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Background: Phosphoisoprenoid stimulation of V�9V�2 T cells can be modulated by anti-BTNA3 antibodies.
Results: Agonist and antagonist antibodies associate differently with BTN3A structurally and biophysically.
Conclusion: Differential binding of antibodies to BTN3A modulates its oligomerization on the cell surface.
Significance: Defining how �� T cells recognize antigen is critical for understanding their functions in the immune response.

Human V�9V�2 T cells are well known for their rapid and
potent response to infection and tumorigenesis when in the
presence of endogenous or exogenous phosphoisoprenoids.
However, the molecular mechanisms behind the activation of
this �� T cell population remains unclear. Evidence pointing to
a role for the CD277/butyrophilin-3 (BTN3A) molecules in this
response led us to investigate the structures of these molecules
and their modifications upon binding to an agonist antibody
(20.1) that mimics phosphoisoprenoid-mediated V�9V�2 acti-
vation and an antagonist antibody (103.2) that inhibits this reac-
tivity. We find that the three BTN3A isoforms: BTN3A1,
BTN3A2, and BTN3A3, have high structural homology to the
B7 superfamily of proteins and exist asV-shapedhomodimers in
solution, associating through themembrane proximal C-type Ig
domain.The 20.1 and103.2 antibodies bind to separate epitopes
on the BTN3A Ig-V domain with high affinity but likely with
different valencies based on their binding orientation. These
structures directly complement functional studies of this system
that demonstrate that BTN3A1 is necessary for V�9V�2 activa-
tion and begin to unravel the extracellular events that occur
during stimulation through the V�9V�2 T cell receptor.

�� T cells are an innate-like lineage of T cells that demon-
strate a preactivated or memory phenotype and are capable
of secreting a diverse array of cytokines corresponding to

either an immunostimulatory or an immunoregulatory phe-
notype (1, 2). In addition, some��Tcells can directly kill target
cells through induction of apoptosis and/or cytolysis. Most ��
T cells inmice and humans reside in the epithelial tissues; how-
ever, there is a smaller percentage that circulates in the blood
(1). In humans, �� T cells comprise between 0.5 and 20% of
blood-circulating T cells, the majority of which express a rear-
ranged T cell receptor (TCR)3 composed of V�9 and V�2
domains; thus, this population is referred to asV�9V�2. This��
T cell population responds to small phosphate-based antigens
(phosphoisoprenoids (PiPs)) that derive frommicrobes (such as
hydroxymethyl but-2-enyl pyrophosphate) or are endogenous
intermediates of the mevalonate pathway (such as isoprenylpy-
rophosphate) that accumulate in virally infected and trans-
formed cells (3, 4). Thus, this population can survey for both
microbial infection and cellular transformation, making PiPs
and their derivatives attractive targets for immunotherapy (5).
The direct role of the V�9V�2 T cell receptor in PiP-medi-

ated recognition has been demonstrated through TCR transfer
(6); mutagenesis has further defined that PiP specific stimula-
tion is mediated by an assemblage of the complementary deter-
mining region (CDR) loops of the V�9V�2 TCR (7). Although a
crystal structure of a V�9V�2 TCR revealed a basic patch
formedby theCDR loops suitable for PiP binding (8), there is no
evidence of direct association between the two. Instead, several
lines of evidence point to a cell surface protein or protein com-
plex that directly mediates this interaction. In particular, cell-
cell contact is required for V�9V�2 stimulation (9), trypsin
treatment of target cells impairs V�9V�2 T cell activation (10),
andmacaque but notmouse target cells (10–12) are recognized
in the presence of PiP. Together these data implicate the pres-
ence of a primate-specific, cell surface molecule or molecules
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that are recognized in the presence of high concentrations of
PiPs.
Recent characterization of an antibody that can mimic the

stimulatory effect of PiPs on V�9V�2 T cells (13) has focused
attention on a class of cell surface proteins belonging to the B7
superfamily. B7 and related molecules contain two immuno-
globulin-like domains: an N-terminal Ig-V-like and a C-termi-
nal Ig-C-like domain. These proteins have important functions
in immune regulation, acting as co-stimulatory molecules
(B7-1 and B7-2) for T cell activation and potent inhibitorymol-
ecules (PD-L1) to down-regulate T cell responses (14). The
B7-related butyrophilin and butyrophilin-like proteins have
recently been more fully characterized, revealing a range of
immune and nonimmune related functions (15–19). Applica-
tion of an antibody specific to a subclass of BTN proteins,
CD277/butyrophilin-3 (BTN3A) (15), induced strong stimula-
tion of V�9V�2 T cells (13). This agonist antibody, 20.1, binds
to the extracellular domain of BTN3A molecules and induces
V�9V�2 activation with similar kinetics and potency as with
addition of PiPs. A second antibody, 103.2, has been character-
ized that inhibits this effect.
Three BTN3A genes have been characterized in humans,

BTN3A1,BTN3A2, andBTN3A3, which aremembers of a large
family of butyrophilin genes located in the telomeric end of the
major histocompatibility complex class I region (20–22) and
encode cell surface-expressed proteins that have high similarity
in their extracellular domains yet differ in the domain structure
of their intracellular domains. BTN3A1 andBTN3A3both con-
tain an intracellular B30.2 domain, whereas BTN3A2 does not.
Although crystal structures exist of B7 family members such as
B7-1 (CD80) (23), B7-2 (CD86) (24), and PD-L1 (25, 26), none
currently exist of the butyrophilin proteins. Therefore, to
understand the molecular basis for the role of BTN3A in
V�9V�2 reactivity, we have determined the three-dimensional
structures of the extracellular domains of the three BTN3A
isoforms and studied their binding by single-chain versions
(scFvs) of the 20.1 and 103.2 antibodies. Along these lines, we
co-crystallized BTN3A1 with 20.1 scFv and 103.2 scFv and
determined their complex structures to 3.15 and 3.50Å, respec-
tively. Our biophysical studies of antibody interaction with
BTN3Aand their corresponding structures provide insight into
the structures and conformations of these proteins that serve to
modulate V�9V�2 T cell activation.

