha) and
were transduced into XL-10 gold (Stratagene) for a library transcript complex-
ity of 2 x 10°. The library plasmid was purified without further amplification
by CsCl gradient ultracentrifugation. Infected NTH-3T3 cells (8 x 10°) and
infected BJAB cells (6 x 10°) were generated from retrovirus made by calcium
phosphate transfection of Phoenix E cells; the total number of infected cells was
assessed by anti-Thyl.1-FITC (eBioscience) staining. Serial rounds of cell
sorting used anti-Thyl.1-FITC and BALB/c and C57BL/6 BTLA tetramers.
When the sorted cells were more than 80% positive for Thyl.l and BTLA
tetramer, RNA was prepared and reverse-transcribed, cDNA was amplified with
Taq polymerase and primers Sfi 5" and Sfi 3’, and PCR products were cloned
into pGEM-T Easy (Promega).

T cell purification and stimulation. T cell were purified (>90%) with anti-
CD4 magnetic beads (Miltenyi) and, where indicated (Figs. 6b-d,7) by
subsequent sorting for populations that were negative for B220-FITC and
CD11c-phycoerythrin and positive for CD4-CyChrome (>98%). For T cell
stimulation with anti-CD3 and LIGHT, 2C11 (BD Pharmingen) was coated
onto 96-well plates, followed by LIGHT (PeproTech) at the indicated doses
(Fig. 6a). Purified T cells were plated at a density of 1 x 10° cells/ml in
100 pl media per well. CHO cells were treated in media for 16 h at 37 °C with
50 pg/ml of mitomycin C (Sigma), were washed twice in PBS and were plated
at a density of 1 x 10° cells/ml in 100 pl media in 96-well plates for
proliferation assays or in 1 ml media in 24-well plates for CESE analysis. For
proliferation assays, purified T cells were plated directly onto CHO cells at a
density of 1 x 10° cells/ml in 100 pl media and OVA peptide. After 48 h, cells
were pulsed for 12 h with 1 pCi/well of [*H]thymidine. For CFSE analysis,
purified T cells were washed three times with PBS, were incubated for 8 min at
20 °C with 1 pM CFSE (Molecular Probes), were ‘quenched’ with fetal calf
serum, were washed twice with media and were plated directly onto CHO cells
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at a density of 1 x 10° cells/ml in 1 ml media plus OVA peptide. After 3 and
4 d, cells were stained with CD4-FITC and were analyzed by flow cytometry.

Immunoblot analysis. Pervanadate stimulation was done as described®. For
cell-mixing experiments, 25 x 10° EL4 cells were mixed with 25 x 10° BJAB
cells expressing GFP or 25 x 10° BJAB cells expressing mouse HVEM in 1 ml
for 4 min at 37 °C and were lysed as described’. Extracts were precleared with
protein G-Sepharose (Pharmacia), followed by immunoprecipitation with 9 pg
of 6A6 (anti-mBTLA) or isotype control Armenian hamster IgG (Santa Cruz)
and 40 pl protein G-Sepharose (Pharmacia), then were washed and analyzed
by SDS-PAGE. Immunoblot analyses for SHP-2 and phosphotyrosine were
done as described"?.

Note: Supplementary information is available on the Nature Immunology website.
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Unexpected Role of B and T Lymphocyte Attenuator in
Sustaining Cell Survival during Chronic Allostimulation

Michelle A. Hurchla,* John R. Sedy,* and Kenneth M. Murphy**"

B and T lymphocyte attenuator (BTLA; CD272) can deliver inhibitory signals to B and T cells upon binding its ligand herpesvirus
entry mediator. Because CD28, CTLA-4, programmed death-1, and ICOS regulate the development of acute graft-vs-host disease
(GVHD), we wished to assess if BTLA also played a role in this T cell-mediated response. In the nonirradiated parental-into-F,
model of acute GVHD, BTLA*/* and BTLA™/~ donor lymphocytes showed equivalent engraftment and expansion during the first
week of the alloresponse. Unexpectedly, BTLA™~ donor T cells failed to sustain GVHD, showing a decline in surviving donor cell
numbers beginning at day 9 and greatly reduced by day 11. Similarly, inhibition of BTLA-herpesvirus entry mediator engagement
by in vivo administration of a blocking anti-BTLA Ab also caused reduced survival of donor cells. Microarray analysis revealed
several genes that were differentially expressed by BTLA™~ and BTLA™* donor CD4™ T cells preceding the decline in BTLA™/~
donor T cells. Several genes influencing Th cell polarization were differentially expressed by BTLA*'* and BTLA™'~ donor cells.
Additionally, the re-expression of the IL-7Ra subunit that occurs in BTLA*'* donor cells after 1 wk of in vivo allostimulation was
not observed in BTLA™/~ donor CD4 cells. The striking loss of BTLA™'~ T cells in this model indicates a role for BTLA activity
in sustaining CD4* T cell survival under the conditions of chronic stimulation in the nonirradiated parental-into-F; GVHD. The

Journal of Immunology, 2007, 178: 6073—-6082.

and T lymphocyte attenuator (BTLA)? is a lymphoid-

specific cell surface receptor that is expressed by B cells,

T cells, dendritic cells, macrophages, and NK cells in
C57BL/6 mice (1-4). BTLA shows both structural and expression
polymorphisms in mice, with BALB/c and C57BL/6 alleles dif-
fering at 10 aa within the extracellular region, and the BALB/c
allele lacking expression by macrophages or NK cells (2). Func-
tional analysis has suggested that BTLA exerts inhibitory actions,
indicating arole more similar to CTLA-4 and programmed death-1
(PD-1) than to activating receptors of the CD28/B7 family (1, 4).
BTLA represses Ag-driven T cell proliferation upon binding its
ligand, herpesvirus entry mediator (HVEM) (5), a member of the
TNFR superfamily, expressed mainly by T lymphocytes and im-
mature dendritic cells (6). An agonist Ab to murine BTLA inhibits
IL-2 secretion and T cell proliferation in vitro, further suggesting
an inhibitory role for BTLA (4). Phosphorylation of BTLA leads
to recruitment of Src homology domain 2-containing protein ty-
rosine phosphatases (SHP-1 and SHP-2) to two tyrosine motifsin
the cytoplasmic domain of mouse and human BTLA (3, 5). Human
BTLA possesses an additional tyrosine residue that may also par-
ticipate in inhibitory signaling (7). BTLA expression is increased

*Department of Pathology and Center for Immunology and "THoward Hughes Medical
Institute, Washington University School of Medicine, St. Louis, MO 63110

Received for publication October 2, 2006. Accepted for publication March 7, 2007.

The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked advertisement in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.

1 Address correspondence and reprint requests to Dr. Kenneth M. Murphy, Depart-
ment of Pathology, Washington University School of Medicine, 660 South Euclid
Avenue, St. Louis, MO 63110. E-mail address: murphy @pathol ogy.wustl.edu

2 Abbreviations used in this paper: BTLA, B and T lymphocyte attenuator; 7-AAD,
7-aminoactinomycin; GVHD, graft-vs-host disease; aGVHD, acute GVHD; cGVHD,
chronic form of GVHD; HVEM, herpesvirus entry mediator; LIGHT, homologous to
lymphotoxins, exhibits inducible expression, and competes with HSV glycoprotein D
for HVEM, a receptor expressed by T lymphocytes; LT, lymphotoxin; PD-1, pro-
grammed death-1.

Copyright © 2007 by The American Association of Immunologists, Inc. 0022-1767/07/$2.00

Www.jimmunol.org

oninvivo-anergized T cells, but not on CD25" T regulatory cells,
in contrast to CTLA-4 and PD-1, suggesting it may have a distinct
role in modulating immune responses (2). Notably, mouse and
human BTLA contain a conserved intracellular tyrosine motif sug-
gestive of a Grb-2 recruitment site (1, 3), which can interact with
Grb-2 and the p85 subunit of PI3K in vitro (8). Although the func-
tion of this region has not been established, it suggests that BTLA
may have the capability to function in a costimulatory or prosur-
vival manner.

The effects of BTLA-HVEM interactions may also be influ-
enced by the interactions of HVEM with its additional ligands,
tumor necrosis family members LIGHT (TNFSF14) and lympho-
toxin (LT)a (9). In contrast to the inhibitory nature of BTLA-
HVEM interactions, HVEM-LIGHT binding exerts a costimula-
tory effect on T cell activation (10-12). Thisregulatory network is
increasingly complex because HVEM has the potentia to bind
BTLA and LIGHT simultaneously (13-15). Consequently, the bal-
ance between costimulatory and inhibitory signals may be regu-
lated by a complex including BTLA, HVEM, and LIGHT.

Graft-vs-host disease (GVHD) is an immune response against
alloantigens, such as foreign MHC molecules (reviewed in Refs.
16 and 17). In the parental-into-F; model of GVHD, parental T
cells react against alloantigens of the F, host, whereas F, host T
cells are tolerant to parental cells (18, 19). The type of GVHD that
develops in nonirradiated, immunocompetent F, recipients is de-
pendent on the strain of parental donor cellstransferred (18). In the
most widely reported version of this model, transfer of C57BL/6
(H-2") splenocytes into a nonirradiated, immunocompetent
C57BL/6 X DBA/2 F, (B6D2F;; H-2”% host induces acute
GVHD (aGVHD), characterized by a Thl cytokine driven, cell-
mediated response against host tissues (18, 20). Donor T cells
exert cytotoxic effects through Fas-Fas ligand interactions, per-
forin, and inflammatory cytokines (21-23). In contrast, transfer of
DBA/2 (H-29) splenocytes into B6D2F, hosts results in a
chronic form of GVHD (cGVHD), characterized by production
of Th2 cytokines and activation of host B cells, resulting in
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autoantibody development and a systemic lupus erythematosus-
like syndrome (24, 25).

