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Evidence has recently emerged that butyrophilins, which are members of the extended B7 family of co-stimulatory molecules,
have diverse functions in the immune system. We found that the human and mouse genes encoding butyrophilin-2A2 (BTN2A2)
are regulated by the class Il trans-activator and regulatory factor X, two transcription factors dedicated to major histocom-
patibility complex class Il expression, suggesting a role in T cell immunity. To address this, we generated Btn2a2-deficient mice.
Btn2a2™~ mice exhibited enhanced effector CD4* and CD8* T cell responses, impaired CD4* regulatory T cell induction, poten-
tiated antitumor responses, and exacerbated experimental autoimmune encephalomyelitis. Altered immune responses were
attributed to Btn2a2 deficiency in antigen-presenting cells rather than T cells or nonhematopoietic cells. These results provide
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the first genetic evidence that BTN2A2 is a co-inhibitory molecule that modulates T cell-mediated immunity.

Butyrophilins constitute a family of transmembrane proteins
comprising butyrophilin (BTN), BTN-like (BTNL), and se-
lection and upkeep of intraepithelial T cell (SKINT) proteins
(Arnett and Viney, 2014). Their extracellular moieties contain
IgV and IgC2 domains exhibiting homology to the corre-
sponding domains of B7 co-stimulatory molecules (Arnett
and Viney, 2014), and butyrophilins are thus considered to be
members of the extended B7 family.

As a result of gene duplications and deletions, alterations
in domain structure, and loss of gene function, the butyrophi-
lin family exhibits major divergences between species (Afrache
et al., 2012). Only five butyrophilin genes—BTNIA1/
Btnlal, BTN2A/Btn2a2, BTNL2/Btnl2, BTNL9/Btnl9,
and BTNL10/Btnll10—are conserved between humans and
mice. Many human (BTNL2 and BTNs) and mouse (Btnlal,
Btn2a2, Btnl2, and Btnl4-7) genes are located in the MHC
(Afrache et al., 2012).

BTN1A1, the first butyrophilin identified, is required
for the formation, secretion, and stabilization of milk fat glob-
ules (Ogg et al., 2004). Growing evidence subsequently sug-
gested that butyrophilins play diverse roles in the immune
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system. Functions have been best elucidated for mouse SKI
NT1 and human BTN3A1, which are not among the con-
served family members. SKINT1 drives the thymic differ-
entiation of mouse Vy57V81" T cells (Boyden et al., 2008).
Activation of human Vy9'V82" T cells by phosphoantigens
is mediated by BTN3A1 (Vavassori et al., 2013; Sandstrom
et al., 2014). Knowledge of the functions of other butyro-
philins remains fragmentary. Polymorphisms in BTNL2 were
linked with various autoimmune and inflammatory diseases
(Arnett and Viney, 2014). The MHC region encompassing
BTN genes was linked to type 1 diabetes (Viken et al., 2009).
In vitro experiments revealed that antibodies (Ab’s) against
human BTN3 proteins can either inhibit T cell activation or
promote activation of T cells, monocytes, and DCs (Arnett
and Viney, 2014). Mouse BTNL2 is expressed by epithelial
cells and DCs in the small intestine and Peyer’s patches, where
it is up-regulated during intestinal inflammation (Arnett et
al., 2007). Blocking Ab’s against BTNL1 enhance T cell re-
sponses in vivo and exacerbate experimental autoimmune
encephalomyelitis (EAE) and asthma in mouse models (Ya-
mazaki et al., 2010). BTNL1-Fc, BTNL2-Fc, BTN1A1-Fc,
and BTN2A2-Fc fusion proteins inhibit T cell activation,
proliferation, and cytokine production in vitro (Arnett et al.,
2007; Smith et al., 2010; Ammann et al., 2013; Swanson et
al., 2013). BTNL2-Fc and BTN2A2-Fc also induce Foxp3
expression and T, differentiation in vitro (Ammann et al.,
2013; Swanson et al., 2013). Lastly, staining with butyrophil-
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in-Fc reagents has suggested the presence of unidentified re-
ceptors on T cells (Smith et al., 2010; Arnett and Viney, 2014).
‘We recently discovered that human BTN2A2 and mouse
Btn2a2 are regulated by the class II trans-activator (CIITA) and
regulatory factor X (RFX), two transcription factors dedicated
to MHC class II (MHCII) expression (Reith et al., 2005),
suggesting a role in APCs. To address this question, we gen-
erated and analyzed Btn2a2™’~ mice. Results confirmed that
BTN2A2 expression by APCs modulates T cell responses.

RESULTS AND DISCUSSION

Regulation of BTN2A2 expression by RFX and CIITA
MHCII promoters contain a characteristic enhancer—
the SXY module—controlled by well-defined transcrip-
tion factors comprising CIITA and RFX (Fig. 1 A; Reith
et al., 2005). The conserved architecture of the SXY mod-
ule allowed the design of a stringent sequence profile that
was used to scan the human genome for similar enhancers
(Krawczyk et al., 2007). A strong SXY homology was found
in the BTN2A2 promoter (Fig. 1 B). This SXY module is
conserved in orthologous genes of other species, including
mouse Btn2a2 (Fig. 1 C).