EXPERIMENTAL PROCEDURES

Protein Expression, Purification, and Crystallization of
BTN3A Proteins—The extracellular domains of BTN3A1, 2,
and 3 were subcloned into the baculovirus transfer vector
pAcGP67A (BD Biosciences) with a C-terminal His6 tag and
expressed in High Five insect cells with the baculovirus expres-
sion system (BestBac linearized baculovirus DNA; Expression
Systems). The proteins were purified with nickel-nitrilotri-
acetic acid resin and eluted with buffer containing 200 mM

imidazole. The proteins were further purified by gel filtration
via a Superdex 200 column (GE Healthcare) equilibrated with
HBS (HEPES-buffered saline: 10 mM HEPES, pH 7.2, 150 mM

NaCl, 0.02% azide). Carbohydrate residues added by N-linked
glycosylation were removed by endoglycosidase F followed by

purification over anion exchange column (GE Healthcare).
Peak fractions were pooled and concentrated to 10 mg/ml.
Crystallization conditions for the three proteins were as fol-
lows: 1) BTN3A1: 0.1 M citric acid, pH 4, 1.6 M ammonium
sulfate; 2) BTN3A2: 1 M lithium sulfate, 0.1 M sodium citrate,
pH 5.6, 0.5 M ammonium sulfate; 3) BTN3A3: 0.1 M citric acid,
pH 4, 0.8 M ammonium sulfate, 0.15 M sodium fluoride.
Cloning and Expression of the Antibodies—Total RNA for the

agonist and antagonist antibodies were provided by Dr. Daniel
Olive (INSERM). A RT-PCRwas performed on RNA according
to themanufacturer’s protocol (SuperScriptOne-Step RT-PCR
with Platinum Taq; Invitrogen), using degenerate primers
described byWang et al. (38) Individual heavy and light chains
of both the antibodies were cloned into the TopoTA vector
(Invitrogen). Single-chain constructs of the antibodies contain-
ing a His6 tag at the C terminus were cloned into the pak400
expression vector. The antibodies were expressed by periplas-
mic secretion in Escherichia coli (39) and purified over a nickel-
nitrilotriacetic acid column; the His tag was removed by over-
night treatmentwith carboxypeptidaseA (Sigma). The proteins
were further purified by gel filtration via a Superdex 200 col-
umn (GE Healthcare) equilibrated with HBS.
Co-crystallization of BTN3A1-Antibody Complexes—The

BTN3A1 protein and scFv antibodies were expressed and puri-
fied as described above except that the BTN3A1 protein was
treated overnight with carboxypeptidase A after nickel-nitrilo-
triacetic acid purification. The two proteins weremixed in a 1:1
ratio, and the complex was purified by over a Superdex 200 gel
filtration column equilibrated in HBS buffer. For crystalliza-
tion, the protein complex was concentrated to 10 mg/ml. The
BTN3A1-20.1 complex crystallized in the following conditions:
0.15 M KF, 14% PEG 3350. BTN3A1-103.2 complex crystals
were optimized in 0.1 M HEPES, pH 7.5, 1 M NaCl, 15% PEG
8000.
Data Collection and Processing—X-ray data sets were meas-

ured on a MAR300 CCD at Beamline 23 ID-D for the BTN3A1
protein and BTN3A1-103.2 complex, Beamline 21 ID-G for the
BTN3A2 and 3 proteins, and Beamline 23 ID-B for the
BTN3A1-20.1 complex at the Advanced Photon Source at
ArgonneNational Laboratory. The crystals were cryoprotected
with 20% glycerol before cooling to 100 K. The data sets were
collected with 1° oscillations at a 1.033 � 10�10 m wavelength
for the BTN3A1protein. The BTN3A2 andBTN3A3 structures
were collected as BTN3A1 but at a wavelength of 0.99857 �
10�10 m. HKL2000 was used to index, integrate, and scale the
data (30).
Structure Determination and Refinement—A turkey telokin

domain (31) and a constant domain of PD-L1 protein (26) were
used as search models in molecular replacement with Phaser
(32) and located the single BTN3A1 molecule per asymmetric
unit. Rigid body refinement was performed with Phenix (33),
followed by manual building with Coot (34) and individual site
and B-factor refinement with Phenix. The stereochemistry of
the model was improved via a backbone optimization proce-
dure incorporating a torsional statistical potential contingent
on amino acid type, its secondary structure, as well as the iden-
tity of its two neighbors (35), followed by real space refinement
with a two-step algorithm developed by Haddadian et al. (36).
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The refined BTN3A1 protein was used as search model for the
other two BTN3A proteins, as well as the complex structures,
and refinementwas performed as described above. The variable
domains from a IgG2a mouse antibody (Protein Data Bank
code 1IGT) were used as a search model for the 20.1 single
chain. The 103.2 single chain search model was built using the
heavy chain variable domain from a mouse monoclonal anti-
body (ProteinData Bank code 3DIF) and the light chain variable
domain of different structure (Protein Data Bank code 1XGP).
The 103.2-BTN3A1 complex data set suffered from severe ani-
sotropy; therefore, the structure factors were processed using
the UCLA MBI-Diffraction Anisotropy Server (37), which sig-
nificantly improved the density map. All of the structural fig-
ures were generated with the program PyMOL (DeLano Scien-
tific). Ramachandran statistics (% preferred region, allowed
region, and outliers) for the final models were: BTN3A1: 97.6,
2.4, and 0; BTN3A2: 99, 1, and 0; BTN3A3: 98.1, 1.9, and 0;
BTN3A1-20.1 complex: 94.1, 5.9, and 0; and BTN3A1-103.2
complex: 93.7, 6.2, and 0.1.
Multiangle Light Scattering (MALS)—For molecular weight

analysis, size exclusion chromatography of the BTN3Aproteins
alone and in complex with the agonist and the antagonist was
performed on a Superdex 200 column (GE Healthcare) equili-
brated with HBS. The system was connected to a 18 angle
DAWN-Heleos multiangle laser light scattering detector
equippedwith a K5 flow cell and a 658-nm laser diode and to an
Optilab rEX refractometer operating with a 685-nm laser diode
at 25 °C (Wyatt Technology, Santa Barbara, CA). The data were
collected at scattering angles � ranging from 22.5 to 147°. Astra
software version 5.3.4 was used to analyze the data and deter-
mine the molecular weight of the proteins.
Surface Plasmon Resonance—All of the surface plasmon res-