In this study, a related parental-into-F; model of GVHD was
examined. In this model, transfer of C57BL/6 donor cells into
C57BL/6 X BALBI/c F, (CB6F,; H-2"9) yields aGVHD, whereas
BALB/c donor cells produce chronic GVHD (26). Although
GVHD induced in CB6F; mice is generaly similar to that in
B6D2F,, as described above, strain-dependent differences have
been identified. BALB/c-into-CB6F, resulted in chronic GVHD
that was comparable to that of DBA/2-into-B6D2F, (26). The
aGVHD resulting from C57BL/6-into-CB6F,, characterized by
donor cell expansion and antihost CTL activity, was similar to that
in C57BL/6-into-B6D2F,; during the first 3 wk following transfer
(26). After 3 wk, while C57BL/6 donor cells continued to expand
in B6D2F; hosts, the percentage of parental cells progressively
decreased in CB6F, hosts (26). By 12 wk, the C57BL/6-into-
CB6F, mice had transitioned to cGVHD, with an absence of anti-
host CTL activity and the development of autoantibodies (26). In
this study, we analyze the 2 wk following transfer of C57BL/6-
into-CB6F,, a point at which only aGVHD parameters are
observed.

Costimulatory signals have been demonstrated to be essential to
the development of disease in a variety of GVHD models. Block-
ing B7/CD28 costimulatory interactions with mAbs to B7-1 and
B7-2 (27, 28), CTLA-4lg, a soluble competitive inhibitor of CD28
(29-31), or by using CD28/~ splenocytes (32) inhibited donor T
cell activation and disease development. Blockade of ICOS signaling
strongly suppressed Th2-driven cGVHD disease yet augmented do-
nor T cell expansion in Thl-driven aGVHD (33). Severd studieshave
established that inhibitory receptors dow the development of GVHD.
Blocking Abs against CTLA-4 (34) or PD-1 (35) accelerated
GVHD following bone marrow transplant. CTLA-4 and PD-1
do not appear fully redundant in their regulation of GVHD be-
cause an additive increase in disease severity occurs when both
pathways are inhibited (35).

In this study, we use the nonirradiated parental-into-F, model of
GVHD to examine the function of BTLA in regulating alore-
sponses. We anticipated that BTLA™/~ parental cells would have
augmented alloreactivity, similar to that seen in the absence of
inhibitory signals such as CTLA-4 or PD-1. Unexpectedly, we
observed that BTLA™'~ donor splenocytes are unable to sustain
this GVHD response. Although BTLA™/~ lymphocytes react to
host aloantigens and expand in an early effector response, this
response is not sustained. In comparison to BTLA*'* donor cells,
BTLA /~ donor T cells undergo a rapid contraction in vivo be-
ginning on day 10, which is accompanied by resolution of GVHD
pathology. DNA microarray analysis indicates that CD4*
BTLA '~ donor cells have altered expression of several important
genes that may influence the effector response or survival of T
cells, including IL-7Ra (36—38), IL-18Ra (39), and IL-4 (re-
viewed in Ref. 40). These results suggest that BTLA may act not
only as an inhibitor as shown previously (1, 2, 4, 5) but, under
some conditions, may participate in providing signals that promote
the immune responses.

Materials and Methods
Reagents

The following Abs used for FACS analysis were from BD Pharmingen:
CD4-PE-Cy7 (RM4-5), CD8-PE or alophycocyanin (53-6.7), B220-allo-
phycocyanin (RA3-6B2), H-2K%-FITC or PE (SF1-1.1), H-2K°-FITC or
PE (AF6-88.5), IL-15RB-PE (TM-B1), IL-6Ra-PE (D7715A7), IFN-yRa-
biotin (GR20), BrdU-FITC, annexin V-alophycocyanin, and streptavidin-
alophycocyanin. IL-7Ra-FITC (A7R34) and BTLA-PE (6F7, pan-alele
specific) were obtained from eBioscience. IL-18Ra-biotin (polyclonal) and
goat 1gG-biotin were obtained from R&D Systems. Four-color analysis

was performed on a FACSCalibur (BD Biosciences) and analyzed using
FlowJo (Tree Star). For in vivo blockade, endotoxin-free anti-BTLA (6A6,
C57BL/6-alele specific) was purified from hybridoma supernatants ac-
cording to standard procedures (2). Isotype control hamster 1gG was ob-
tained from Jackson ImmunoResearch Laboratories.

Mice

C57BL/6, BALB/c, and C57BL/6 X BALB/c F, (CB6F;) mice were bred
in our facility. Btla~’~ mice were backcrossed to C57BL/6 or BALB/c for
at least nine generations (1). In some experiments, BTLA™~ X BTLA*/~
(generation 9) littermate mice were used as donors, and the BTLA geno-
types of mice were determined by surface staining of B220™ peripheral
blood cells with 6F7-PE (anti-BTLA). All donor and host mice were 8—12
wk of age and sex matched. Syngeneic CB6F, mice were used as control
donors.

Induction of GVHD

Unless otherwise stated, single-cell suspensions of pooled donor spleno-
cytes were subjected to RBC lysis and suspended in sterile, endotoxin-free
HBSS. aGVHD wasinduced as previously described in Ref. 33, except that
5 X 107 C57BL/6 donor cells (which we found to yield similar results as
the reported 6 X 107 cells) were injected via the lateral tail vein into
normal, nonirradiated CB6F, host mice. Control mice received donor cells
from syngeneic CB6F, mice. To induce cGVHD, 8 X 107 pooled BALB/c
donor splenocyte were transferred into CB6F, mice. At indicated time
points, splenocytes from each GVHD-induced mouse were analyzed

separately.
ELISA for anti-DNA Abs

Serum autoantibodies specific for ssSDNA and dsDNA were detected by
ELISA. After precoating with 0.01% poly-L-lysine, ELISA plates were
coated with 3 ng/ml single-stranded calf thymus DNA (Sigma-Aldrich) or
2.5 pg/ml double-stranded calf thymus DNA (Sigma-Aldrich) in PBS.
Nonspecific binding was blocked by incubating with 10% FCS. Seria di-
lutions of each experimental serum were plated and developed with anti-
mouse-1gG-HRP (Southern Biotechnology Associates). Serum from an
MRL/Ipr mouse was used as a positive control for autoantibodies. The OD
reading for MRL/Ipr serum was set to an arbitrary unit of 1, and the level
of autoantibody in serum from experimental mice was expressed relative to
this value.

In vivo treatment with anti-BTLA mAb

Experimenta micewereinjected i.p. with 100 ug of purified 6A6 (monoclonal
anti-BL/6 BTLA) (2) or control hamster-1gG (Jackson ImmunoResearch Lab-
oratories) a the time of GVHD induction (day 0) or again on day 3 and 6
following transfer, as indicated.

Assessment of proliferation by CFSE dilution and BrdU
incorporation

To assess cell division during the initiation of GVHD, donor cells were
labeled with 1 uM CFSE (Molecular Probes) before transfer, asin Ref. 5.
To assess proliferation at later stages of the response, in vivo 5-BrdU (BD
Pharmingen) labeling and FACS staining were conducted according to the
manufacturer's suggested protocol (BrdU Flow kit; BD Pharmingen).
Briefly, 18 h before harvest, mice were injected i.p. with 1 mg of BrdU in
PBS. BrdU incorporation was assessed by FACS staining of fixed and
permeabilized cells with anti-BrdU-FITC.

CFSE-based cytotoxicity assay

This FACS-based CTL assay was conducted as reported by Jedema et al.
(41), with aterations noted below. Briefly, allogeneic P815 (H-2K%) or
syngeneic EL4 (H-2KP) target cells were labeled with 1 uM CFSE. Target
cellswere suspended in medium at 1 X 10° cells/ml and 100 wl/well plated
in round-bottom 96-well plates. Whole splenocytes from GVHD-induced
mice, subjected only to RBC lysis, served as effector cells and were plated
at the indicated E:T ratios. Plates were incubated for 4 h at 37°C. Wells
were harvested, and 7-aminoactinomycin (7-AAD) was added just before
FACS analysis. Lysed targets were determined by the percentage of
CFSE" cellsthat were 7-AAD™* (Molecular Probes). Nonspecific lysiswas
assessed in wells without effector cells added. Splenocytes from naive
CB6F, served as a syngeneic control.

Microarray analysis

On days 9 and 10 following GVHD induction, the CD4" donor-derived
population was sorted from pooled splenocytes of several experimental
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FIGURE 1. C57BL/6 BTLA™/~ donor T lymphocytes fail to persist long term in CB6F, hosts. A total of 5 X 107 donor splenocytes from C57BL/6
BTLA*'* (H-2°, @) or C57BL/6 BTLA™/~ (H-2° [J) mice 5 were transferred into CB6F, (H-2°%) hosts. Spleens were harvested at days 3, 7, 9, 11, and
14 after transfer and analyzed by FACS to establish the kinetics of donor-host chimerism. Donor-derived cells were distinguished by the absence of H-2K .,
A, The absolute number of live donor CD4" (top panel) and CD8* (bottom panel) splenocytes were calculated at each time point. B, The percentage of
splenic CD4* (top panel) or CD8™ (bottom panel) compartments that were donor derived is shown at each time point. C, BTLA™'~ donor cellsfail to elicit
astrong antihost response, as demonstrated by maintenance of the host B cell compartment. The absolute number of live B220* host splenocytes (top panel)
and the total percentage of B220" splenocytes (bottom panel) are shown at each time point. Average values were calculated from three mice per group
at each time point with error bars indicating SEM. Asterisks indicate time points at which Student’s t tests indicate significant differences of p < 0.05
between BTLA™* and BTLA™/~ donors. Data are representative of five independent experiments.

mice that had received BTLA"/* or BTLA ™/~ and stained with
anti-H-2K-FITC, anti-BTLA-PE, and anti-CD4-allophycocyanin. Post-
sort analysis showed >95% purity of the sorted populations. RNA was
extracted with the RNeasy kit (Qiagen). Biotinylated cRNA target was
generated using the Two-Cycle cDNA synthesis kit (Affymetrix). Each
cRNA was hybridized to the Affymetrix Mouse Genome 430 2.0 array.
Data were analyzed using dCHIP (www.dchip.org).