Binding of CIITA to the BTN2A2 promoter was ob-
served, albeit with low confidence, in chromatin immunopre-
cipitation (ChIP)—on-microarray experiments (Krawczyk et
al., 2008). ChIP assays confirmed that both CIITA and RFX
are recruited to the BTN2A2 promoter in B cells (Fig. 1 D).
As the binding of CIITA is dependent on RFX, its recruit-
ment is abolished in RFX-deficient cells. Binding of RFX is
destabilized in CIITA-deficient cells. CIITA and RFX bind-
ing was also induced by IFN-y. Patterns of RFX and CII
TA binding at the BTN2A2 promoter closely matched those
observed at the HLA-DRA promoter.

Human BTN2A2 mRNA expression was strongly
reduced in CIITA- and RFX-deficient B cells (Fig. 1 E).
BTNZ2A2 expression in CIITA-deficient cells was restored
by complementation with CIITA (Fig. 1 E). IFN-y—induced
BTN2A2 expression was also aborted in CIITA-deficient
cells (Fig. 1 E). The dependence of BTN2A2 expression on
RFX and CIITA was identical to that of HLA-DRA.

Mouse Btn2a2 mRNA expression was abrogated
in B cells from Cllta™~ and Rfx5~~ mice, BMDCs from
CIIta’~ mice, and TFN-y—induced embryonic fibroblasts
from Cllta~’~ mice (Fig. 1 F). The dependence of Btn2a2
mRNA expression on RFX and CIITA was identical to that
of H2-Aa. BTN2A?2 protein expression was also abolished in
Rf57" and CIIta~"~ B cells, confirming the regulation by
RFX and CIITA (Fig. 1 G).The regulation of mouse Btn2a2
by CIITA and REX is consistent with expression by APCs
(B cells and DCs), IFN-y—induced cells, and thymic epithelial
cells (not depicted; Smith et al., 2010).

Reporter assays demonstrated that activation of the
BTN2A2 promoter by RFX and CIITA is conferred by the
SXY module: constructs driven by the HLA-DRA promoter,
the BTN2A2 promoter, and a hybrid HLA-DRA promoter
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containing the SXY module of BTN2A2 exhibited simi-
lar dependencies on CIITA and RFX (Fig. 1 H). Mutation
analysis indicated that activity of the BTN2A2 SXY mod-
ule depends mainly on the X element and, to a lesser extent,
theY element (Fig. 1 I), which are the two most conserved
sequences (Fig. 1 C). Mutations in S and X2 had no ad-
verse effects (Fig. 1 I). This is similar to MHCII promoters,
where mutations in X andY typically impair activity more
than those in S and X2.

Generation of Btn2a2™/~ mice

Btn2a2~"~ mice (Fig. 2 A) are viable, fertile, and exhibit no
overt developmental defects. Histological examinations re-
vealed no abnormalities in 8-wk-old mice (not depicted).
Flow cytometry analyses revealed no significant alterations
in steady-state populations of CD19" B cells, CD3" T cells,
CD4" and CD8" T cells, y8 T cells, NK and NKT cells, plas-
macytoid and conventional DCs, LN-resident CD8” and
CD8" DCs, migratory DCs, or double-negative, double-pos-
itive, and single-positive thymocytes (not depicted).

Btn2a2™~ mice exhibit enhanced T cell responses

WT and Btn2a2™’~ mice were immunized with OVA using
adjuvants that favor Th2 (alum) or Th1 (alum + CpG) re-
sponses. In the Th1 setting, Btn2a2™"~ mice developed in-
creased numbers of OVA-specific IFN-y™ T cells, and these
cells produced more IFN-y after in vitro restimulation
(Fig. 2 B). Conversely, Btn2a2~'~ mice immunized under Th2
conditions developed increased numbers of OVA-specific
IL-5"T cells, and these cells produced more IL-5 after in vitro
restimulation (Fig. 2 B). No differences between Btn2a2™"~
and WT T cells were evident for TGF-, IL-6, or TNF pro-
duction (Fig. 2 B). Serum titers of OVA-specific IgG, IgG1,
and IgG2¢ Ab’s induced by immunization under Th1 and Th2
conditions were consistently more elevated, albeit moderately,
in Btn2a2™"~ mice (not depicted).

Btn2a2 expression by APCs regulates T cell responses
Irradiated WT mice reconstituted with Btn2a2”~ BM
(KO—WT) and irradiated Btn2a2™~ mice reconstituted
with WT BM (WT—-KO) were immunized with OVA under
Th1 conditions. The numbers of IFN-y™ T cells and frequen-
cies of IFN-y"CD4" T cells were more elevated, whereas
the frequencies of Foxp3'CD4" T,y cells were reduced, in
KO—-WT chimeras (Fig. 2 C).