onancewasmeasured at 25 °C on a BiacoreTM 3000with a nitri-
lotriacetic acid chip (BiacoreTM). HBS-P buffer (10mMHEPES,
pH 7.4, 150mMNaCl, 5mM imidazole, and 0.005% (v/v) surfac-
tant Tween 20) was used for all measurements. Approximately
179, 125, and 160 response units of histidine-tagged BTN3A1,
2, and 3 proteins, respectively, were immobilized. Sensograms
were fit locally with BiacoreTM 3000 analysis software (BIA-
evaluation, version 4.1) using 1:1 Langmuir binding with drift-
ing base line.
FRET Measurements—A C-terminal cysteine was engi-

neered into the BTN3A1 and 103.2 single chain constructs.
Proteins were expressed and purified as described previously.
Of note,�90% of the BTN3A1C-terminal cysteine appeared as
a disulfide-linked homodimer when run on nonreducing SDS-
PAGE gel. To reduce the disulfide bond, the samples were con-
centrated to 30 �M in HBS, 0.2 mM DTT was added, and the
samples were incubated for 30 min at room temperature. 300
�M dyes, either Atto532 maleimide (68499; Sigma-Aldrich),
Cy5 maleimide (PA25031; GE Healthcare), or a 1:1 combina-
tion of both dyes, were added to each sample and then incu-
bated for 2 h at room temperature. The samples were then
diluted from 100 �l to 400 �l in HBS and dialyzed in a 20-kDa
molecular mass cutoff cassette (66005; Thermo Scientific)
against 1 liter of HBS for 16 h to remove free dye. The samples
were diluted to 400 nM in PBS for spectral measurements. Fluo-
rescence measurements were made on a Fluorolog-3 instru-

ment with the excitation wavelength set to 520 nM. Emission
spectrawere collected from665 to 750 nM. Excitation and emis-
sion slits were set to 2 and 10 nM, respectively. Background
measurements were conducted with singly labeled compo-
nents. Equal molar amounts of the acceptor-labeled BTN3A1
and donor-labeled 103.2 were mixed for the intermolecular
FRET measurements. The 20.1 single chain was added to a
10-fold molar excess for each experiment. FRET efficiency was
calculated frommeasurements of the enhancement of acceptor
fluorescence as described previously (28). In short, FRET effi-
ciency was calculated as the ratio of acceptor signal after exci-
tation of the donor at 520 nM to direct excitation of acceptor at
650 nM after background subtraction from 665 to 750 nM. The
estimated Förster radius (R0) was calculated as R0 � (8.79 �
10�5 � �2 � n�4 �QD � J(�))(1/6) where the orientation factor
�2 is assumed to be two-thirds, the index of refraction n
assumed to be 1.4, the quantum yield of the donor (QD)
reported by the manufacturer was 0.9, and the spectral overlap
J(�) was determined in units of nm4/(Mcm).
Antibody Reagents—Purified mouse anti-CD277 mAbs and

Fab (clones 20.1 and 103.2) were generated, produced, and
purified as described (15). The following monoclonal antibod-
ies were from BD Biosciences: phycoerythrin-cyanin 5.1-la-
beled anti-CD107a (H4A3), phycoerythrin-labeled anti-IFN-�
(B27). Monensin A was purchased from Sigma-Aldrich. Live/
dead cell marker and Alexa 647-labeled goat anti-mouse IgG
were from Invitrogen. Recombinant human IL-2 (rhIL-2) was
from Chiron Therapeutics.
Cells—HumanV�9V�2 (polyclonal line GUI) and CD8pos ��

(clone 13, HCV-1/HLA-A2) T cells were maintained in com-
plete RPMI 1640 medium with 10% FCS, 2 mM L-glutamine, 10
�g/ml streptomycin, 100 IU/ml penicillin, supplemented with
300 IU/ml recombinant human IL-2.
Functional Assays—Human V�9V�2 T cells were activated

with anti-CD277 (20.1) mAb, scFv, or Fab at the indicated con-
centrations. Cytolytic activity of �� T cells was analyzed by
measuring CD107a surface mobilization by flow cytometry. In
this assay, T cells were activated at 37 °C in complete RPMI
1640mediumcontaining 10�Mmonensin and a fluorochrome-
labeled CD107a specific antibody. After 4 h, T cells were har-
vested and stained with fluorochrome-labeled TCR-specific
antibodies and a viability marker (live/dead cell marker, 0.3
�M). Intracellular staining of IFN-� was performed within the
same samples. T cells stained for cell surface markers and via-
bility were next fixed at room temperature for 20 min with 2%
paraformaldehyde, permeabilized for 20 min with BD Phos-
Flow Perm/Wash buffer (BDBiosciences), and incubated for 30
min with fluorochrome-conjugated specific antibodies. The
data were collected on FACSCantoII (BD Biosciences). For
blocking experiments, humanV�9V�2T cells were activated by
grading doses of bromohydrin pyrophosphate/phosphostim,
kindly provided by Innate Pharma, in the presence of 103.2
anti-CD277 mAb or scFv, at 10 �g/ml.

RESULTS

Crystal Structures of the Three BTN3A Extracellular
Domains—The extracellular domains of the three BTN3A iso-
forms were expressed recombinantly in insect cells for use in
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crystallization trials. Each isoform readily crystallized in related
conditions producing large diamond-shaped plates that dif-
fractedwell. Data sets were collected for each isoform, and their
structures were determined to 1.9, 2.4, and 2.4 Å resolution for
BTN3A1, BTN3A2, and BTN3A3, respectively. The crystallo-
graphic and refinement statistics are summarized in Table 1.
One molecule was present in the asymmetric unit for each of
the BTN3A isoforms. The general domain structure of BTN3A
is shown in Fig. 1 (left panel). BTN3A molecules have two Ig-
like domains: an N-terminal Ig-V like domain and a C-terminal
Ig-C type domain, similar to other B7 family members. The
closest structural homologue, as assessed through the DALI
server was programmed cell death 1 ligand 1 (PD-L1) (21%
amino acid identity and 3.4 Å2 root mean square deviation
(RMSD)). However, the Ig-V like domain of BTN3A had higher
structural homology (1.0Å RMSD) and amino acid identity
(45%) than the single Ig domain containing protein, myelin-
oligodendrocyte glycoprotein (27).
Comparing within the BTN3A structures, BTN3A1,