Results
BTLA is required for maintenance of donor lymphocytes in the
parental-into-F, GVHD model

To investigate the functions of BTLA during an in vivo allogeneic
immune response stimulated by MHC mismatch, we compared the
actions of BTLA*'* and BTLA™/~ cells in a model of parental-
into-F;-induced aGVHD. Transfer of C57BL/6 (H-2K”) BTLA™/*
splenocytes into unirradiated CB6F, (H-2"9) hosts elicited a pro-
gressive expansion of donor CD4* and CD8* lymphocytes char-
acteristic of aGVHD, as expected (Fig. 1, A and B). However,
transfer of BTLA™'~ cells was unable to sustain donor cell expan-
sion over the course of a 14-day response (Fig. 1, A and B). To
characterize the kinetics of this response, the absolute number
(Fig. 1A) and percentage (Fig. 1B) of donor T cells in the spleens
of GVHD-induced mice were assessed by FACS on days 3, 7, 9,
11, and 14 after transfer. Mice receiving either BTLA™* and
BTLA '~ donor cells showed expansion of donor T cells during
the initial 9 days following GVHD induction (Fig. 1, A and B).
However, BTLA™/~ donor cells began to decline in numbers after
day 10, in contrast to the progressive increase in BTLA™* donor
CD4" and CD8" T cells (Fig. 1, A and B). To investigate whether
BTLA expressed by host cells was important in controlling
GVHD, donor cells were also transferred into BTLA™'~ CB6F,
hosts. Again, BTLA*'* T cells continually expanded in BTLA™/~
recipients, whereas BTLA™/~ T cells showed a rapid contraction

by days 11 and 14, suggesting that BTLA expressed by the host is
not required for maintenance of GVHD by donor cells (data not
shown).

Theinability of BTLA™/~ donor lymphocytes to sustain aGVHD
was also demonstrated by the absence of an antihost cytotoxic
response, apparent from the lack of depletion of the host B220™
population (Fig. 1C). On day 14, spleens from mice receiving
BTLA''* cells were <10% B220™", indicating cytolysis of host B
cells, as expected. In contrast, mice receiving BTLA™'~ cells re-
tained a norma number of B cells, ~60% of splenocytes.

To determine whether BTLA™/~ donor lymphocytes were en-
grafting and expanding, we transferred and analyzed CFSE-labeled
donor cells (Fig. 2). CD4" and CD8" T cells from BTLA*'* and
BTLA '~ donors showed similar percentages and numbers of cells
that had undergone division after 3 days (Fig. 2). These results
indicate that |ater disappearance of BTLA™/~ donor cellsis not due
to afalurein initia activation by host alloantigens. We aso used
BTLA**, BTLA™/~, and BTLA/~ littermates generated from an
intercross of C57BL/6 BTLA™~ mice as donor cellsto test for any
minor histocompatibility mismatch with CB6F, host mice. Again,
only the BTLA™/~ donor cells failed to survive at day 14, whereas
both BTLA™* and BTLA™~ donor cells expanded to occupy 60—
70% of the CD4" and CD8" compartments (Fig. 3), suggesting
that the findings were due to the absence of donor cell BTLA
expression rather than a result of transplant incompatibility.

We also evaluated a model of cGVHD characterized by gradual
development of a Th2 cytokine-induced, autoantibody-mediated
disease (24, 25). Transfer of BALB/c BTLA™/* donor splenocytes
into CB6F, hosts induced expansion of CD4" and CD8* donor T
cells (although to alower extent than seen in aGVHD, as expected
(26)), the development of anti-dsDNA and anti-ssDNA Abs and
activation of host-derived B cells as measured by CD69 induction
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BTLA '~ donor cells engraft and divide during the initiation stage of GVHD. A total of 5 X 107 CFSE-labeled CB6F,, C57BL/6 BTLA*/™,

or BTLA™/~ splenocytes were transferred to CB6F, host mice. Splenocytes were harvested 3 days posttransfer and gated on live, CFSE* donor lymphocytes
by FACS. A, Donor cellswere divided into CD4" and CD8* populations (first column), and the percentage of the donor CD4* (second column) and CD8™
(third column) populations that had undergone one or more divisions was assessed by CFSE dilution. Histogram gates indicate the percentage of each
population undergoing one or more divisions. B, Following the gating scheme above, the absolute number of donor cells that had undergone one or more
divisions was calculated. Bar graphs show an average of three mice, with error barsindicating SEM (BTLA*'* donors, [J; BTLA™'~ donors, B). Student’s
t tests did not show significant differences between BTLA*'* and BTLA™/~ donor cells (CD4", p = 0.143; CD8", p = 0.084). Data are representative of

two independent experiments.
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FIGURE 3. Failed surviva of BTLA™/~ donor cells cannot be attributed to
aminor histocompatibility mismatch. BTLA**, BTLA™~, or BTLA™/~ litter-
mates from a BTLA™~ x BTLA*/~ breeding (generation 9 backcross to
C57BL/6) were used as donor splenocytes. Donor mice were tail bled and
BTLA genotyped confirmed by FACS staining of B220* cells before transfer
(data not shown). Donor splenocytes (5 X 107) from a single mouse were
transferred into a CB6F; host and harvested on day 14. The percentage of
donor-derived cells (H-2K negative) in the CD4* (second column) and CD8™
(third column) populations are indicated by the left gate on each histogram.
The H-2K%-positive population (right gates) indicates host cells.

(Fig. 4), as expected for BALB/c donors (25, 42). Kinetic analysis
revealed that BALB/c BTLA™/~ donor T lymphocytes expand
equivaently to BTLA*'* cells during the initial 10 days following
transfer (Fig. 4A). However, similar to the transfer of C57BL/6
donor cells, BALB/c BTLA™'~ donor CD4" and CD8™ cells rap-
idly contract by day 12 of the response (Fig. 4A). Transfer of
BALB/c BTLA™/~ donor splenocytes also failed to show the in-
duction of anti-DNA autoantibodies characteristic of cGVHD (Fig.
4B). Additionally, host B cells from mice receiving BTLA™/~ do-
nor cells were not activated, as measured by a failure to up-regu-
late CD69 (Fig. 4C). Thus, BALB/c BTLA ™/~ donor cells show a
similar defect in sustaining cGVHD as was found for C57BL/6
BTLA '~ donor cells in sustaining aGVHD.

BTLA blockade by Ab treatment prevents maintenance of
BTLA*/* donor lymphocyte in aGVHD

The 6A6 mADb is specific for the C57BL/6 dlele of BTLA and
blocks binding to its ligand HVEM (2). Administration of 6A6 at
the time of transfer of BTLA*/* donor cells resulted in a loss of
donor lymphocytes by day 14 of the response, similar to the trans-
fer of BTLA ™/~ cells (Fig. 5). To ensure that the abrogation of
donor cell expansion was not due to opsonization and rapid host
clearance of BTLA-expressing donor cells by the Ab, we exam-
ined the kinetics the GVH response in the presence of 6A6 ad-
ministration. (Fig. 5). Expansion of C57BL/6 BTLA™/* donor cells
in recipients treated with isotype control or anti-BTLA Ab was
equivalent at days 3 and 8 following transfer (Fig. 5). By day 14,
few donor CD4" and CD8" lymphocytes were present in mice
that had received anti-BTLA Abs (Fig. 5). A single Ab treatment
at the time of transfer was sufficient to cause the loss of donor cells,
as additional Ab administration at days 3 and 6 had no additional
effect (data not shown). The observation that blocking BTLA/
HVEM interactions through Ab treatment yields the loss of donor
cells similar to transfer of BTLA™/~ splenocytes suggests that the
interaction of BTLA with itsligand HVEM is necessary to support
the survival of donor lymphocytes in aGVHD.
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FIGURE 4. Transfer of BALB/c BTLA™/~ donor cellsfails to elicit a chronic GVHD response. Chronic GVHD was induced by adoptively transferring
8 X 107 BALB/c BTLA"* or BTLA™/~ donor splenocytes into CB6F, hosts. A, Spleens from mice receiving BTLAY/* (@, H-2H%) or BTLA ™/~
(O, H-2K® donor cells were harvested at days 5, 8, 10, 12, and 21 after transfer and analyzed by FACS as in Fig. 1, except that donor cells were H-2K
negative. The absolute number of live donor CD4™" (left panel) and CD8™ (right panel) splenocytes was calculated at each time point. Average values were
calculated from three mice per group at each time point with error bars indicating SEM. Asterisks indicate time points at which Student’s t tests indicate
significant differences of p < 0.05 between BTLA*'* and BTLA™/~ donor cells. B, Serum was obtained from GVHD-induced mice at the indicated time
points and assessed by ELISA for development of anti-dsDNA (left graph) or anti-ssDNA (right graph) Abs. Naive MRL/Ipr mouse serum (E2) was used
as a positive control for autoantibodies, whereas naive CB6F, serum () was used as a negative control. The amount of autoantibody in MRL/Ipr serum
was set to an arbitrary value of 1, and the amount of anti-DNA Ab in serum from mice receiving BTLA*'* cells (M) or BTLA™'~ cells ((J) was calculated
relative to MRL/lpr serum. The average of four mice per group is shown, with error bars indicating SEM. Asterisks indicate points at which Student’s t
tests indicate significant differences of p < 0.05. C, Transfer of BTLA~/~ donor cells fails to induce activation of host B cells. Splenocytes were harvested
on day 11 after GVHD induction. The expression level of the activation marker CD69 on host B cells (B220*, H-2K" positive) is shown. Data are
representative of two independent experiments.

