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Abstract

Vγ2Vδ2 T cells play important roles in human immunity to pathogens and in cancer 

immunotherapy by responding to isoprenoid metabolites, such as (E)-4-hydroxy-3-methyl-but-2-

enyl pyrophosphate and isopentenyl pyrophosphate. The Ig superfamily protein butyrophilin 

(BTN)3A1 was shown to be required for prenyl pyrophosphate stimulation. We proposed that the 

intracellular B30.2 domain of BTN3A1 binds prenyl pyrophosphates, resulting in a change in the 

extracellular BTN3A1 dimer that is detected by Vγ2Vδ2 TCRs. Such B30.2 binding was 

demonstrated recently. However, other investigators reported that the extracellular BTN3A1 IgV 

domain binds prenyl pyrophosphates, leading to the proposal that the Vγ2Vδ2 TCR recognizes the 

complex. To distinguish between these mechanisms, we mutagenized residues in the two binding 

sites and tested the mutant BTN3A1 proteins for their ability to mediate prenyl pyrophosphate 

stimulation of Vγ2Vδ2 T cells to proliferate and secrete TNF-α. Mutagenesis of residues in the 

IgV site had no effect on Vγ2Vδ2 T cell proliferation or secretion of TNF-α. In contrast, 

mutagenesis of residues within the basic pocket and surrounding V regions of the B30.2 domain 

abrogated prenyl pyrophosphate-induced proliferation. Mutations of residues making hydrogen 

bonds to the pyrophosphate moiety also abrogated TNF-α secretion, as did mutation of aromatic 

residues making contact with the alkenyl chain. Some mutations further from the B30.2 binding 

site also diminished stimulation, suggesting that the B30.2 domain may interact with a second 

protein. These findings support intracellular sensing of prenyl pyrophosphates by BTN3A1 rather 

than extracellular presentation.
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Introduction

T cells expressing γδ TCRs have unique roles that bridge innate and adaptive immunity. 

However, relatively few Ags have been identified for these cells, and the mechanisms by 

which they detect alterations in cells due to stress, tissue damage, or infection have not been 

defined. The major subset of human γδ T cells expresses Vγ2Vδ2 TCRs (also termed 

Vγ9Vδ2 TCRs) (1). These cells use their TCRs to detect alterations in isoprenoid 

metabolism by responding to prenyl pyrophosphate metabolites (2). Vγ2Vδ2 T cells are 

preferentially stimulated by the foreign microbial isoprenoid metabolite, (E)-4-hydroxy-3-

methyl-but-2-enyl pyrophosphate (diphosphate) (HMBPP) that is produced in the 2-C-

methyl-D-erythritol-4-phosphate pathway used by many eubacteria and all apicomplexan 

parasites (3, 4). Vγ2Vδ2 T cells are also stimulated by the self-metabolite, isopentenyl 

pyrophosphate (diphosphate) (IPP), which is produced in the mevalonate pathway (5).

Vγ2Vδ2 T cells play important roles in microbial immunity (reviewed in Ref. 1). A number 

of different microbial infections expand Vγ2Vδ2 T cells to up to 50% or more of circulating 

T cells. These cells can traffic to peripheral sites where they secrete Th1 cytokines such as 

IFN-γ and TNF-α, inflammatory chemokines, and growth factors while killing infected 

cells. Released bacteria and parasites can then be killed by granulolysin (6) and 

antimicrobial peptides (7, 8).

Vγ2Vδ2 T cells can also mediate tumor immunity. Activated Vγ2Vδ2 T cells can use their 

TCR and NK receptors to recognize and kill a variety of tumor cells, irrespective of their 

tissue origin, MHC expression, or MHC-haplotype (reviewed in Ref. 1). The 

aminobisphosphonate, zoledronate, has been used to expand Vγ2Vδ2 T cells for adoptive 

cancer immunotherapy. Aminobisphosphonates (9) and alkylamines (10) expand Vγ2Vδ2 T 

cells by inhibiting farnesyl pyrophosphate synthase, resulting in the accumulation of the 

upstream IPP metabolite that stimulates the Vγ2Vδ2 T cells (11–13). In clinical trials, 

vaccines stimulating Vγ2Vδ2 T cells (bromohydrin pyrophosphate or 

aminobisphosphonates), in conjunction with low-dose IL-2, resulted in partial remissions for 

some patients with lymphoma (14) and stabilized disease in patients with metastatic prostate 

cancer (15) and lung cancer (16) without major toxicities or autoimmunity. Adoptive transfer 

of Vγ2Vδ2 T cells in conjunction with i.v. zoledronate resulted in a durable complete 

remission in one patient with metastatic renal cell carcinoma (17) and slowed disease in 

other patients with renal cell carcinoma (18). Patients with other tumor types also showed 

responses when given concurrently with other therapies (19).