OTIIT cell transfer experiments performed with WT and
Btn2a2™’~ mice indicated that altered T cell responses resulted
from Btn2a2 deficiency in APCs. Frequencies of proliferating
and IFN-y" OTII T cells were increased, whereas frequencies
of Foxp3" OTIIT cells were decreased, in draining LNs (dLNs)
of OVA-immunized Btn2a2~"~ mice (Fig. 2 D). This bias was
OVA dependent, as it was not observed after administration of
adjuvant alone and was less pronounced in nondraining LNs
(Fig. 2 E). Furthermore, responses of co-transferred myelin
oligodendrocyte glycoprotein (MOG)-specific 2D2 CD4* T
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cells were not altered (not depicted). Transfer experiments with
OVA-specific T cells from OTI mice demonstrated that CD8"
T cell responses were also boosted in Btn2a2™"~ mice (Fig. 2 F).

These results indicate that Btn2a2 deficiency in
BM-derived APCs, rather than T cells, perturbs the balance
between Th and T, responses. Contributions of BTN2A2
expression by different APCs remain to be defined. Fur-
thermore, although the use of BM chimeras revealed
a role of BTN2A2 expression by cells of hematopoietic
origin, they do not exclude a role in nonhematopoietic
cells. BTN2A2 is notably expressed in thymic epithelial
cells and nonprofessional APCs induced with IFN-y. De-
ciphering the respective roles of BTN2A2 expression by
different cell types will require the use of mice exhibiting
cell type—specific deletion of Btn2a2.

Direct modulation of T cell responses by BTN2A2

In vitro T cell activation assays were used to investigate
whether BTN2A2 has a direct effect on T cells. WT T cells
were activated with anti-CD3 Ab’s in the presence or ab-
sence of a BTN2A2-Fc fusion protein. BTN2A2-Fc in-
hibited CD4" T cell activation, proliferation, and IFN-y
production (Fig. 2, G and H). CD4 Foxp3" T, cells were
instead increased (Fig. 2 G). WT and Btn2a2~~ CD4" T
cells responded similarly, indicating that BTN2A2 expres-
sion by T cells is not implicated (Fig. 2, G and H). The ef-
fects of BTN2A2-Fc on CD4" T cells were not countered
by co-stimulation with anti-CD28 (Fig. 2 G and not de-
picted). Activation of CD8" T cells was also strongly im-
paired by BTN2A2-Fe (Fig. 2 I).

These findings imply that BTN2A2 exerts its immuno-
modulatory functions by binding to a receptor on T cells. This
is consistent with the staining of T cells with BTN2A2-Fc
proteins (Smith et al., 2010). A mechanistic understanding of
the immunoregulatory functions of BTN2A2 will require
molecular identification of its T cell receptors. Identifying bu-
tyrophilin receptors remains a major challenge.To date, coun-

terreceptors have been reported for only two butyrophilins.
Human BTN3A1 can interact with the TCR of Vy9V82 T
cells (Vavassori et al., 2013). DC-SIGN can bind to human
BTN2A1, an interaction hypothesized to play a role in tumor
immunosurveillance (Malcherek et al., 2007).

Autoimmune responses in Btn2a2”/~ mice

MOG-induced EAE experiments indicated that Btn2a2™"~
mice exhibited greater mean and maximum clinical scores
as well as increased incidence during disease onset and peak
disease (Fig. 3 A). EAE experiments with KO—=WT and
WT—KO chimeras confirmed that disease exacerbation was
the result of Btn2a2 deficiency in BM-derived cells: KO—-WT
chimeras exhibited greater mean and maximum disease scores
as well as increased incidence during disease onset (Fig. 3 A).

Exacerbated EAE in Btn2a2~ mice was associated
with increased spinal cord (SC) infiltration by total CD4" T
cells and MOG-specific IFN-y* and IL-17°CD4" cells. Both
increased frequencies (not depicted) and absolute numbers
(Fig. 3 B) of infiltrating IFN-y" and IL-17"CD4" T cells
were evident at disease onset and peak disease. The numbers
of infiltrating Foxp3™ T\, cells were increased during disease
onset, although this was not evident at peak disease (Fig. 3 B)
and not observed at the level of T,, frequencies. Ratios be-
tween infiltrating Th and T, cells were strongly skewed in
favor of pathogenic Th1 and Th17 cells (Fig. 3 C).

CD4" T cell responses were also altered in dLNs of
Btn2a2™~ mice: increased frequencies of MOG-specific
IFN-y" and/or IL-17"CD4" T cells were evident at disease
onset and peak disease, whereas frequencies of proliferating
Foxp3" T, cells were reduced before disease onset (Fig. 3 D).

Young Btn2a2™’~ mice did not exhibit overt signs of
spontaneous autoimmunity, such as tissue inflammation or
increased serum titers of tissue-reactive Ab’s. However, in-
creased titers of anti-DNA Ab’s were observed in 1-yr-old
Btn2a2™~"~ mice (Fig. 3 E), suggesting that a loss of self-toler-
ance may develop with age.