BTLA ™'~ donor cells demonstrate reduced BrdU incorporation
and antihost CTL activity before contraction

Contraction of BTLA™/~ donor cells could be a result either of
decreased proliferation or increased cell death. Therefore, we ex-

amined these parameters at days 9 and 10, a time just before the
onset of rapid contraction, using BrdU labeling, markers of apo-
ptosis, and assays for cytolytic activity (Fig. 6). At day 9, the
percentage of BTLA~'~ donor T cells that had incorporated BrdU
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FIGURE 5. Anti-BTLA Ab treatment at the initiation of GVHD inhibits the long-term survival of BTLA™* donor lymphocytes. C57BL/6 BTLA™*
splenocytes (5 X 107) were transferred into CB6F; hosts. A total of 100 ug of hamster IgG (isotype control, M) or anti-BTLA Ab (6A6, []) was
administered i.p. to host mice concurrent with donor cell transfer (day 0). Splenocytes were harvested after 3, 8, and 14 days and analyzed for donor/host
chimerism asin Fig. 1. Absolute numbers of donor CD4™ (left graph) and CD8™ (right graph) were calculated at each time point. Average values are shown
for three mice per group at each time point with error barsindicating SEM. Asterisks indicate points at which Student’ st tests indicate significant differences
of p < 0.05 between isotype- and 6A6-treated mice. Data are representative of three independent experiments.
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FIGURE 6. BTLA '~ donor cellsincorporate less BrdU but do not exhibit increased apoptosis before contraction. GVHD was induced by transferring 5 X 107
BTLA'/* C57BL/6 (M) or BTLA/~ ((J) splenocytes into CB6F, hodts. A, Splenocytes were harvested at days 9, 10, and 11 following transfer. Eighteen hours
before harvest, mice were injected i.p. with 1 mg of BrdU to observe cellular proliferation. Splenocytes were subjected to FACS staining to identify the percentage
of donor CD4™" (left graph) and CD8™ (right graph) cells incorporating BrdU. Data at each time point is representative of the average of two mice per group. B,
The percentage of annexin V-positive donor CD4™ (left panels) or CD8" (right panels) splenocytes from mice receiving BTLA™* (upper panels) or BTLA™/~
(lower panels) splenocytes was assessed at day 9 by FACS. Gatesindicate the percentage of annexin V-positive cells. Data are representative of two mice per group.
C, At day 10, unfractionated splenocytes from GVHD-induced mice were analyzed for CTL activity againgt allogeneic (H-2K%) P815 cells. Effector splenocytes
were incubated with CFSE-labeled targets at the indicated ratios for 4 h. A vitdity dye (7-AAD) was added, and the percentage of target cells lysed (CFSE* 7-
AAD™) was determined by FACS. CTL activity was not observed toward syngeneic (H-2K®) EL4 cell targets (data not shown). The mean + SEM of three mice

per group is shown.

is approximately two-thirds of the percentage of BrdU "BTLA™/™*
donors (Fig. 6A). On day 10, BrdU incorporation by BTLA ™/~
donor cellsis further reduced to approximately one-third the level
of BTLA™'* donors (Fig. 6A). BTLA™'~ donor CD4* and CD8™"
T cells showed a similar degree of reduced BrdU incorporation.
However, we did not observe a detectable difference in the degree
of annexin V staining, a marker of apoptotic cells, of CD4" or
CD8* BTLA™/~ and BTLA™* donor cells at day 9 (Fig. 6B).
Analysis of cytolytic activity at day 10 showed that BTLA™/~ do-
nor cells had a greatly reduced capacity to kill allogeneic P815
(H-2K% cells in vitro compared with BTLA™* donor cells (Fig.
6C). This result agrees with our finding of normal levels of host
B220" cells persisting in mice receiving BTLA™/~ donor cells
(Fig. 1C). Overdl, these results suggest that the failure of
BTLA~’~ donor cells to sustain GVHD is due to a progressive
decrease in donor cell proliferation, survival, and insufficient an-
tihost CTL activity.

/—

Differential gene expression of BTLA™/* and BTLA™/~ donor

CD4" cells during GVHD

We performed DNA microarray studies to characterize the poten-
tial molecular mechanism accounting for the contraction of
BTLA '~ donor populations during GVHD. GVHD was induced
by transferring either C57BL/6 BTLA™/* or BTLA™/~ donor cells
into CB6F, recipients, and donor CD4" lymphocytes were har-
vested 9 and 10 days after transfer. We selected these times for
analysis because they directly precede the decline in BTLA™/~
donor cells and may reveal cellular changes leading to their loss.

Consistent with comparable annexin V staining on BTLA*'* and
BTLA '~ donor cells (Fig. 6B), no differential expression of either
pro- or antiapoptotic genes (including BCL-2, BCL-X, , and Bad)

Table|. Global gene analysis reveals genes induced and inhibited in
BTLA*'* and BTLA~/~CD4" donor cells 9 days after acute GVHD
induction®

Day 9
Gene Fold change BTLA*/* BTLA™/~
Genes induced in BTLA™/*
CD4" donors
BTLAP 40.99 4321 112
IL-7Ra® 3.16 1020 323
IL-18RB" 2.76 488 176
CXCRG° 2.32 4046 1742
IL-18Ra® 1.70 3042 1785
Genes inhibited in BTLA ™"/
CD4" donors
IL-4¢ 34 87 297
IL-1R antagonist® 25 97 244
IL-1R1° 2.0 276 138
NFATc1¢ 1.96 2760 1407
Bcl-3¢ 1.81 467 258
IL-6Ra’ 161 114 185

2RNA was harvested from donor CD4" lymphocytes sorted from the spleens of
GVHD mice at day 9 following GVHD induction. Data were analyzed using dCHIP,
with the relative expression values and fold changes reported for immune-related
genes demonstrating differential expression at each time point.

b Genes with higher expression in BTLA*/* as compared with BTLA™/~.

© Genes with higher expression in BTLA™/~ cells as compared with BTLA™/™.
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Table Il. Global gene analysis reveals genes induced and inhibited in
BTLA*'* and BTLA~/~CD4" donor cells 10 days after acute GVHD
induction®

Day 10
Gene Fold change BTLA*/* BTLA™/~
Genes induced in BTLA™/*
CD4" donors
BTLAP 16.89 2634 155
T1/ST2° 11.13 1569 141
IL-18Ra® 7.33 3420 466
CXCR6° 6.87 2316 337
Granzyme B® 6.86 2199 320
CCL2 (MIP-2a)° 5.53 1195 216
IL-18RB 491 305 62
CCR2° 3.72 1068 286
TNFSF7 (CD70)° 3.59 226 63
IFNyR1° 3.39 2363 696
CD86P 3.09 341 110
CCL3 (MIP-1q)® 2.99 1011 338
TNFSF25 (DR3)P 2.35 1161 495
CCL4 (MIP-1B)° 2.20 515 234
CCL5 (RATNES)P 2.04 426 208
IL-7Ra® 1.88 853 454
Genes inhibited in BTLA*/*
CD4" donors
1L-4° 10.45 81 847
IL-1R1¢ 9.57 85 821
CD109° 9.51 46 443
CXCR5® 4.81 627 3020
IL-6a® 4.03 171 689
gp130° 3.60 93 335
GADD45°¢ 3.54 66 236
IL-1R antagonist® 3.37 119 403
IL-13Ra’ 2.79 71 200
LIGHT® 2.52 221 557
ITK® 2.50 1465 3665
BcoR°® 2.38 434 1034
TNFSF8 (CD30L)¢ 2.15 998 2149
IL-16° 2.09 526 1099

2RNA was harvested from donor CD4" lymphocytes sorted from the spleens of
GVHD mice at day 10 following GVHD induction. Data were analyzed using dCHIP,
with the relative expression values and fold changes reported for immune-related
genes demonstrating differential expression at each time point.

b Genes with higher expression in BTLA*/* as compared with BTLA™'~ cells.

© Genes with higher expression in BTLA™/~ cells as compared with BTLA*/*.

was seen by DNA microarray (Tables | and I1). We identified
several immune specific genes that were differentially expressed
by BTLA** and BTLA~/~ donor CD4" populations at day 9 (Ta-
ble ) and day 10 (Table I1). These included IL-7R«, IL-18Rq,
IL-6Ra, and IFN-yR1 (Fig. 7).

IL-7Ra (CD127) showed 3.2- and 1.8-fold higher expression in
BTLA™* compared with BTLA~/~CD4* T cellson days 9 and 10,
respectively (Tablel). On day 10, T1/ST2, an IL-1R family mem-
ber (43), was expressed 11.1-fold higher in BTLA*/*CD4" donor
cells compared with BTLA™/~ cells (Table I1). IL-18Ra showed a
1.7-fold higher expression at day 9 and a 7.3-fold higher expres-
sion at day 10 in BTLA™/* donor cells. IFN-yR1 (CD119) expres-
sion was 3.3-fold higher in the BTLA™* donor CD4" population
than the BTLA™/~ donors at day 10 (Table I1). Some genes were
expressed more highly by BTLA™/~CD4* donor cells compared
with BTLA*/*CD4" donor cells. IL-4 expression was 3.4-fold
higher in BTLA™/~ cells at day 9 (Table 1), which increased to a
10.4-fold higher expression on day 10 (Table Il). IL-6R« had 1.6-
fold higher expressionin BTLA™/~ cells at day 9 and 4-fold higher
expression at day 10 (Table ).