Despite the importance of Vγ2Vδ2 T cells in human immunity, relatively little had been 

known about how prenyl pyrophosphates stimulate them. Recently, however, the 

butyrophilin (BTN)3A1 Ig superfamily protein was shown to be required for this stimulation 

(20–23). We (22) and others (21) did not find any evidence to support a costimulatory role 

for BTN3A1. BTN3A1 also does not stimulate indirectly by altering isoprenoid metabolism 

(21, 22). Moreover, because BTN3A1 stimulation is mediated through the Vγ2Vδ2 TCR 

(21, 22), all evidence points to a direct role for BTN3A1 in prenyl pyrophosphate 

stimulation. However, the mechanism by which BTN3A1 functions is controversial. Results 
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from one study (23) support a mechanism wherein BTN3A1 functions as an Ag-presenting 

molecule by binding prenyl pyrophosphates in a shallow basic pocket on its extracellular 

IgV domain. The prenyl pyrophosphate-BTN3A1 complex is then hypothesized to be 

recognized by the Vγ2Vδ2 TCR for γδ T cell activation (23, 24), much as αβ TCRs 

recognize peptide-MHC class I or II complexes or lipid-CD1 complexes.

In contrast, results of our studies (22), as well as those of Sandstrom et al. (25) and other 

investigators (21, 26, 27), suggest that BTN3A1 binds prenyl pyrophosphates through its 

intracellular B30.2 domain. A structural model of the BTN3A1 B30.2 domain predicts a 

basic pocket on its binding face not found on other non-butyrophilin B30.2 domains (22). 

Basic residues are commonly found in binding sites for phosphates because their positively 

charged amino groups can form hydrogen bonds to the negatively charged phosphate 

moieties. Based on the presence of this basic pocket in the BTN3A1 B30.2 domain, the 

evidence that this domain is required for BTN3A1 function (21), and the lack of high-

affinity binding of a prenyl pyrophosphate photoaffinity compound to the extracellular 

domains of BTN3A1 or BTN3A2, we proposed that prenyl pyrophosphates bind to the basic 

pocket on the intracellular B30.2 domain of BTN3A1, perhaps in association with a second 

protein (28). Recent determination of the structure of the BTN3A1 B30.2 domain and in 

vitro binding studies by the Adams laboratory (25) and other investigators (26, 27) support 

this model. This binding would then cause changes in the conformation and/or distribution 

of the extracellular BTN3A1 dimers that are detected by the Vγ2Vδ2 TCR. Thus, BTN3A1 

would function as a sensor for intracellular isoprenoid metabolism to signal changes to 

Vγ2Vδ2 T cells.

In this study, we sought to distinguish between these two mechanisms of action by mutating 

amino acid residues in the IgV and B30.2 binding sites and testing the mutant proteins 

functionally for their ability to support HMBPP stimulation of Vγ2Vδ2 T cells.

Materials and Methods

Mutagenesis of BTN3A1 cDNA

The pCMV6-Entry expression plasmid for BTN3A1 (transcript variant 1, True ORF Gold) 

was purchased from OriGene Technologies (Rockville, MD). Mutations in the IgV binding 

site were selected based on the IgV:HMBPP crystal structure (23). Mutations in the binding 

face of the B30.2 domain of BTN3A1 were selected on the basis of our model of the B30.2 

domain (22). The primers used to generate mutations in the BTN3A1 cDNA were designed 

using the Primer Design program (http://www.genomics.agilent.com/

primerDesignProgram.jsp; Agilent Technologies, Santa Clara, CA) and synthesized by 

Integrated DNA Technologies (Coralville, IA). The mutations in BTN3A1 were created by 

PCR using the primers and the QuikChange II Site-Directed Mutagenesis kit (Agilent 