Figure 1.

Coregulation of BTN2A2 with MHCII genes. (A) Schematic representation of transcription factors (RFX, NF-Y, and CIITA) bound to the SXY

module of MHCII promoters. The consensus SXY sequence is shown. TSS, transcription start site. (B) The human genome was scanned for promoters con-
taining SXY motifs. Homology scores are plotted as a function of position in the genome. Dots corresponding to known RFX and CIITA targets (BTN2A2,
RAB4B, i, and MHCII genes) are labeled. A map of the BTN locus is indicated underneath the graphs. (C) Human BTN2A2 and mouse Btn2a2 SXY modules
are aligned with that of HLA-DRA. Conserved positions are in bold. (D) The occupation of HLA-DRA and BTN2A2 promoters by RFX and CIITA was quantified
by ChIP in WT (Raji), CIITA™"~ (RJ2.2.5), and RFX57~ (SJO) B cells, or in untreated and IFN-y-induced Me67.8 cells. Occupancy is expressed relative to WT or
induced cells. (E, left) BTN2A2 and HLA-DRA mRNAs were quantified by qRT-PCR in Raji (R), RJ2.2.5 (C/ITA™"), RJ2.2.5 complemented with expression vectors
encoding CIITA isoforms |, lll, or IV, and RFX-deficient B cell lines BLS-1 (B), Da (D), Ro, Abd (A), and 6.1.6 (6). (Right) BTN2A2 and HLA-DRA mRNAs were
quantified by qRT-PCR in untreated and IFN-y-induced human umbilical vein endothelial cells (WT) and C/ITA™~ fibroblasts (BLS3). Results were normalized
using TBP mRNA and expressed relative to Raji (left) or uninduced WT cells (right). (F) Btn2a2 and H2-Aa mRNAs were quantified by gRT-PCR in splenic B
cells, BMDCs, or untreated and IFN-y-treated MEFs from WT, CIITA™, and RFX5~~ mice. Results were normalized using TBP mRNA or 78S ribosomal RNA
and expressed relative to WT. (G) BTN2A2 expression by untreated and LPS-activated splenic CD19* B cells from WT, Btn2a2~/~, Rfx5~"~, and Cllta™"~ mice
was analyzed by flow cytometry. (H) Luciferase reporter assays were performed in WT (Raji), CIITA™'~ (RJ2.2.5), and RFX~'~ (SJO) cells using constructs driven
by HLA-DRA (left) or BTN2A2 (middle) promoters, or by a hybrid promoter in which the SXY module of HLA-DRA was replaced with that of BTN2A2 (right).
Activity is expressed relative to WT. (I) Luciferase activity was measured in WT (Raji) and CIITA™~ (RJ2.2.5) cells for BTN2A2-DRA constructs containing mu-
tations in the S, X, X2, and Y elements. Results are expressed relative to HLA-DRA in WT. (D-F, H, and 1) Results show means and standard deviations derived
from three experiments. (F and G) At least three mice per group were analyzed in each experiment.
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Figure 2. Modulation of T cell responses by BTN2A2. (A) The SXY module and first two exons of Btn2a2 were flanked with loxP sites. Flp recombinase
was used to excise the frt-flanked neomycine resistance gene used for targeting. Deletion was achieved by crossing with deleter cre mice. (B) OVA-specific
IFN-y- and IL-5-producing splenocytes were quantified by ELISPOT, and IL-5, IFN-y, TGF-p, and IL-6 production was quantified by ELISA in supernatants
of OVA-restimulated splenocytes after primary and secondary immunization of WT and Btn2a2~~ mice under Th1 and Th2 conditions. (C) OVA-specific
IFN-y* splenocytes were quantified by ELISPOT, and frequencies of splenic IFN-y* or Foxp3*CD4"* T cells were quantified by flow cytometry for KO—WT and
WT—KO chimeras immunized with OVA and alum + CpG. (B and C) Results were pooled from two experiments, each with eight or nine mice per group.
(D) CFSE-labeled OTII T cells were transferred into WT and Btn2a2~"~ (KO) mice immunized with OVA, peptide plus CpG. OTII T cell proliferation in dLNs was
assessed by CFSE dilution. Frequencies of IFN-y* and Foxp3* OTII T cells were measured by flow cytometry. Results were pooled from three experiments
(total of 11-14 mice per group) and expressed relative to WT. (E) CFSE-labeled OTII T cells were transferred into Btn2a2~~ (KO) or WT mice (seven mice per
group) immunized with OVA, peptide plus CpG or CpG alone. Frequencies of IFN-y* and Foxp3* OTII T cells in draining (dLN) or nondraining (ndLN) LNs were
measured by flow cytometry. Results were confirmed in three independent experiments. (F) Proliferating Ki67* OTI T cells were quantified by flow cytometry
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Deregulated immune responses in Btn2a2™"~ mice are
less severe than in mice lacking CTLA4 or PD1. CTLA4™"~
mice develop a severe lymphoproliferative disease leading to
fatal multiorgan failure (Tivol et al., 1995; Waterhouse et al.,
1995). PD17'~ mice develop spontaneous autoimmune dis-
eases (Nishimura et al., 1999, 2001). Btn2a2-deficient mice
are rather more reminiscent of mice lacking PD1 ligands. Like
Btn2a2™"~ mice, the latter exhibit increased T cell responses to
antigen challenge but do not develop spontaneous autoimmu-
nity (Latchman et al.,2004; Shin et al.,2005; Zhang et al., 2006).