We verified some of these differences by FACS andysis (Fig.
7). IL-7Ra surface expression on BTLA™/*CD4" donor cells in-

6079
CD4* donors CD8* donors
~ naive day 7 day 9 day 11 day 9

IL-7Ra

m— BTLA*/*
=== BTLAT

IL-6Ra

FIGURE 7. Differential gene expression of BTLA*'* and BTLA™/~ do-
nor CD4" cells during GVHD. C57BL/6 BTLA™'* splenocytes (5 X 10)
were transferred into CB6F, hosts. Splenocytes were harvested on days 9
and 10. The surface levels of various receptors are compared with
BTLA*'* (solid lines) and BTLA™/~ (dashed lines) CD4 " donor cells. Iso-
type control staining of amixture of BTLA™* and BTLA™'~ splenocytesis
shown (shaded regions). The first column indicates the receptor level on
naive BTLA*/* C57BL/6 cells. Expression levels of al receptors are sim-
ilar between BTLA*'* and BTLA™/~ cells at day 7. IL-7Ra, IL-18Rq, and
IFN-yR1 levels are increased on BTLA*'* compared with BTLA™/~ donor
cells at days 9 and 11. IL-6Ra expression is higher on BTLA ™/~ donor
cells a day 11, whereas IL-15RB levels remain equivalent between
BTLA*'* and BTLA ™'~ cells throughout. Expression of IL-15Rg, but not
IL-7Ra, was lower on CD8"BTLA ™/~ donor cells than BTLA™* donor
cells at day 9 (right column).

creased progressively over time, ultimately returning to levelssim-
ilar to that of naive CD4" cells, whereas BTLA ™/~ donor cells
failed to re-express the receptor (Fig. 7). In contrast, the expression
of IL-7Ra on CD8*"BTLA ™/~ donor cells was equivaent to that
of BTLA™" donors at day 9. Although the IL-15RB-chain
(CD122) remained equivalently expressed by both BTLA*'* and
BTLA~/~CD4* donor cells populations at al time points,
CD8*"BTLA/~ donor cells expressed decreased levels of IL-
15RpB at day 9 (Fig. 7). The IL-18Ra was expressed equivalently
at day 7 but later increased on BTLA*/* donor CD4" cells and
decreased on BTLA ™/~ donor cells (Fig. 7). IFN-yR1 expression
remained unchanged on BTLA '~ CD4* donor cells but was in-
creased on BTLA**CD4* donor cells at days 9 and 11 (Fig. 7).
IL-6Ra was expressed equivalently between BTLA™* and
BTLA '~ cells at day 7 but was up-regulated on only BTLA™/~
donors at day 11 (Fig. 7).

Discussion

The major finding of this study is the unexpected stimulatory,
rather than inhibitory, role of BTLA inaninvivo model of chronic
dlostimulation. In the parental-into-F, nonirradiated GVHD
model, we found that BTLA™/~ donor cells were unable to sustain
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GVHD pathology, as opposed to the expected augmentation of
disease. These data suggest that BTLA, acting either as a receptor
or as aligand for HVEM, has prosurvival activity in thisin vivo
model of sustained alloresponse. Although the initial activation
and expansion of BTLA™/~ and BTLA*'* donor cells was similar,
BTLA '~ donor cell numbers began to decrease at day 10, even-
tually disappearing (Fig. 1). Thus, under this model of chronic
alostimulation, BTLA is acting in a prosurvival manner and is
clearly necessary for the maintenance, rather than the initiation, of
the effector T cell response.

BTLA was initialy identified as having inhibitory actionson T
cell proliferation and cytokine production in vitro (1, 44). Inhibi-
tory actions observed in vivo in models of experimental alergic
encephalomyelitis (1) and allergic airway inflammation (45) sup-
port these observations. Engagement of BTLA on murine CD4™ T
cells by the BTLA ligand HVEM expressed on APCs (5) or by a
HVEM-Fc fusion protein (13) also caused a reduction in early T
cell proliferation. A chimeric receptor containing the extracellular
domain of CD28 fused to the human BTLA cytoplasmic tail was
able to potently inhibit IL-2 production by primary human CD4 T
cells, again indicating inhibitory actions for BTLA (7). Finally, a
recent report describing increased homeostatic expansion of
BTLA™'~ T cellsin lymphopenic hosts and increased numbers of
CD8" central memory cellsin BTLA™/~ and HVEM ™'~ mice fur-
ther demonstrates the inhibitory activity of BTLA (46).

However, not all reported actions of BTLA have been inhibi-
tory. Two different systems of cardiac transplantation (47) were
used to evaluate therole of BTLA in allograft rejection (48). In the
first system, partially MHC mismatched alografts, differing at a
single class I MHC locus, are tolerated for long periods by wild-
type recipient mice. These alografts were rapidly rejected, rather
than tolerated, by BTLA™/~ or HVEM '~ recipients, consistent
with an inhibitory action of BTLA in the recipient immune re-
sponse (48). In the second system, fully MHC mismatched, with
differences at both class | and class || MHC loci, cardiac alografts
are rapidly rejected by wild-type mice. These alografts showed
dlightly prolonged survival in BTLA™/~ recipients (48). Although
the basis for this difference was not established, these results sug-
gested a positive action of BTLA in the recipient immune
response.

In addition to ITIM and immunoreceptor tyrosine-based switch
motif inhibitory motifs (1), the cytoplasmic domains of human and
mouse BTLA contain other conserved tyrosine-containing motifs
that may be relevant to signaling, such as sites that may recruit
Grb-2 (7, 8). In one study, mutation of all cytoplasmic tyrosine
residues was required to abolish the inhibitory actions of a chi-
meric signaling protein containing the human BTLA cytoplasmic
domain (7). Another study indicated that the one Grb-2 recruitment
motif in murine BTLA may interact with both Grb-2 and the p85
subunit of PI3K (8). While indirect evidence, a peptide containing
the conserved phosphorylated Grb-2 recruitment region of the
BTLA cytoplasmic domain had the ability to interact with PI3K,
suggesting that BTLA may sometimes have a positive, rather than
inhibitory, action (8). However, neither of these studies examined
the in vivo role of these conserved signaling motifs.

To analyze the role of BTLA in immune regulation in vivo, we
have surveyed various models of pathogen infections, induced and
spontaneous autoimmunity, and various transplantation systems.
As part of this survey, we examined the nonirradiated parental-
into-F;, GVHD system (18), expecting to observe augmented im-
mune responses against host cells in the absence of BTLA’s in-
hibitory actions. This nonirradiated GVHD model is distinct from
other models of GVHD models that use host irradiation and bone
marrow transplantation to more closely mimic GVHD that arises

in clinical settings using myeloablative conditioning (reviewed in
Ref. 17). Indeed, each model system contributes unique factors
that complicate the analysis of the allogeneic response. Irradiation
causes epithelial damage and extensive inflammatory cytokine
production that exacerbate GVHD (16), whereas the nonirradiated
model is complicated by an intact host immune system that may
respond to inflammatory stimuli and contribute an antigraft re-
sponse (49). Consequently, different mechanisms may account for
the pathology in the irradiated and nonirradiated systems, and dis-
tinct roles for perforin (50, 51) and IFN-y (52, 53) have been
revealed in each model.

Global gene expression analysis of BTLA*'* and BTLA™/~ do-
nor cells harvested from hosts on days 9 and 10 revealed severa
genes with differential expression (Table I). Many of the differen-
tially expressed genes are known to function during allogeneic
responses. Polarization of donor CD4* T cells toward the Thl
phenotype is important for development of aGVHD (54-56). In-
terestingly, genes associated with Th2 cells were increased in
BTLA~/~ CD4™" donors cells, whereas genes associated with Thl
cellswere decreased in BTLA™/~ CD4™ donors. For example, IL-4
was increased in BTLA™/~ CD4" donors (Table 1) and is Th2
specific (40), whereas IL-18Ra and CXCR6 were decreased in
BTLA~/~ CD4" donors cells and are Thl specific (39, 57, 58).
Thus, the inability of BTLA™/~ donor cells to mount a sustained
effector response to allogeneic stimulation may be due to atered
CD4" T cell polarization.

We also found that IL-7Ra failed to become highly expressed
on BTLA™/~ cdlls to the same extent as BTLA™/" donor CD4"
cells. IL-7 is critical for homeostatic survival of naive T cells (59)
and regulates the transition of CD4" effector T cells to long-lived
and memory T cells (36—38). It was also recently reported that
persistence of GVHD in an irradiated model system involved the
development of alloreactive CD4" or CD8" memory T cells
whose survival required the cytokines IL-2, IL-7, and IL-15 de-
spite chronic allostimulation (60, 61). Conceivably, failure of
BTLA/~ CD4" cells to re-express IL-7Ra in the nonirradiated
GVHD model could prevent necessary survival signaling such as
BCL-2 (62) or PI3K (63), causing the contraction observed after
day 10 in vivo.