BTN3A2, and BTN3A3were highly similar, differing from each
other by backbone C� RMSD of no more than 0.89 Å2. These
RMSD differences were primarily due to slight shifts in the
orientation of the C domain in relation to the V domain
between the three isoforms. Aligning the three isoforms via
their V domains and using BTN3A1 as a reference, the C-ter-
minal domain of BTN3A2 is shifted�7° clockwise, whereas the
C-terminal domain of BTN3A3 is shifted�3° counterclockwise
(Fig. 1, middle panel). There are no amino acid differences at
the V-C domain interface between the three isoforms that
would explain these shifts; therefore it is likely that rotational
flexibility of the V-C domain interface combined with subtle
differences in crystal packing between the three isoforms
explains these alternative orientations. Alignment of BTN3A1
with PD-L1 (Protein Data Bank code 3BIK) via their V domains
revealed a more exaggerated shift between the V-C domains of
these two proteins. The C domain of PD-L1 is shifted �30°

counterclockwise (Fig. 1, right panel), explaining the higher
RMSD between these two proteins. Indeed, the RMSD differ-
ences by domain between BTN3A and PD-L1 were 1.6 and 2.0
Å2 for the Ig-V and Ig-C type domains, respectively.
Dimerization of the BTN3AMolecules—In our crystal struc-

tures of BTN3A1, BTN3A2, and BTN3A3, two separate dimer
forms were noted in the crystal lattice (Fig. 2). Dimer 1 consists

TABLE 1
Data collection and refinement statistics (molecular replacement)

BTN3A1 BTN3A2 BTN3A3 20.1-BTN3A1 103.2-BTN3A1

Data collection
Space group P21221 P21221 P21221 P4 P212121
Cell dimensions
a, b, c (Å) 30.06, 77.99, 98.69 33.00, 77.58, 100.97 39.84, 78.43, 98.41 165.13, 165.13, 53.81 87.74, 118.42, 122.84
�, �, � (°) 90, 90, 90 90, 90, 90 90, 90, 90 90, 90, 90 90, 90, 90

Resolution (Å) 19.9–1.9 42.313–2.379 30.963–2.382 45.8–3.15 42.6–3.5
Rmerge 0.071 (0.382) 0.073 (0.292) 0.069 (0.306) 0.102 (0.705) 0.087 (0.558)
I/	 27.3 (3.2) 25.5 (2.5) 22.5 (2.9) 19.9 (2.4) 16.4 (2.3)
Completeness (%) 95.2 (89.9) 93.2 (50.0) 94.7 (66.9) 99.9 (99.1) 99.2 (99.6)
Redundancy 5.0 (4.2) 5.4 (2.9) 5.5 (3.1) 4.9 (4.1) 6.5 (5.4)

Refinement
Resolution (Å) 1.9 2.4 2.4 3.15 3.5
No. of reflections 23011 10267 12256 25881 16002
Rwork/Rfree 0.22/0.25 0.23/0.27 0.22/0.24 0.26/0.30 0.37/0.41
No. of atoms
Protein 1582 1586 1591 6629 5513
Ligand/ion 0 0 0 28 0
Water 124 60 79 0 0

B-factors
Protein 30.878 44.313 34.406 86.4 146.0
Ligand/ion 0 0 0 120.6 0
Water 36.435 40.806 36.9 0 0

RMSDs
Bond lengths (Å) 0.011 0.012 0.011 0.008 0.015
Bond angles (°) 1.231 1.321 1.163 1.330 1.409

FIGURE 1. Crystal structures of the BTN3A isoforms. The structure of
BTN3A1 is shown colored in cyan in ribbon format (left panel). BTN3A mole-
cules are composed of a membrane-distal Ig-V domain and a membrane-
proximal Ig-C domain. The canonical Ig �-strand designations (A–G) are
shown for both. The middle panel shows superposition of the BTN3A1 (cyan),
BTN3A2 (orange), and BTN3A3 (pink) structures determined in this study. The
three structures are superimposed via their highly conserved V domain, dem-
onstrating subtle shifts in the orientation of the C domain. The angle of rota-
tion is shown at the bottom of the structures, with color-coded arrows corre-
sponding to the particular isoform. The right panel shows structural
comparison of BTN3A1 with PD-L1, the closest structural homologue to the
BTN3A molecules. PD-L1 is shown in yellow. The two molecules were super-
imposed via their V domains, revealing a C domain shift of �30° between the
two molecules.
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of two BTN3A molecules in a V-shape orientation, associated
by a symmetrical interface at themembrane proximal region of
the C domain (Fig. 2, left panel). This interface would orient the
BTN3A molecules in an upright position away from the mem-
brane when modeled onto the cell surface with the transmem-
brane regions located close to each other. Dimer 2, in contrast,
associates two BTN3A in a nonsymmetrical interface in a head
to tail orientation, joining a V domain from one BTN3A with a
C domain from a second BTN3A (Fig. 2, right panel). This asso-
ciation would require the BTN3A dimer to be oriented parallel
to the cell membrane (Fig. 2, bottom of right panel), and the
transmembrane domains would be separated by �80 Å, the
approximate length of one BTN3A molecule. Both interfaces
occupy considerable surface area, with a combined buried sur-
face area (BSA) of �1523 Å2 for Dimer 1 and �1077 Å2 for
Dimer 2. Both interfaces are mediated by hydrogen bonding
and van der Waals contacts (supplemental Table S1). The
hydrogen-bonding network of theDimer 1 interface is predom-
inantly main chain/main chain contacts that connect the Ig
�-sheets together by two symmetric, parallel, �-strand pairings
of strandsA andG (supplemental Fig. S1, top panel). Only three
residues contribute specific side chain interactions to this inter-

face: Asp-120, Asp-124, and Thr-203, and these contacts com-
prise only seven of the sixteenH-bonds between the twomono-
mers. The Dimer 2 interface incorporates more side chain
H-bonding interactions (five of the seven H-bonds are side
chain-mediated), although the overall numbers of contacts is
less than that of Dimer 1. The C� and C� strands from the V
domain dominate the interface of Dimer 2, pairing with resi-
dues from theA andD strands from theC domain of the oppos-
ing monomer. Neither Dimer 1 or Dimer 2 have been observed
in the crystal structures of other B7 family members; although
they are homodimericmolecules, each appears to have a unique
dimerization interface (23–25).
Examination of the residues that constitute these two dimers