Btn2a2 deficiency potentiates antitumor vaccination
The growth of B16-OVA tumors was impaired in OVA-immu-
nized Btn2a2™’~ mice (Fig. 4 A). This correlated with increased
tumor infiltration by conventional DCs, CD4 TFN-y* T cells,
CD4 TFN=y"IL-17" T cells,and CD8 TFN=y" T cells. There was
no change in CD4'1L-17" or CD4 Foxp3" T cells (Fig. 4 B).
This is consistent with the fact that IFN-y—producing T cells are
critical for controlling B16-OVA tumors (Muranski et al., 2008).
The benefit of targeting co-inhibitory pathways has re-
cently been highlighted by unprecedented successes in can-
cer immunotherapy using biologics targeting the CTLA4
and PD1 axes (Azijli et al., 2014; Cohen, 2014). Identifi-
cation of BTN2A2 as a new co-inhibitory molecule paves
the way for exploring its potential value as a novel thera-
peutic target for cancer.

MATERIALS AND METHODS

Scan for SXY modules. The human genome was scanned as
described previously (Krawczyk et al., 2007) to identify pro-
moters containing regions with strong homology to the con-
sensus SXY module of MHCII genes.

Quantitative RT-PCR (qRT-PCR). gqRT-PCR was performed
using the iCycler iQ Real-Time PCR Detection system
(Bio-Rad Laboratories) and a SYBR green—based kit (1Q Su-
permix; Bio-Rad Laboratories). Amplification specificity was
controlled by gel electrophoresis and melting curve analysis.
Results were quantified using a standard curve generated
with serial dilutions of a control cDNA. Amplifications were

performed in triplicate. Expression was normalized using
TBP mRNA or 18S ribosomal RINA.

ChIP. Quantitative ChIP experiments using anti-RFX5 and
anti-CIITA Ab’s were performed as previously described
(Krawczyk et al., 2007).

Luciferase reporter gene assays. The pDR Aprox vector has
been previously described (Krawcezyk et al., 2007). This vec-
tor contains an HLA-DRA promoter fragment (from —151
to +10) inserted upstream of the firefly luciferase reporter
gene in the pGL3Db vector (Promega). The vector containing
the BTN2A2 promoter was generated by inserting a
PCR-amplified fragment encompassing the SXY module
and transcription start site of BTN2A2 between the Mlul
and BglII sites of pGL3b.Vectors containing hybrid promot-
ers were generated by replacing the HLA-DRA SXY mod-
ule with BTN SXY fragments using the MIul-BglII sites in
pDRAprox. Mutations were introduced as previously de-
scribed (Krawczyk et al., 2007). Raji, RJ2.2.5, and SJO cells
were cotransfected with the firefly luciferase reporter vec-
tors and a control renilla luciferase vector. Transfections
were performed by electroporation (950 pF and 0.21 V).
Dual luciferase assays were performed as previously de-
scribed (Krawezyk et al., 2007).

Cell lines. The WT human B cell line Raji, human melanoma
cell line Me67.8, CIITA-deficient human B cell mutant
RJ2.2.5, RFXAP-deficient human B cell mutant 6.1.6,
RFX-deficient B cell lines established from MHCII defi-
ciency patients (Da, Ro,Ab, SJO,and BLS1), and a CIITA-de-
ficient fibroblast line established from an MHCII-deficient
patient (BLS3) have been previously described (Reith et al.,
2005). Human cell lines were grown in an RPMI + Gluta-
max medium (Invitrogen) supplemented with 10-15% FCS
and antibiotics. Me67.8 and BLS3 cells were induced with
200 U/ml of human IFN-y (Invitrogen). The A20 mouse B
cell line (ATCC) was cultured in an RPMI + Glutamax me-
dium supplemented with 10% FCS, 0.1% p-mercap-
toethanol, and antibiotics.