HVEM activity was shown recently to be required for manifes-
tation of disease in a similar parental-into-F; nonirradiated model
of GVHD (64). HVEM ™'~ and LIGHT ™/~ donor T cells showed
decreased survival and reduced antihost CTL activity compared
with wild type donor cells 7-10 days following transfer (64). Pre-
viously, blockade of LIGHT using soluble LTBR-Ig or anti-
LIGHT Ab was found to reduced severity of GVHD in this system
(12). Notably, cotransfer of WT and LIGHT '~ T cells showed
that wild-type donor cells had asignificant survival advantage after
11 days (64).

That study (64), taken together with the results reported here,
indicate that HVEM, LIGHT, and BTLA all have similar actions
on promoting donor cell survival in the parental-into-F, model of
GVHD. We have independently confirmed that HVEM '~ donor
cells show reduced survival in this model (data not shown), as
reported previously (64). If HVEM signaling, activated by LIGHT
or LTa, delivers aprosurvival signal required for donor cell main-
tenance, then our results suggest that BTLA may be playing some
role in augmenting this signaling pathway. Thus, sustaining a
chronic aloresponse may require a complex involving BTLA,
LIGHT, and HVEM. In the absence of BTLA, the LIGHT-HVEM
complex may either induce an apoptotic signal or be insufficient to
maintain cell expansion and survival. In summary, our data iden-
tify a condition in which BTLA unexpectedly promotes, rather
than inhibits, an immune response. We do not know whether this
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action is mediated by BTLA signaling or by BTLA acting as a
ligand for HVEM, with HVEM mediating the prosurvival signals.
Distinguishing between these and other possibilities will likely re-
quire extensive additional analysis and involve mutations of both
BTLA and HVEM.
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Abstract

Graft-versus-host disease (GVHD) causes significant morbidity in allogeneic
stem cell transplantation (aHSCT), preventing its broader application to non-life
threatening diseases. Here we show that a single administration of a non-depleting
monoclonal antibody specific for B and T lymphocyte attenuator (BTLA)"
permanently prevented GVHD when administered at the time of aHSCT. Once
GVHD was established, anti-BTLA treatment was unable to reverse disease,
suggesting its mechanism occurs early after aHSCT. Anti-BTLA treatment
prevented GVHD independently of herpesvirus entry mediator (HVEM) and
required BTLA expression by donor-derived T cells. Further, anti-BTLA treatment
led to the expansion of pre-committed donor-derived regulatory T cells relative to
effector T cells. These results suggest that BTLA agonism rebalances homeostatic T
cell expansion in lymphopenic hosts following aHSCT, favoring Treg expansion at
the expense of pathogenic effector T cells, thereby preventing GVHD. Thus,
targeting BTLA at the initiation of aHSCT therapy might reduce limitations
imposed by histocompatibility and allow broader application to treatment of non-

life threatening diseases.



Replacement of an abnormal or malignant lymphohematopoietic system by
allogeneic haematopoietic stem-cell transplantation (aHSCT) from a healthy donor is an
effective treatment for many disorders of the hematopoietic system®*. Induction of a
mixed hematopoietic donor-host chimerism can induce long-lasting tolerance to foreign
tissues without the need for life-long immunosuppressive therapy>’. aHSCT therapy has
been improved by better donor identification®, conditioning regimens that are more easily
tolerated®, and by enhanced supportive care’®. However, significant treatment-related
morbidity and mortality from chemotherapy, radiotherapy, infections and Graft-versus-
Host Disease (GVHD) remain significant clinical problems. For these reasons, aHSCT is
commonly indicated only for treatment of conditions where other treatments options are
far inferior or lacking.

Costimulatory molecules of the CD28 family expressed by donor-derived T cells
regulate GVHD, with inhibitory and activating receptors either decreasing or increasing
its severity, respectively. Members of the TNF family of ligands and receptors also
regulate GVHD™®. BTLA is an inhibitory immunoglobulin superfamily receptor,
whose ligand is the TNF receptor family member HVEM, and which has only been
examined in a model of chronic allostimulation using non-irradiated hosts that do not
develop GVHD'. The role of BTLA in aHSCT using irradiated recipients, in which
clinical symptoms similar to human GVHD develop, has not been examined.

To determine the role of BTLA in the development of GVHD, we first examined
wild type and BTLA™ donor mice? using a parental-into-irradiated F1 model of
allogeneic bone morrow transplantation (BMT)?. In this model, GVHD results from

partial MHC mismatch between H-2° haplotype parental donor cells and lethally



irradiated H-2"" haplotype recipients. Bone marrow and splenocytes from wild type or
BTLA™ mice were transferred into lethally irradiated CB6F1 recipients (Fig. 1a).
Transplantation of wild type donor cells into CB6F1 recipients caused a decrease in body
weight of approximately 30%, and generated clinical scores? of around 3 which persisted
for greater than 40 days. BTLA™ donor cells caused GVVHD of similar magnitude as wild
type donor cells, suggesting BTLA expressed by donor cells does not normally regulate
disease in this model. To test whether BTLA expressed by recipient mice might also
regulate GVHD in this model, we used lethally irradiated BTLA” CB6F1 hosts as
recipients of BTLA™ bone marrow and splenocytes (Supplementary Fig. 1b). BTLA™
donor cells induced similar weight loss and GVHD clinical scores in BTLA" and BTLA"

+/+

" hosts, and similar disease caused by BTLA** donor cells (Fig. 1a). Collectively, these
data suggest that in this model of GVHD, BTLA does not engage its ligand HVEM either
on donor or recipient cells, and therefore can not act to regulate the development of
GVHD.

20.23.24 and functions in

However, since BTLA generates inhibitory signals
autoimmunity®’, malaria infection® and intestinal inflammation®®, we wondered whether
harnessing the attenuating effects of BTLA on the immune response by forced
engagement would have a regulatory effect on the development of GVHD. To test this
possibility we compared the effects of an 1gG1 hamster anti-BTLA monoclonal
antibody’?*, 6A6, administered at the time of BMT (Fig. 1b) with a control antibody,
PIP, that recognizes bacterial GST?’. Mice treated with PIP showed similar progression

of GVHD as mice without antibody treatment (Fig. 1a), with clinical scores between 3

and 4 persisting for greater than 140 days (Supplementary Fig. 1a). These mice



developed GVHD associated with thickening of the lamina propria and muscularis, with
severe inflammation and ulceration of the colon?! (Fig. 1c, right panel). In contrast, a
single treatment of 10 pg/g body weight of 6A6, given at the time of BMT, prevented
GVHD completely (Fig. 1b), with no signs of clinical disease developing for the entire
experimental period of 140 days after BMT (Supplementary Fig. 1a). Further, 6A6-
treated mice had no evidence of GVHD in the colon, with lamina propria and muscularis
showing no histological cellular infiltrates. Thus, a single administration of anti-BTLA
antibody at the time of BMT prevents GVHD, eliminating weight loss, clinical signs of
disease and histological changes in target organs.

We next asked if 6A6 acted by simply depleting donor T cells that express BTLA.
CFSE-labeled donor cells were transferred into wild type recipients that were
simultaneously treated either with control (PIP), 6A6, or with 6F7, a murine IgGxk anti-
BTLA antibody known to cause in vivo depletion of BTLA-expressing cells®®. Two days
after transfer, we found similar numbers of CFSE™ cells in mice that received either
control or 6A6 antibody treatment (Supplementary Fig. 2a, upper panel), and no
significant differences between numbers of CD19", CD4" or CD8" lymphocytes (lower
panel). However, treatment with 6F7 caused a significant depletion of CFSE”
lymphocytes, particularly from the CD19" cell population (Supplementary Fig. 2a).
Furthermore, 6A6 was still detectable as bound to live donor-derived cells in vivo up to 7
days after transfer (Supplementary Fig. 2b). In addition, 6A6 treatment was unable to
prevent GVHD caused when BTLA™ donors were used as a source of bone marrow for
BMT (Supplementary Fig. 2c). Thus, 6A6 does not act by in vivo depletion of donor-

derived lymphocytes, but requires the expression of BTLA on donor cells.



To determine how 6A6 prevented GVHD, we asked if 6A6 could reverse
established GVHD if administered at later times after BMT. We compared immediate
administration of 6A6 with delayed administration given 14 days after BMT (Fig. 2a).
Again, 6A6 administration concurrent with BMT prevented GVHD. In contrast, there
was no statistical difference in weight loss or clinical scores between mice that received
6A6 14 days after BMT compared to mice that received PIP control antibody (Fig. 2a).

6A6 binds to a region of BTLA that is involved in interactions with HVEM'#.
Thus, 6A6 might prevent GVHD by preventing interactions between HVEM on donor
cells with BTLA on recipient cells, blocking co-stimulatory signaling to donor cells™.
Even though our data already indicated that host BTLA is not involved (Supplementary
Fig. 1c), we wished to test this possibility independently. Thus, we asked whether 6A6
could prevent GVHD after BMT using HVEM™ donor cells (Fig. 2b). Transfer of
HVEM™ donor cells caused induction of GVHD when administered with control
antibody (Fig. 2b). The severity of GVHD caused by HVEM™ donor cells was
somewhat less than that caused by wild type donor cells (Fig. 1b), consistent with a
report that HYEM and LIGHT are co-stimulatory in promoting GVHD. However, 6A6
also prevented the GVHD caused by HVEM™ donor cells (Fig 2b), both preventing
weight loss and completely eliminating disease scores. These results indicate that 6A6
prevents GVHD in a manner that is independent of HVEM, suggesting it acts directly
through BTLA expressed by donor cells.