across primate species, and between the three BTN3A iso-
forms, reveals striking conservation at these positions across
evolutionary time (supplemental Fig. S2). The interface of
Dimer 1 shows less conservation, however the majority of con-
tacts at this interface are main chain interactions. The three
residues contributing specific side chain interactions, Asp-120,
Asp-124, and Thr-204 are either conserved across species and
isoforms or have only semi-conservative or conservative
changes at this position (D120N and D124E). The Dimer 2
interface is completely conserved in the V domain (supplemen-
tal Fig. S2) and has moderate conservation in the C domain,
although many of these differences are also observed in the
other BTN3A isoforms. Because Dimer 2 was observed in the
crystal structures of all three BTN3A isoforms, these amino
acid polymorphisms are clearly tolerated in the Dimer 2
interface.
To determine whether BTN3Amolecules exist as a dimer in

solution, we subjected our recombinant BTN3A molecules to
MALS to determine themolecular weight of the species in solu-
tion. Fig. 3 (A and C) shows the UV absorbance profile of the
three isoforms and the calculated molecular weight of these
peaks, respectively. Each isoformproduced a symmetric peak at
elution volume �14 ml; the molecular weight of this peak was
determined to be �46–48 kDa depending on the BTN3A iso-
form. The theoretical molecular weight of a BTN3A extracel-
lular domainmonomer is�24 kDa, consistent with SDS-PAGE
mobility of these proteins under denaturing and nonreducing
conditions; therefore our MALS data support BTN3A mole-
cules as noncovalently linked homodimers in solution because
all three monomeric BTN3A isoforms lack free cysteines. The
BTN3A2 isoform produced two peaks, the second of whichwas
in the minority. This peak likely represents a population of
monomer protein, a species not observed in the other isoforms.
Recognition of BTN3A by the 20.1 and 103.2 Antibodies—

Two antibodies, 20.1 and 103.2, were shown to have opposing
effects on the activation of V�9V�2 T cells by target cells (13).
20.1 produced an agonist effect, mimicking the addition of PiPs
on target cells and stimulating V�9V�2 expressing effector T
cells. In contrast, 103.2 was able to antagonist the effect of 20.1
and PiPs, inhibiting the activation of V�9V�2. To study the
association of the 20.1 and 103.2 antibodies with BTN3A and to
determine the structural basis of their binding, we generated
single-chain versions of the heavy and light chain variable
regions fromeach antibody. These scFv constructswere used to

FIGURE 2. Dimerization of the BTN3A molecules in the crystal lattice. Two
potentially physiologically relevant dimerization states were noted in the
crystal lattices of each BTN3A isoform. BTN3A1 is shown as the representative.
Top panel, BTN3A1 is in rainbow colors from the N terminus to the C terminus
to clarify domain orientation of the two dimerization states. The Dimer 1
contact surface is symmetric via the A and G �-strands of the C domains of
BTN3A, whereas the Dimer 2 contact surface is asymmetric, via a head-to-tail
orientation via the C, C�, and C� �-strands of the V domain with the A and D
�-strands of the C domain. Middle panel, both dimers are shown as surface
representations, with the dimerization interface color-coded in hot pink. The
BSA in Å2 is indicated next to both dimer forms. Bottom panel, a cartoon
representation of how these dimers would exist on the cell surface based on
the location of the C-terminal transmembrane domains.
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measure stoichiometry, determine binding kinetics and affini-
ties, and determine structure.
To first determine the stoichiometry of binding of the scFvs

to BTN3A, we performed MALS to measure the molecular
weight of the scFvs alone and in complex with BTN3A. Shown
in Fig. 3B are the MALS profiles of BTN3A1, 20.1 scFv, 103.2
scFv, and their complexes. This analysis was also performed for

the BTN3A2 and BTN3A3 isoforms with similar results, con-
firming that the 20.1 and 103.2 antibodies bound to all three
BTN3A isoforms. Only the MALS profiles for BTN3A1 are
shown here. The molecular weights of all species are summa-
rized in Fig. 3C. The scFvs had a molecular weight consistent
with monomers: �28 and 26 kDa for the 20.1 scFv and 103.2
scFv, respectively. When associated with the BTN3A mole-
cules, the calculated molecular weights of these species were
consistentwith two scFvs per BTN3Adimer (�98 kDa and�95
kDa for 20.1-BTN3A1 and 103.2-BTN3A1, respectively), sug-
gesting that each BTN3A monomer has one antibody epitope.
In addition, we also tested whether there is competition in
binding between the antibodies, suggestive of overlapping
epitopes. The higher molecular weight of the BTN3A1-
20.1scFv-103.2scFv complex (�110 kDa) was consistent with
both scFvs able to bind one BTN3A concurrently, our first line
of evidence that these two antibodies recognize distinct
epitopes on the BTN3A molecule. Although the measured
molecular weight was less than that expected for the full
BTN3A-20.1-103.2 complex (�150 kDa), we interpret this
measured value to represent an average of saturated and unsat-
urated complexes; however it still provides evidence that both
antibodies can associate with BTN3A concurrently.
To quantitate the strength of binding of the 20.1 and 103.2

scFvs to the BTN3A isoforms and determine whether each
BTN3A isoform is recognized with the same affinity, we per-
formed surface plasmon resonance on each BTN3A isoform
with each scFv. Shown in Fig. 4A are the concentration-depen-
dent sensograms used to determine the kinetics of binding
reported in Table 2. The binding kinetics and affinities are sim-
ilar across the BTN3A isoforms, suggesting that these antibod-
ies recognize epitopes conserved across the BTN3A isoforms.
In addition, the association rate (Ka) is similar between 103.2
and 20.1 (ranging from 1.2 to 2.4 � 105 1/Ms); however, 20.1
dissociates approximately five times faster than 103.2, leading
to an overall lower affinity of the agonist antibody scFv (�50 nM
for 20.1 compared with �10 nM for 103.2). These measured
affinities are most likely an underestimation of the affinity of
the full-length antibodies because of the avidity effect contrib-
uted by the bivalent nature of the antibodies. To further con-
firm that the antibodies bind to separate epitopes on the
BTN3A molecule, we performed competition surface plasmon
resonance, where the 20.1 scFv antibody was immobilized on
the chip, and either the BTN3A-103.2 complex (Fig. 4B, left
panel) or the BTN3A-20.1 complex (Fig. 4B, right panel) was
flowed over this chip to assess binding. Clear binding was
observed in the BTN3A-103.2 complex and not with the
BTN3A-20.1 complex, establishing that 103.2 does not inhibit
20.1 binding. Therefore, the antagonist effect of 103.2 is not
simply due to blocking of the 20.1 epitope.
We also evaluated the biological effects of the scFv antibodies

onV�9V�2 T cell activation. Fig. 4C shows the effect of the 20.1
scFv relative to that of full-length 20.1 antibody and 20.1 Fab.
The 20.1 scFv can clearly activate V�9V�2 as measured by
CD107a expression, but less well than that of the full-length or
Fab versions of the antibody, suggesting that the bivalent nature
of the full-length antibody may function to enhance BTN3A-
mediated activation of V�9V�2 T cells, either through