Primary cells. Human umbilical vein endothelial cells were
induced with 1,000 U/ml of human IFN-y. MEFs were
isolated from mice at embryonic day 14, filtered through a
cell strainer, and plated in tissue culture dishes. MEFs were
induced with 100 U/ml of mouse IFN-y (Invitrogen).
Splenic mouse B cells were purified by sorting CD19" cells
with magnetic beads (Miltenyi Biotec) using autoMACS
(Miltenyi Biotec) or by sorting B220™ cells using FACS Van-
tage (BD). Mouse BMDCs were derived by culturing 10°
BM cells/ml in DMEM supplemented with GM-CSF for
6-8 d and then purified by sorting CD11c"e"
cells using FACS Vantage.

in dLNs of WT and Btn2a2~~ (KO) mice immunized with OVA, peptide plus CpG. Results were pooled from two experiments, each with three to five mice
per group. (G and H) CD4* T cells from Btn2a2~~ (KO) and WT mice were activated with anti-CD3 or anti-CD3/anti-CD28 in the absence or presence of
a BTN2A2-Fc fusion protein or control c-Myc Ab. Proliferation (Ki67 expression), activation (CD25 expression), and T, differentiation (Foxp3 expression)
were assessed by flow cytometry (G). ELISA was used to quantify IFN-y production (H). () CD8* T cells from Btn2a2~ (KO) and WT mice were activated
with anti-CD3 in the presence or absence of a BTN2A2-Fc fusion protein or control c-Myc Ab. Activation (CD25 and CD69 expression) was assessed by flow
cytometry. (G-1) Results are representative of three experiments, each with three mice per group. (B-1) * P < 0.05; **, P < 0.01; **, P < 0.001; ***, P < 0.0001.

Error bars are standard deviation of the mean.
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Figure 3. Autoimmunity in Btn2a2”~ mice. (A) EAE was induced by immunization with MOGys_gs + CFA in Btn2a2~~ (KO) and WT mice or in KO—WT
and WT—KO chimeras. Mean clinical scores, disease incidence, and maximum scores are shown. Shading (top left graph) indicates time points analyzed
in B and C. (B) Maximum disease scores and SC-infiltrating cells (total cells, CD4" T cells, and MOG-specific IFN-y*, IL-17*, or Foxp3" CD4" T cells) were
quantified by flow cytometry in WT and Btn2a2~"~ mice at disease onset and peak disease. (C) Ratios between SC-infiltrating Th1 or Th17 cells and T, cells
were determined at peak disease in WT and Btn2a2z~~ mice. (A-C) Results are pooled from two experiments, each with five mice per group. (D) IFN-y*, IL-
17*, and Ki67*Foxp3* CD4" T cells were quantified by flow cytometry in LN cells harvested at pre-onset, onset, and peak disease. Results are derived from
three experiments, each with six mice per group. (E) Serum anti-DNA Ab titers were measured by ELISA in age-matched 1-yr-old Btn2a2~~ and WT mice.
A representative of two experiments is shown, each with eight mice per group. *, P < 0.05; **, P < 0.01; ™, P < 0.001; ns, not significant. Error bars are
standard deviation of the mean.
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Figure 4. Impaired tumor growth in Btn2a2~~ mice. (A) B16-0VA
tumor growth was assessed in OVA-immunized WT and Btn2a2~~ mice.
(B) Tumor-infiltrating conventional DCs and CD4*IFN-y*, CD8*IFN-y*,
CD4*IFN-y*IL-17%, CD4*IL-17%, and CD4*Foxp3* T cells were quantified by
flow cytometry. Results are pooled from two experiments, each with six
mice per group, and expressed relative to WT. *, P < 0.05; *, P < 0.07;
** P <0.001; ™, P < 0.0001; ns, not significant. Error bars are standard
deviation of the mean.

BTN2A2 protein expression. Mouse splenic CD19" B cells
were cultured with or without 100 ng/ml LPS for 18 h in
RPMI 1640 containing 10% FCS, 100 U/ml penicillin, 100
U/ml streptomycin, and 50 uM 2-ME. Cells were harvested
and preblocked with Fc Block (BD). Cells were stained with
human mAb’ against mouse 1 pg/ml BTN2A2 (Novim-
mune SA) and anti-human IgG (SouthernBiotech).

Generation of Btn2a2~/~ mice. The targeting strategy was de-
signed to permit conditional deletion of a region encompass-
ing the promoter (including the SXY module), the
transcription start site and first noncoding exon, and the sec-
ond exon containing the translation initiation codon and
leader sequence (Fig. 2 A).The targeting construct contained
a long region of homology (~5.5 kb) situated upstream of the
promoter, the region to be deleted (~1.2-kb segment span-
ning the promoter and first two exons) flanked (floxed) by
loxP sites, a neomycin resistance cassette (Pgk-neo) flanked by
Frt sites, and a short region of homology (~2.5 kb) situated
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within the body of the gene. This construct was used to gen-
erate Btn2a2-targeted mice (Taconic). The targeting vector
was electroporated into C57BL/6 Ntac embryonic stem (ES)
cells. G418-resistant ES cell clones were screened to identify
homologous recombinants by Southern blotting using 5" and
3’ probes situated outside of the targeting vector. The absence
of nonhomologous insertions was verified by Southern blot-
ting with a probe for the neomycin resistance gene. Injection
of ES cells into blastocysts and blastocyst implantation were
performed according to standard procedures. Chimeric mice
were bred directly with FLP deleter mice (C57BL/6-
Tg(ACTB-Flpe)2arte) to obtain germline transmission of the
targeted allele and deletion of the Frt-flanked neomycin resis-
tance cassette. Germline transmission of the targeted allele
lacking the neomycin resistance cassette was confirmed by
PCR. Deletion of the loxP-flanked (floxed) segment of the
targeted Btn2a2 allele was achieved by crossing with cre del-
eter mice (C57BL/6-Gt(ROSA)26Sor™ ™A™ Deletion of
the loxP-flanked (Hoxed) segment was confirmed by PCR.