Technologies). Expression plasmids containing mutated BTN3A1 cDNAs were purified 

using the QIAprep Spin Miniprep kit (QIAGEN, Valencia, CA) and the cDNAs were 

sequenced to confirm the presence of the mutations and to ensure that no other mutations 

were introduced.
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Transfection of small interfering RNAs and cDNAs

Silencer-27 small interfering RNAs (siRNAs) for BTN3A1 and control duplexes were 

purchased from OriGene and resuspended in the provided duplex buffer to obtain a 20 µM 

stock solution. The stock solution was further diluted to 5 µM with the same buffer for 

transfection or cotransfection with cDNA. For transfections, HeLa cells were plated at 1.7 × 

105 cells/well in six-well plates 1 d prior to transfection. To transfect a well of HeLa cells 

with siRNA, 4 µl of a control siRNA or BTN3A1 siRNA oligo A was added to 100 µl of 

Opti-MEM I medium (Life Technologies, Grand Island, NY) and then mixed by vortexing. 

To transfect with cDNA, 100 ng of a control plasmid or the BTN3A1 expression plasmid 

was added to 100 µl of Opti-MEM I medium and then mixed by flicking. For cotransfection 

of BTN3A1 siRNA oligo A and BTN3A1 cDNA, 100 ng of cDNA was added to 100 µl of 

Opti-MEM I medium followed by 4 µl of siRNA and mixing. Then, 4.5 µl of Attractene 

transfection reagent (QIAGEN) was added to the siRNA and/or cDNA preparation, vortexed 

for 5 s, incubated at room temperature for 15 min, and added dropwise to a well of HeLa 

cells. Media was replaced at 6, 24, and 48 h. After 72 h, the transfectants were trypsinized 

and harvested for analysis by flow cytometry and for use in T cell assays. Note that the 

BTN3A1 siRNA oligo A is specific for a sequence in the 3' untranslated region of BTN3A1 

that is not present in the BTN3A1 cDNA expression plasmid. Therefore, siRNA treatment 

only suppresses endogenous BTN3A1 mRNA.

mAbs and flow cytometry

To assess BTN3 expression, cells were stained with PE-conjugated anti-BTN3/CD277 (20.1, 

also termed BT3.1) (BioLegend, San Diego, CA) or with an isotype control PE-P3 mAb 

(eBioscience, San Diego, CA) on ice for 2 h, washed, and analyzed by flow cytometry (22).

T cell proliferation and cytokine secretion assays

The Vγ2Vδ2 CD8αα+ 12G12 T cell clone was maintained by periodic restimulation with 

PHA. T cell-proliferation assays were performed as described previously (22). Assays for 

prenyl pyrophosphate (HMBPP) and PHA stimulation were done in singlet or duplicate 

using round-bottom 96-well plates using 0.5–1.0 × 105 12G12 T cells/well with 1.0 × 105 

mitomycin C-treated HeLa APCs/well. Stimulating compounds were tested at one-half log 

dilutions, as indicated in the figure legends. Because there were differences in the maximal 

proliferation of Vγ2Vδ2 T cells stimulated by different HeLa transfectants, the data was 

normalized by setting the plateau proliferation values for HMBPP as 100% or, in cases 

where HMBPP proliferation did not reach plateau levels, using the HMBPP plateau values 

for control siRNA treated cells. To assess TNF-α responses, culture supernatants were 

harvested after 16 h and assayed for TNF-α levels by DuoSet sandwich ELISA (R&D 

Systems, Minneapolis, MN).

Human BTN3A1 structures

BTN3A1 structures presented in this article were the BTN3A1 extracellular domains (PDB 

4F80) (20), the BTN3A1 IgV domain complexed with HMBPP (PDB 4K55) or IPP (PDB 

4JKW) (23), and the BTN3A1 B30.2 domain with (PDB 4N7U) and without (PDB 4N7I) 

(E)-1-hydroxy-2-methyl-pent-2-enyl pyrophosphonate (HMBcPP) (25). The IgV:IgC 
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homodimer structure of BTN3A1 was provided by Dr. Erin Adams (University of Chicago). 