FIGURE 3. MALS establishes that BTN3A molecules exist as dimers in solu-
tion. A, MALS data of each BTN3A isoform reveals a clear dimer peak in solu-
tion with an estimated molecular masses of �46, �49, and �47 kDa for iso-
forms A1, A2, and A3, consistent with a BTN3A dimer. The left axis is UV
absorbance from S200 size exclusion chromatography, and the right axis is
the calculated molecular mass (kDa) from the light scattering. B, MALS data of
BTN3A1 alone (solid black line) and in complex with the 20.1 scFv (�98 kDa),
the 103.2 scFv (�95 kDa) (dashed lines), and both 20.1 and 103.2 (�110 kDa)
(solid gray line). Shown also are the profiles for the 20.1 and 103.2 scFvs alone,
indicating estimated molecular masses of �26 and �28 kDa, respectively.
C, molecular masses of BTN3A isoforms, individually and in complex, calcu-
lated from the MALS data.
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FIGURE 4. Surface plasmon resonance of the 20. 1 and 103.2 antibodies with BTN3A1, BTN3A2, and BTN3A3 reveal high affinities and noncompetitive
binding. A, representative sensograms are shown for the surface plasmon resonance analysis of 20.1 scFv and 103.2 scFv binding to the three BTN3A isoforms.
Each BTN3A isoform was immobilized on an individual flow cell on a sensor chip, and the scFv were flowed as analyte at concentrations ranging from 10 to 80
nM. The data curves are shown in gray, and the modeled fit is shown as black lines. B, competition assay between the 20.1 and 103.2 scFv for BTN3A isoforms.
The 20.1 scFv was immobilized on the sensor chip surface and complexes of either BTN3A-103.2scFv (left panel) or BTN3A-20.1 scFv (right panel) were flowed
as analyte. Clear binding is observed with the BTN3A-103.2 scFv complex, whereas binding is blocked with the BTN3A-20.1 scFv, indicating that the two scFvs
bind different epitopes on the BTN3A molecules. C, CD107a expression on the human V�9V�2 T cell line GUI following incubation with either 20.1 full-length
antibody (open circles), 20.1 Fab fragments (filled triangles), or 20.1 scFv (filled circles) used at the indicated concentrations. The data are presented as the
percentages of CD107a� �� T cells and are representative of more than three experiments. D, IFN-� expression in human V�9V�2 T cell line GUI following
activation by increasing doses of bromohydrin pyrophosphate/phosphostim (BrHPP) in the presence of the 103.2 full-length antibody (filled triangles), 103.2
scFv (filled circles), or no antibody (open circles). The data are presented as the percentages of IFN-�� �� T cells and are representative of more than three
experiments.
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increased avidity or through multimerization of BTN3Amole-
cules on the cell surface. We also tested whether the scFv ver-
sion of the 103.2 antibody could antagonize V�9V�2 activation
(Fig. 4D). Although full-length 103.2 antibody was highly effec-
tive in blocking PiP activation of V�9V�2 cells, the scFv had no
effect, suggesting an even more important role for the bivalent
structure of this antibody for its antagonist function.
Complex Structures of BTN3A1 with the 20.1 and 103.2

Antibodies—To fully understand the effect of antibody binding
to the BTN3A molecules and to glean insight into their role in
V�9V�2 stimulation, we determined the structures of the com-
plexes between each scFv and the extracellular domain of the
BTN3A1 isoform. The 20.1-BTN3A1 complex crystals dif-
fracted to moderate resolution, and the structure of this com-
plex was refined to 3.15 Å resolution with good statistics (Table
1). The 103.2-BTN3A1 crystals, however, were difficult to
reproduce, diffracted to low resolution, and suffered from
severe anisotropy; hence we report our preliminary model of
this complex to 3.5Å resolution (Table 1). Although this reso-
lution does not allow for discrimination of most side chains, it
reveals the overall docking position of the 103.2 scFv on the
BTN3A1 molecule. Together, these two complex structures
shed light on the different association modes of the two scFv
antibodies and allow us to generate a model of how the full-
length antibody recognizes BTN3A molecules on the cell
surface and their effect on BTN3A dimerization and
multimerization.
In the 20.1 scFv-BTN3A1 complex structure, there are two

20.1scFv-BTN3A complexes in the asymmetric unit. These are
related via a 2-fold symmetry axis based on a dimerization
interface of the two BTN3A1 molecules, similar in fashion to
Dimer 1 noted in the uncomplexedBTN3A structures (Fig. 5A).
The complexed dimer, however, is shifted along the dimeriza-
tion axis resulting in a �20 Å shift as measured from the most
membrane-distal tip of the V domains. The relatively nonspe-
cific main chain H-bonding of the Dimer 1 interface (supple-
mental Fig. S1, top panel) allows for this rotation of the V
domains. The 20.1 scFvs bind to the outer region of the V
domain, predominantly interfacing with the C� and C� strands
of the V domain with a footprint almost exactly overlapping
with that of the V domain interface of Dimer 2, explaining why
this dimerization interface is not noted in this crystal lattice. Of
the 37 V domain contacts, 33 are identical to that seen in the
Dimer 2 interface (supplemental Table S2 and supplemental
Fig. S2, shown as green stars); thus, binding of the 20.1 antibody
to the V domain of BTN3A would directly compete with the
Dimer 2 state. The heavy chainCDR loops of 20.1 scFv establish
themajority of contacts and contribute�85% of the BSA of the