Ab's and flow cytometry. Ab’s for cell purification and flow
cytometry were as follows: CD16/CD32 (Fc Block; BD),
TCR Va2 (BioLegend), CD4 (BioLegend), CD25 (BioLeg-
end), CD69 (BioLegend), CD19 (BioLegend), Foxp3 (BD),
IL-17A (BD), IFN-y (BD), Ki67 (BD),TCR 0 (BioLegend),
NK-1.1 (BioLegend), CD49b (BioLegend), CD8a (BioLeg-
end), CD11c (BioLegend), Siglec H (BioLegend), PDCA-1
(BioLegend), B220 (BioLegend), IL-5 (BD), IFN-y (BD),
CD28 (Bioscience), CD3 (eBioscience), and anti-human
IgG-Fc (SouthernBiotech). Intracellular cytokine staining
was done with the Cytofix/Cytoperm kit (BD).T cell prolif-
eration was assessed by flow cytometry using an anti-human
Ki67 staining kit (BD). Foxp3 staining was performed with an
eBioscience kit. Flow cytometry was performed with FACS
CyAn (Beckman Coulter) and analyzed with FlowJo software.

Mice. OTII, OTI, REX5, and ClIlta~’~ mice have been
previously described (Hogquist et al.,, 1994; Chang et al.,
1996; Barnden et al., 1998; Clausen et al., 1998). Mice were
on a C57BL/6 background, maintained under specific patho-
gen-free conditions, and sacrificed at 6—10 wk. Experiments
were performed in accordance with the cantonal and federal
veterinary authorities.

BM chimeras. BM from tibia and femurs was recovered by
flushing with PBS-EDTA and dissociated by passages through
20-gauge needles. 5 X 10° cells were injected i.v. into irradi-
ated (950 rad) recipients.

In vivo OTII and OTI cell activation. 6—10-wk-old mice were
injected s.c. with 2 pg/mouse OVAy (OVAsy; 339) or OVA;
(OVAys57-264) peptides and 5 nM CpG-B. After 24 h, 3-5 X
10° CD4" OTII stained with CFSE (Invitrogen), or left un-
stained, were injected i.v. 4 d later, and dLN and nondrain-
ing LN cells were restimulated with 50 ng/ml PMA
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(Sigma-Aldrich), 1 pg/ml ionomycin (Sigma-Aldrich), and
1 pg/ml GolgiPlug (BD) for 4 h at 37°C.

BTN2A2-Fc fusion protein. Fc fusion proteins were prepared
by cloning a PCR-amplified cDNA fragment encoding aa
1-234 of mouse BTN2A2 into a pEAKS vector containing
a human IgG1 Fc tag. Peak cell lines were generated by
transfection with Lipofectamine 2000 and selected by puro-
mycin. Secreted Fc fusion proteins were purified on protein
A Sepharose columns (GE Healthcare) by the AKTA Prime
chromatography system. Purified protein was analyzed by gel
electrophoresis, pooled, and desalted against PBS on PD-10
columns (GE Healthcare).

Effect of BTN2A2-Fc on in vitro T cell activation. CD4"
and CD8" T cells from naive C57BL/6 and Btn2a2™"~ mice
were purified to 95-98% purity using CD4" or CD8" T
cell isolation kits (Miltenyi Biotec). Nunc maxisorp 96-
well plates were coated with 2 pg/ml anti-CD3 mAb and
10 pg/ml Fc fusion proteins in PBS overnight at 4°C. Wells
were washed three times with PBS, and 2 X 10° T cells
were added per well in 200 ul RPMI 1640 containing 10%
FCS, 100 U/ml penicillin, 100 U/ml streptomycin, and
50 uM 2-ME, with or without 2 pg/ml anti-CD28 Ab.
Activation was assessed by flow cytometry after 12 (CD69
staining) and 96 h (CD25 staining). Proliferation (Ki67
staining) was assessed by flow cytometry after 72 or 96 h.
CD4 Foxp3" T, cells were quantified by flow cytometry
after 96 h.Th1 cell development was assessed by quantify-
ing IFN-y production by ELISA.

Immunization. Mice were immunized twice, 2 wk apart, by
s.c.injection of 10 pg endotoxin-free OVA (Hyglos) adsorbed
to 250 pg aluminum hydroxide or, when indicated, after the
addition of 50 pg CpG-B (Eurofins MWG Operon).