Although the precise molecular targets of BTLA signaling are still obscure?*3%3!,
BTLA engagement by HVEM can inhibit T cell proliferation in vitro *? and promote

tolerance induction in vivo®. Therefore we asked if 6A6 treatment alters donor T cell



proliferation or IL-2 production in vivo. CFSE-labeled donor splenocytes were
transferred into lethally irradiated CB6FL1 recipients that were treated with either control
antibody or 6A6, and donor T cell proliferation was assessed after 3 and 7 days.
Proliferation CD4" and CD8" T cells measured by CFSE dilution was similar in recipient
mice treated with control or 6A6 antibody (Supplementary Fig. 3c). However, 6A6
treatment significantly reduced the total accumulation of donor CD4" and CD8" T cells
compared to control. Accumulation of donor-derived CD4" T cells in 6A6-treated mice
was approximately 70% less than in PIP-treated mice on day 3, and 50% less than PIP-
treated mice on day 7 after BMT (Supplementary Fig. 3a, b). In addition, the
accumulation of donor-derived CD8" T cells was reduced in 6A6-treated mice relative to
PIP-treated mice, although not as dramatically as for CD4" T cells. However, 1L-2
production 7 days after BMT was not statistically different between CD4" T cells in 6A6-
treated and PIP-treated mice (Supplementary Fig. 4). A small but statistically
significant reduction in interferon (IFN)-y production was observed in CD4" T cells from
6A6-treated mice compared to controls, but no differences in IL-17 and IL-4 production
(Supplemental Fig. 4). In summary, 6A6 administered at the time of BMT reduced
accumulation of donor-derived effector T cells without inducing anergy, inhibiting IL-2
production or causing major alterations in cytokines.

These effects were suggestive of the actions of regulatory T cells (Tregs)
expressing the transcription factor forkhead box P3 (Foxp3)®*. Tregs have recently been

reported to play a significant role in regulating GVHD*3#

, and there are ongoing clinical
trials aimed directly at the use of Treg cells as an intervention in human GVHD (NCI

clinical trial NCT00725062).



Thus, to determine whether 6A6 treatment influences Tregs, we measured
endogenous Foxp3 expression in donor-derived CD4" T cells 7 days after BMT (Fig. 3a).
We first examined transfer of WT donor cells in CB6FL1 recipients. In PIP-treated
recipients, which developed GVHD, 11 + 0.7 % (n = 5) of donor-derived CD4" T were
found to express Foxp3 (Fig. 3b), whereas in 6A6-treated mice, which did not develop
GVHD, 41 + 1.8 % (n = 5) of donor-derived CD4" T cells expressed Foxp3 (Fig. 3b).
Thus, 6A6 treatment increases the numbers of donor-derived Tregs after BMT. Since
BTLA is expressed by several hematopoietic cell types', 6A6 treatment could increase
Tregs either by direct engagement on CD4" donor T cells or by indirect engagement of
BTLA expressed by host antigen presenting cells (APCs). To distinguish these
possibilities, we performed mixed BMT using WT (CD45.1) and BTLA” (CD45.2) mice
as donors for BMT. If 6A6 treatment increases Foxp3 expression directly, then BTLA™
T cells should be unaffected by 6A6, whereas indirect actions through host APCs should
affect WT and BTLA™ donor cells. We found that 6A6 treatment selectively increased
Foxp3 expression only in WT, but not in BTLA™, donor T cells (Fig. 3a, c). In PIP-
treated (control) recipients, 14 + 2.4 % (n = 5) of donor-derived WT (CD45.1) CD4" T
expressed Foxp3 (Fig. 3c), whereas in 6A6-treated mice, 48 + 4.5 % (n = 5) donor-
derived WT CD4" T cells expressed Foxp3 (Fig. b). However, 6A6 failed to increase
Foxp3 expression in BTLA” (CD45.2) donor-derived CD4" T cells (7.8 + 0.9 %; n = 5)
compared to PIP-treated controls (7.3 £ 0.9 %; n = 5). These results suggest that 6A6
treatment increases Treg frequency after BMT through direct engagement of BTLA

expressed by donor-derived CD4" T cells.



6A6 treatment could increase Treg frequency either by inducing Foxp3 expression
in naive donor CD4" T cells®® or by causing in vivo expansion of pre-existing donor
Foxp3™ T cells relative to Foxp3™ T cells. To distinguish these alternatives, we used
B6.Foxp3® mice, in which endogenous Foxp3 has been replaced by a chimeric GFP-
Foxp3 fusion protein. We performed mixed BMT with WT (CD45.1) and Foxp3°®
(CD45.2) mice as donors for BMT, using purified GFP-negative cells from Foxp3gfp mice
to remove pre-existing Tregs from the CD45.2 donor population. In this mixed BMT
setting, 6A6 treatment increased the frequency of Foxp3™ donor-derived T cells only in
the WT (CD45.1) donor T cells, but not in the Foxp3®® (CD45.2) donor T cells as
assessed by intracellular staining for endogenous Foxp3 (Fig. 4a, b). In addition, these
donor-derived CD4" T cells, that were originally isolated from BG.Foxp3gfp mice as
negative for GFP expression, remained negative for Foxp3 as assessed by the GFP-Foxp3
fusion protein reporter (Fig. 4c). As a control, we administered 6A6 to unmanipulated
B6.Foxp3?® mice, and examined the frequency of Foxp3* CD4" cells after 6 days
(Supplementary Fig. 5). In this case, there was no change in the frequency of Foxp3
expression in CD4" T cells, suggesting that the effect of 6A6 treatment requires the
context of T cell activation and homeostatic proliferation in vivo.

In summary, this study demonstrates that 6A6 administered once at the time of
allogeneic BMT permanently prevents GVHD through a unique mechanism of action,
involving the direct engagement of donor-derived T cells and leading to the relative
expansion of pre-existing CD4" Tregs compared to pathogenic effector cells. Established
GVHD was not reversed by 6A6 treatment, suggesting early expansion of Tregs is critical

for achieving a suppressive environment of alloreactive donor T cells. Thus, BTLA may



represent a novel therapeutic target in treatment of aHSCT. Eliminating the risks of
aHSCT, such as GVHD and the requirement for chronic immunosuppressive, could
potentially allow its application more widely as a tolerogenic therapy in treatment of
autoimmune disorders or solid organ transplantation, for which it is currently performed

only experimentally*”.

Material and Methods

Mice and bone marrow transplantation B6.SJL-Ptprca Pep3b/BoyJ (B6.SJL),
C57BL/6, and C57BL/6 x BALB/c F1 (CB6F1) mice were obtained from The Jackson
Laboratory (Bar Harbor, ME) or bred in our facility. BTLA"?°, Hvem™, and Foxp39™*
mice were backcrossed to C57BL/6 for at least nine generations. Mice were 12—

18 weeks old and female. All mice were kept under special pathogen-free conditions.
Cell transplantation and assessment of GVHD Mice received transplants according to
a standard protocol as previously described?. Briefly, bone marrow cells were

harvested by flushing tibia and femurs of donor mice. For GVHD induction, CB6F1 (H-
2”9 recipients were lethally irradiated with 9 Gy total body irradiation (TBI) using

a *¥'Cs source at a dose rate of ~70 cGy/minute and reconstituted with bone marrow cells
(BMCs) and additional splenocytes (2x10” BMCs and 1x10 splenocytes) from indicated

donors (H-2). GVHD was monitored by calculating the loss in total body weight. Body

weights were measured before transplantation and 3 times a week after transplantation.
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Clinical GVHD intensity was scored by assessing weight loss, posture, activity, fur
texture, and skin integrity??. Histopathologic analyses of the bowel were performed on
hematoxylin and eosin (H&E)-stained tissue. Microscopic analyses were performed with
a BX51 light microscope (Olympus, Hamburg, Germany) equipped with a 40x/0.75 NA
objective lens and a DP70 camera (Olympus) using Cell A Analysis software (Olympus
Software Imaging Solutions 1986-2007, Muenster, Germany). Experiments were
performed in accordance with national and institutional guidelines.

Administration of antibody In some experiments mice received a single intraperitoneal
injection of 10-20 pg/g body weight of the IgG1 hamster monoclonal anti-BTLA
antibody 6A6, the IgGk mouse monoclonal anti-BTLA antibody 6F7 (ref ') or the
hamster monoclonal anti-GST antibody PIP?’ at indicated time points.

CFSE labeling and Flow Cytometery Cells were labeled with CFSE
(carboxyfluorescein diacetate succinimidyl diester; Sigma-Aldrich) by being incubated
for 8 min at 25 °C with 1uM CFSE at a density of 40 x10° cells per ml in PBS. Labeling
was quenched by incubation of cells for 1 min with an equal volume of FCS and cells
were washed twice with media containing 10% (vol/vol) FCS. 50x10° total cells per
mouse were injected intravenously. Single cell suspensions from spleens were analyzed
by flow cytometry using the following antibodies for detection: K*-FITC (SF1-1.1),
CD4-PECy7 and APC (RM4-5), anti-Armenian and Syrian hamster 1gG cocktail-PE,
CD19-APC (1D3) purchased from BD Pharmingen. Additional antibodies purchased
from eBioscience were also used: CD45.1-PECy7 and APC (A20), CD8-APC AlexaFluor
750 (53-6.7), CD4-APC AlexaFluor 750 (RM4-5). Intracellular Foxp3 was detected

using eBioscience Mouse Regulatory T cell staining Kit with Foxp3-PE or APC (FJK-
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16s). For intracellular cytokine staining splenocytes were first restimulated with
PMA/ionomycin for 4 hours and were stained with antibodies to surface markers
followed by fixation with 2% formaldehyde for 15 minutes at room temperature. Cells
were then washed once in 0.05% saponin and stained with anti-cytokine antibodies (anti-
IL-17 FITC, IL-2 PE, IFNy PE-Cy7 and IL-4 APC) in 0.5% saponin. All flow cytometry
data were collected on a FACSCanto Il (BD Biosciences) and were analyzed with FlowJo
software (Tree Star).