interface. The numbers of contacts are spread equitably across
the CDR1, CDR2, and CDR3 heavy chain loops, with H-bonds,
salt bridges, and van der Waals interactions well represented.
The light chain contributes only�15% of the BSAwith seven of
the eight contacts mediated by the CDR3 loop. The light chain
CDR1 loop contributes one van der Waals contact to the
interaction.
Our low resolution structure of the 103.2 scFv-BTN3A1

complex reveals that the 103.2 antibody binds to the top of the
BTN3A V domain via the BC, C�C�, and DE loops (Fig. 5B),
which are the equivalent of the CDR1, CDR2, andHV4 loops of
an antibody or TCR. This is a distinct epitope from that of the
20.1 scFv, confirming our MALS and surface plasmon reso-
nance data that demonstrated both antibodies could bind in
tandem. The 103.2 scFv interface with BTN3A1 is robust, with
an estimated 880Å2 BSA. The epitope is biased toward the
heavy chain, with�60% of the BSA caused by heavy chain CDR
loops. Although our resolution precludes evaluating side chain
involvement, it appears the heavy chain CDR1 and CDR2 loops
are predominantly contacting BTN3A, although clear electron
density for side chains of the heavy chainCDR3 loopweremiss-
ing. The light chain, however, contacts BTN3A through all
three CDR loops, comprising an estimated 330 Å2 of the com-
plex BSA.
Dimer 1 Is the Primary Conformation of BTN3A in Solution—

The twoBTN3Adimer interfaces identified in the crystal lattice
have robust interfaces suggestive of physiologically relevant
dimer forms. Furthermore our MALS data verified that at least
one dimer form was present in solution. Because the nature of
the physiological dimer interface is important for generating a
model by which to understand how agonist versus antagonist
antibody binding modulates BTN3A activity in the context of
V�9V�2 activation, we devised a FRET strategy to test whether
one or both dimers were present in solution. To accomplish
this, we engineered single cysteine mutations into the C termi-
nus of BTN3A1 for covalent couplingwith dye pairs suitable for
FRET experiments. The structural data provided by our com-
plex structures between BTN3A1 and the 20.1 and 103.2 scFvs
were key in this experimental design; the strategy is outlined in
Fig. 6A, as are the possible conformations that would result in
FRET signal or quenching of FRET signal. In the first strategy,
we co-labeled soluble BTN3A with equimolar amounts of
Atto532 andCy5, which given equal labeling efficiencies should
result in�50% of the protein co-labeled with the two dye pairs.
Dimer 1 would give strong FRET signal, because the dye pair
would be within the estimated 65 Å R0 distance for 50% FRET
transfer efficiency (see methods for R0 calculation) (28). Dimer
2 would locate the donor and acceptor �80 Å apart. We also
capitalized on the ability of the 20.1 scFv to disrupt Dimer 2
formation in this strategy. In our second strategy, we labeled
BTN3A with Atto532 and the 103.2 scFv with Cy5. In this sce-
nario, FRET would occur in Dimer 2, but not in Dimer 1, and
would be quenched upon the addition of the 20.1 scFv (because
it would disrupt Dimer 2). In both experimental strategies,
FRET signal was measured in situations consistent with Dimer
1: strong signal was detected in the co-labeled BTN3A1 (Fig. 6)
and co-labeled BTN3A1 incubatedwith 20.1 scFv, but no FRET
signal was detected in the second scenario, where 103.2 was

TABLE 2
Surface plasmon resonance analysis of the interaction between the
BTN3A isoforms and the 20.1 and 103.2 scFvs

Complex Ka Kd KD

1/Ms 1/s nM
BTN3A1, 20.1 scFv 1.21 � 105 7.98 � 10�3 66
BTN3A2, 20.1 scFv 2.41 � 105 7.82 � 10�3 33
BTN3A3, 20.1 scFv 1.70 � 105 8.28 � 10�3 48
BTN3A1, 103.2 scFv 1.08 � 105 1.63 � 10�3 15
BTN3A2, 103.2 scFv 2.38 � 105 1.67 � 10�3 7
BTN3A3, 103.2 scFv 1.31 � 105 1.06 � 10�3 8
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labeledwith donor andBTN3Awith the acceptor. These results
establish that Dimer 1 is the predominant BTN3A dimer spe-
cies in solution
Model for 20.1 and 103.2 Antibody Binding to BTN3AMole-

cules on the Cell Surface—Our structural and FRET data com-
bined provide an excellent model by which to understand the
binding of the 20.1 and 103.2 antibodies to BTN3A and how
that might modulate the global conformation of BTN3Amole-
cules on the cell surface. Our FRET data strongly favor BTN3A
molecules in the Dimer 1 conformation, with little evidence
that Dimer 2 exists in soluble BTN3A. It is therefore likely
that BTN3A exists on the cell surface as Dimer 1. Both anti-
bodies can bind the BTN3A Dimer 1 conformation; however
our structural data suggest that they bind with different
stoichiometries.
For the 20.1 antibody, the orientation observed for the

20.1scFv on the BTN3A monomer would make it improbable
for one bivalent antibody molecule to bind one BTN3A dimer
as visualized through superposition of Fab models onto the
docking position of the 20.1 scFvs. The distance between the
twoC termini of these Fabs is�215Å, a distance that could not
be spanned by the linkers adjoining two Fabs to one Fc mole-
cule. Even fully extended, these linkers span only �100 Å.
Therefore our structural model provides a strong argument for
the stoichiometry of the 20.1 full-length antibody binding to the
BTN3A dimer as 1:2, with one bivalent antibody binding two
separate BTN3A dimers, leading to a multimerization of
BTN3A dimers on the cell surface (supplemental Fig. S3, left
panel). Furthermore, the 20.1 antibody binds on the side of the
BTN3A molecule, such that the top of the BTN3A dimer is
accessible for other receptor binding. In contrast, the position-
ing of the 103.2 scFv on BTN3A would be consistent with a 1:1
stoichiometry of full-length antibody to BTN3Adimer, because
modeling of Fab onto the scFv of our complex model positions
the C terminus of each Fab within a reasonable distance of�70
Å to be connected by one Fc molecule (supplemental Fig. S3,
right panel). Therefore, our model suggests a bivalent associa-

tion of the agonist 20.1 antibodywith two BTN3Adimers, lead-
ing to multimerization of BTN3A in the context of membrane-
bound BTN3A on the cell surface. In contrast, our model
suggests that the antagonist 103.2 antibody can bind BTN3A
dimers either monovalently or bivalently.