Quantification of IFN-y- and IL-5-producing OVA-specific T
cells. Single-cell suspensions from spleens of immunized mice
were suspended in DMEM (2% FCS; Gibco). 90% of the sus-
pensions were collected after allowing debris, fat, and red
blood cells to settle at 4°C for 10 min. Multiscreen hemag-
glutinin nitrocellulose-bottomed plates (EMD Millipore)
were coated overnight at 37°C with anti-IFN-y or anti—IL-5
Ab’s, washed with PBS (0.1% Tween 20), blocked with
DMEM (10% FCS), and incubated for 48 h at 37°C with
serial dilutions of the single-cell suspensions, with or without
OVA. Plates were then incubated with biotinylated anti—
IFN-y or anti-IL-5 Ab’s, incubated for 2 h at room tempera-
ture (RT), washed, and incubated for 2 h at RT with extravidin
peroxidase (Sigma-Aldrich). After washing, substrate was
added and reactions were stopped after 12 min at RT in the
dark by rinsing with water. Wells containing spots were
counted by eye. OVA-specific IFN-y— or IL-5—producing
cells were quantified by subtracting the numbers of cells
counted in the absence of OVA.
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Quantification of IFN-y and IL-5 secretion by OVA-specific T
cells. Single-cell suspensions from spleens of immunized mice
were suspended in DMEM (2% FCS; Gibco), and 90% of the
suspension was collected after allowing debris, fat, and red
blood cells to settle at 4°C for 10 min. Cell suspensions were
restimulated with OVA, and supernatants were collected after
72 h. Secreted cytokines were quantified by ELISA. Maxisorp
plates (Nunc) were coated overnight at 4°C with anti—IFN-y
or anti-IL-5 Ab’s (BD), blocked for 2 h at RT with PBS
(0.05% Tween 20 and 1% BSA), incubated overnight at 4°C
with serial supernatant dilution, washed, incubated for 2 h at
RT with biotinylated anti-IFN-y or anti—IL-5 Ab’, washed,
incubated for 45 min at RT with extravidin peroxidase (Sig-
ma-Aldrich), and washed, and the OD was read after incuba-
tion with substrate for 2 h at RT.

Antitumor vaccination. Mice were immunized s.c. with 5 mmol
CpG-B and 10 pg OVA}; 7 d before the transplantation of 0.5 X
10° B16-OVA cells cultured at 70% confluence. Tumor size
(length multiplied by width) was measured with a caliper every
1-2 d. For tumor-infiltrating lymphocyte analysis, tumors were
digested with 1 mg/ml collagenase D and 10 pg/ml DNase 1.
Tumor-infiltrating lymphocytes were enriched using lympho-
cyte M solution (Cedarlane Laboratories), incubated for 4 h with
50 ng/ml PMA, 1 pg/ml ionomycin, and 1 pg/ml GolgiPlug,
and analyzed by flow cytometry.

EAE. Mice were injected s.c.in both flanks with 100 pg MOG
peptide (MOG;s_s5; Anawa) in 200 ul PBS/CFA (1:1; Difco)
and injected 1.v. on days 0 and 2 with 100 ng pertussis toxin
(Sigma-Aldrich). EAE scoring was as follows: 1, flaccid tail; 2,
impaired righting reflex and hind limb weakness; 3, partial
hind limb paralysis; 4, complete hind limb paralysis; 5, hind
limb paralysis with partial fore limb paralysis; 6, moribund.
Mice were sacrificed above a score of 4.

SC infiltration. SCs of animals perfused with HBSS were
minced with a scalpel blade and digested 1 h at 37°C in
HBSS, 1 mg/ml DNase I (Roche), and 1 mg/ml collagenase
D (Roche). Digestions were quenched on ice with 50% FCS
and passed through 70 pm nylon cell strainers (Falcon; BD).
Suspensions were pelleted, suspended in 30% Percoll (Sig-
ma-Aldrich), underlayed with 70% Percoll in HBSS, and cen-
trifuged at 1,000 g for 20 min at RT without brakes. Myelin
was removed by aspiration. The interphase plus ~80% of the
30% Percoll were collected, diluted at least threefold with
HBSS, and centrifuged at 300 g. Cells were washed twice
more and used for restimulation for 24 h with MOGs;s_ss.
GolgiPlug was added for the last 4 h. Cells were ana-
lyzed by flow cytometry.

Anti-DNA Ab titers in aged Btn2a2/~ mice. ELISA was used to
determine serum titers of autoantibodies against double-stranded
DNA. Double-stranded DNA was coated onto ELISA plates
precoated with poly-1-lysine (Sigma-Aldrich). Plates were in-
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cubated with diluted serum samples, and assays were developed
with alkaline phosphatase—conjugated goat anti-mouse IgG
(SouthernBiotech). Results are expressed in units per milliliter
based on a standard curve derived from pooled sera from nor-
mal mice or MR L-Faslpr mice.

Statistics. Unpaired nonparametric Mann-Whitney or two-
way ANOVA tests were used to assess statistical significance in
tumor growth experiments. Two-tailed Student’s ¢ tests were
used in all other experiments.
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