Statistical analysis A Student's unpaired two-tailed t-test with a 95% confidence interval
was used for statistical analyses of body weight data and cell numbers. Differences

with P values of 0.05 or less are considered significant.
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Figure Legends

Figure 1 Anti-BTLA treatment permanently prevents graft-vs-host disease. (a) CB6F1
mice were lethally irradiated and received 2.0 x 10’ BMCs and 1.0 x 10’ splenocytes
from parental C57BL/6 BTLA"" (closed squares) or BTLA™ (open squares) donors. (b)
CB6F1 were lethally irradiated and received 2.0 x 10’ BMCs and 1.0 x 10’ splenocytes
from parental C57BL/6 BTLA"* mice and a single 200 ug injection intraperitoneally of
the control antibody PIP (open circles) or the antibody 6A6 (closed circles). (c)
Histopathology of the colon 143 days after BMT of animals that had received a single
injection of 6A6 (left panel) or the control antibody PIP (right panel) on the day of BMT.
Original magnification for histopathology was 4x. Body weight loss and a clinical

score were used as a measure of GVHD in recipient mice after BMT. Error bars indicate
positive standard deviations for each time point. *Statistically significant differences

versus both control groups (P <.05).

Figure 2 Anti-BTLA treatment exerts its affects at the time of BMT and does not block
BTLA-HVEM interactions. (a) CB6F1 mice were lethally irradiated and received

2.0 x 10’ BMCs and 1.0 x 10" splenocytes from parental C57BL/6 BTLA"* mice
together with either a single 200 pg injection intraperitoneally of control antibody (open
circles) or 6A6 (closed circles) on the day of BMT or a single 200 pg injection of 6A6 14
days after BMT (triangles). Body weight loss and a clinical score were used as a measure
of GVHD in recipient mice after BMT. (b) CB6F1 were lethally irradiated and received
2.0 x 10’ BMCs and 1.0 x 10" splenocytes from parental C57BL/6 HVEM™ mice and a
single 200 ug injection intraperitoneally of control antibody PIP (open circles) or 6A6
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(closed circles). Body weight loss and a clinical score were used as a measure of GVHD
in recipient mice after BMT. Error bars indicate positive standard deviations for each

time point. *Statistically significant differences versus both control groups (P < .05).

Figure 3 Direct engagement of BTLA on donor CD4 T cells leads to an increased
frequency of CD4" Foxp3* cells. CB6F1 (CD45.1'H-2K") mice were lethally irradiated
and received either 2.0 x 10" BMCs and 1.0 x 10’ B6.SJL BTLA™* splenocytes alone (b)
or a 1:1 mixture of B6.SJL BTLA"* (CD45.1"H-2K") and C57BL/6 BTLA™ (CD45.1°H-
2Kd') donor cells (a and ¢) with either a single 200 ug injection intraperitoneally of
control antibody or 6A6. After 7 days splenocytes were stained for CD45.1, H-2K¢, CD4,
and intracellularly for FoxP3. a) Shown are plots for CD45.1 and H-2K“ (left) and

CD4 and FoxP3 (right) gated on C57BL/6 BTLA™ (CD4*CD45.1" H-2K") or C57BL/6
BTLA"* (CD4*CD45.1" H-2K®) donor cell populations as indicated. Numbers represent
the percentage of cells within the indicated gates. (b) Shown are the percentage

of CD45.1*CD4*Foxp3* cells as a percentage of all CD45.1*CD4* B6.SJL BTLA™*
derived donor cells. Data shown are mean £ SEM (n = 5). (c) Same experiment as in a).
Shown are the percentage of CD4*Foxp3" cells as a percentage of all donor CD4" cells
from either B6.SJL BTLA™* mice (left) or from C57BL/6 BTLA™ mice (right) that
received either control antibody (open bars) or 6A6 (filled bars). Data shown are mean +

SEM (n = 5)

Figure 4 Anti-BTLA treatment allows relative expansion of pre-exisiting donor-derived

Tregs after BMT. CB6F1 (CD45.2" H-2K™) mice were lethally irradiated and received
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2.0 x 10" BMCs and 1.0 x 10’ WT B6.SJL (CD45.1" H-2K") splenocytes along with
1x10° purified CD4" Foxp3-negative T cells from B6.Foxp3°® mice (CD45.2" H-2K")
with either a single intraperitoneal 200 ug injection of control antibody or 6A6. After 7
days, splenocytes were stained for CD45.1, CD45.2, H-2K, CD4, and intracellular
expression of Foxp3. Foxp3 expression was also determined by GFP expression. (a)
Donor cells are identified by the lack of H2-K and the expression of CD4, and CD45.2
or CD45.1 is used to determine the origin of the donor. Expression of intracellular Foxp3
within CD4" T cells from the WT donor (CD5.1%) is shown. (b) Shown are the
percentage of CD4FoxP3" cells in (a) as a percentage of all donor CD4" cells from
either WT donors (left) or from B6.Foxp3%™® donors (right) that received either control
antibody (open bars) or 6A6 (filled bars). Data shown are mean £ SEM (n =5). (c)
Expression of Foxp3 as reported by GFP from the B6.Foxp3%® donor (CD45.2") is

shown.
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Supplementary Figure Legends

Supplementary Figure 1 BTLA expression by recipient tissue does not promote GVHD,
but anti-BTLA treatment prevents GVHD long term. (a) Same experiment as in Figure 1b
followed-up for 143 days. Body weight loss and a clinical score were used as a measure
of GVHD in recipient mice after BMT. Error bars indicate positive standard deviations
for each time point. (b) CB6F1 BTLA"" mice (closed squares) or CB6F1

BTLA™ (open squares) were lethally irradiated and received 2.0 x 10" BMCs and 1.0 x
107 splenocytes from parental C57BL/6 BTLA™ donors. Body weight loss and a clinical
score were used as a measure of GVHD in recipient mice after BMT. Data shown are

mean £ SEM (n =5)

Supplementary Figure 2 Treatment with anti-BTLA antibody 6A6 does not deplete
lymphocytes. C57BL/6 mice received 5.0 x 10° CFSE-labeled splenocytes from B6.SJL
mice together with a single intraperitoneal injection of 200 ug of either control antibody
PIP or anti-BTLA antibodies 6A6 or 6F7. After 2 days splenocytes were stained for
CD4, CD8a, CD19, and anti-hamster (for 6A6 and PIP). (a) Shown are numbers of
either all donor CFSE” cells (upper figure) or CD19*, CD8", and CD4" subsets of CFSE"
cells (lower figure) recovered from mice that had received either control antibody (open
bars), 6A6 (filled bars) or 6F7 (shaded bars). Data shown are mean £ SEM (n = 3). (b)
CB6F1 (CD45.1°) mice were lethally irradiated and received 5.0 x 10 splenocytes from
B6.SJL (CD45.1%) mice together with a single intraperitoneal injection of 200 pg of
either 6A6 or PIP. After 7 days splenocytes were stained for CD45.1 and anti-hamster.

Shown is a histogram detecting bound antibody to lymphocytes read out by anti-hamster
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intensity within the 45.1" donor cell population of mice that had either received 6A6
(bold line) or PIP (shaded fill). (c) BMT were performed as described in Fig. 1b, except

that BTLA™ mice were used as donors.

Supplementary Figure 3 CD4 T cell accumulation is modestly affected by 6A6
treatment while CD4 and CD8 T cell proliferation is unperturbed. CB6F1 (CD45.1") mice
were lethally irradiated and received 5.0 x 10’ CFSE-labeled splenocytes from B6.SJL
(CD45.1%) mice together with a single intraperitoneal 200 pg injection of either the
antibody 6A6 or the control antibody PIP. After 3 (a) and 7 (b) days splenocytes were
stained for CD45.1, CD4, and CD8a. Shown are numbers of CD4" (left) or CD8"

(right) cells of the 45.1" donor cell population recovered from mice that had received
either 6A6 (open bars) or PIP (filled bars). Data shown are mean £ SEM (n = 3). (c)
Histograms of cell division history indicated by CFSE-intensity for CD4" (left) or CD8"
(right) cells within the 45.1% donor cell population on days 3 (upper panel) and 7 (lower

panel) of mice that had either received 6A6 (bold line) or PIP (shaded fill).

Supplementary Figure 4 6A6 treatment does not alter cytokine production of donor
CD4 T cells. CB6F1 (CD45.1'H-2K"™") mice were lethally irradiated and received

2.0 x 10’ BMCs and 1.0 x 10" splenocytes from B6.SJL mice, and either control antibody
or 6A6. 7 days after BMT splenocytes were harvested and stimulated with
PMA/lonomycin for 5 hours. Following restimulation, cells were stained for CD4, and
either IL-2, IFN-y, IL-17 and IL-4 or Isotype controls for the cytokines. (a) Plots show

CD4" cells and FSC, then gated on all CD4" cells Isotype controls for control and 6A6
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treated mice top 2 rows. Bottom two rows show the production of the indicated cytokine
following either control or 6A6 treatment. (b) The percentage of CD4" cells shown in (a)

producing the indicated cytokine are shown as mean + SEM (n = 3).

Supplementary Figure 5 6A6 does not expand steady state Tregs. B6.Foxp3® mice
were given an intraperitoneal injection of 200 pg of either control antibody PIP or 6A6
and splenocytes were harvested 6 days later. Cells were stained with CD4, and expression
of the GFP reporter was assessed. (a) Plots showing the percentage of all cells that
express CD4 and Foxp3 following control antibody (left) or 6A6 treatment (right). (b)

Same experiment as in (a) showing the percent of FoxP3" cells within CD4" T cells.
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