DISCUSSION

The molecular basis by which PiP stimulates V�9V�2 T cells
has puzzled immunologists for decades; the recent discovery of
antibodies that modulate V�9V�2 activity in vitro has been the
first significant step forward in defining the molecular compo-
nents involved in this activation process. We have focused our
molecular studies on structural determination of their targets:
the BTN3A molecules, and provide the first structures of this
subclass of the B7 superfamily. Furthermorewe determined the
molecular basis of how the agonist (20.1) and antagonist (103.2)
antibodies interact with the BTN3A extracellular domains.Our
crystal structures of the BTN3A isoforms reveal remarkable
homology to myelin-oligodendrocyte glycoprotein and PD-L1,
and comparisonswithin the BTN3A isoforms also demonstrate
that these molecules have intrinsic flexibility between their
membrane proximal Ig-C domains and their N-terminal Ig-V
domains. However, these structures alone do not explain how
these molecules could be involved in PiP-mediated V�9V�2
activation. Key to this characterization has been the two
BTN3A specific antibodies that either mimic PiP-induced acti-
vation (20.1) or antagonize this effect (103.2) (13). The antigen-
independent, antibody-mediated stimulation of V�9V�2 via
the BTN3A molecules argues against up-regulation of BTN3A
expression as the primary mechanism for V�9V�2 activation.
Instead, our current model focuses on modification of the
extracellular domains by the 20.1 antibody in such a way that
mimics PiP activation as the switch from nonstimulatory
BTN3A to that of stimulatory.
Our structural and biophysical data establish that the extra-

cellular domains of BTN3A exist as dimers in solution and are
thus likely preformed dimers on the cell surface. Two dimer

FIGURE 5. Complex structures of BTN3A1 with the 20.1 scFv and 103.2 scFv. A, ribbon diagram showing the complex between the BTN3A1 isoform (cyan)
and the 20.1 scFv (green). The 20.1 scFv binds BTN3A1 on the side of the V domain, contacting the C� and C� �-strands (see inset), with the binding interface
dominated by heavy chain CDR1, CDR2, and CDR3 loop contacts (shown in green; light chain is shown in yellow for contrast). The BTN3A1 dimer present in the
complex structure (shown in cyan with 20.1scFv in green) is similar in its general orientation to that of Dimer 1 in the uncomplexed BTN3A (shown in yellow);
however, it is shifted at the dimerization interface, resulting in an �20 Å displacement as measured between V domains, as indicated by the red arrow.
B, complex between the 103.2 scFv and BTN3A1, shown as ribbons in red and cyan, respectively. The 103.2 scFv binds at the top of the V domain, contacting the
DE, BC, and C�C� loops (see inset). The dimerization interface of the BTN3A molecules is similar to that of the unliganded BTN3A molecules, where Dimer 1 is
strictly conserved and Dimer 2 is shifted and rotated �33 Å as measured from the C termini of the two dimer forms (lower left panel). The 20.1 (green) and 103.2
(red) scFvs bind to separate epitopes on BTN3A as shown from their superposition on the BTN3A1 Dimer 1 (lower right panel).
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formswere noted in our structures; both have appreciable BSAs
to their interfaces that suggested both could exist in solution;
however, our FRETdata performed on our soluble extracellular
domains of BTN3A in solution strongly favor the Dimer 1 con-
formation. Our structural data of the complexes between the
20.1 and 103.2 antibodies address how binding of antibody
leads to changes in the organization of BTN3A molecules on
the cell surface. Not only do the antibodies bind with different
affinities (20.1 bindsmore weakly than 103.2), but their valency
of binding likely differs as well. 20.1 appears capable of only
cross-linking BTN3A dimers on the cell surface, whereas 103.2
can both cross-link and bind monovalently to a BTN3A dimer.
It is likely that these structural and biophysical differences con-

tribute to the different functional outputs of these two antibod-
ies. Clues to the importance of the multimerization ability of
these antibodies lie in the decreased potency of our scFv ver-
sions when used in functional assays. That the 103.2 scFv does
not inhibit function in themonovalent, scFv state, suggests that
it does not sterically block association of proteins that normally
engage BTN3A during activation or that the bulk of a full-
length antibody is required for steric hindrance.
How might this model be applied to PiP-mediated activa-

tion? BTN3A1 is the only isoform of the three BTN3A mole-
cules that promotes V�9V�2 activation upon the addition of
PiP. Removal of the BTN3A1 B30.2 intracellular domain of
BTN3A1 inhibits PiP-mediated activation yet does not effect
20.1 Ab-mediated activation (13). Therefore, we speculate that
the B30.2 intracellular domain plays a direct role in PiP-medi-
ated activation and that addition of the 20.1 Ab modifies the
extracellular domains of BTN3A molecules, mimicking the
effect of PiP. Fromour crystal structures,MALS andFRETdata,
we propose that Dimer 1 is the primary dimer state on the cell
surface (although we cannot rule out that Dimer 2 can exist).
Dimer 1 would position the two homodimeric B30.2 intracel-
lular domains in close proximity; therefore modifications to
these intracellular domains may cause shifts that translate out
to the extracellular domains. We observed a shift in the Dimer
1 interface in the complex structure with the agonist 20.1 scFv,
demonstrating the rotational flexibility of this interface. We
therefore propose a model whereby high concentrations of PiP
can induce modification of the B30.2 domains, either through
direct binding or recruitment of adaptor molecules, and thus
translate a rotational shift to the extracellular domains. This
“activated” Dimer 1 conformation is mimicked by a conforma-
tion induced and/or stabilized by the 20.1 antibody. “Inside-
out” signaling such as this is seen in other receptor/ligand sys-
tems such as integrin signaling, whereby modification of the
intracellular domains of integrins causes significant conforma-
tion changes in the extracellular domains that transforms a
“low affinity” integrin to “high affinity” for ligand binding (29).
Therefore our molecular studies provide a model by which to
understand how antibodymodification of the BTN3A extracel-
lular domains may induce V�9V�2 TCR engagement and to
further study the role of the B30.2 intracellular domain in PiP-
mediated activation.
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