Residue numbering starts with residue 31, as used by Sandstrom et al. (25). To directly 

compare with other BTN3A1 extracellular domain structures, subtract one from the 

numbering used by Palakodeti et al. (20) and subtract three from the numbering used by 

Vavassori et al. (23). Modeling of the BTN3A1 B30.2 domains was done at the Swiss-Model 

Web site (http://swissmodel.expasy.org/) using standard settings and was based on the 

structure of pyrin/TRIM20 (PDB 2Wl1). The coiled coil domain of BTN3A1 is predicted to 

be from residue 242 to 282 (coiled coil structure probability >18%) using the MARCOIL 

program (29) (http://toolkit.tuebingen.mpg.de/marcoil). A model of this region was made 

using the CCBuilder program (30) (http://coiledcoils.chm.bris.ac.uk/app/cc_builder/) under 

standard settings, assuming a parallel homodimeric structure and using BTN3A1 residues 

240–282. The BTN3A1 structural model is composed of the crystal structure of the 

BTN3A1 extracellular homodimer (PDB 4F80), the transmembrane domain from the 

DAP12 homodimer (PDB 2L34) (31), the model of the coiled coil BTN3A1 homodimer 

(residues 242–282), and the crystal structure of the B30.2 domain homodimer from 

BTN3A1 (PDB 4N7I). The amino acid linking segment from residues 283–297 is not 

shown. All figures were produced using PyMOL X11 Hybrid version 1.5.0.4 (Schrödinger, 

LLC, New York City, NY). The BTN3A1 domains are identically scaled using a PyMOL 

script. In silico mutations were made in PyMOL using Mutagenesis Wizard. Electrostatic 

surface potential was calculated by the APBS 1.3 PyMOL plugin (32) with internally 

generated PQR files for the extracellular domains and with externally generated PQR files 

from the PDB2PQR website (http://nbcr-222.ucsd.edu/pdb2pqr_1.8/) using the PARSE 

forcefield for the B30.2 domain and the AMBER forcefield for the coiled coil domain. 

Surface potentials are colored from red (negative potential, −10 kT) to blue (positive 

potential, +10 kT).

Results

Structure of BTN3A1 molecules

Like B7 and PD-L proteins, BTN3A1 is an Ig superfamily protein with IgV and IgC 

extracellular domains. BTN3A1 is expressed on the surface of all human cells as a V-shaped 

homodimer that forms through the interaction of IgC residues (20). BTN3A1 differs from 

B-7 and PD-L proteins by the presence of an intracellular B30.2 domain (also termed a 

PRYSPRY domain) that is predicted to be connected to the transmembrane region by a 

coiled coil domain (Fig. 1A). The two other family members, BTN3A2 and BTN3A3, have 

highly homologous IgV domains to BTN3A1 (100% and 99% amino acid identity, 

respectively) and slightly less homologous IgC domains (91% and 90%) but differ at their 

coiled coil domains (34% and 48%) and intracellular tails with BTN3A2 lacking a B30.2 

domain and BTN3A3 having a B30.2 domain that shares 86% amino acid identity to that of 

BTN3A1. A composite model of the full-length BTN3A1 protein (Fig. 1B) shows the 

extracellular V-shaped IgV:IgC homodimer, the transmembrane regions, the stalk-like coiled 

coil domain, and the intracellular B30.2 domains. Based on binding and structural studies, a 

binding site for prenyl pyrophosphates has been proposed in a shallow basic region on the 

outer face of the IgV domain (Fig. 1B) (23). However, binding and structural studies have 
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also demonstrated prenyl pyrophosphate binding to a strongly basic pocket in the center of 

the binding face of the B30.2 domain (Fig. 1B) (25, 26).

Mutation of amino acid residues making up the proposed BTN3A1 IgV binding site for 
prenyl pyrophosphates has no effect on HMBPP stimulation of Vγ2Vδ2 T cells

The IgV binding site for prenyl pyrophosphates has equilibrium binding constants (Kd) for 

IPP and HMBPP of 69.9 × 10−6 M and 3.1 × 10−6 M, respectively (23). Structural studies of 

the BTN3A1 IgV domain in complex with IPP or HMBPP showed their binding to a shallow 

basic groove located on the side of the IgV domain. The extracellular portion of BTN3A1 

was also shown to directly interact with multimeric Vγ2Vδ2 TCRs, with IPP facilitating this 

interaction (23). Taken together, these findings led some investigators to conclude that 

BTN3A1 functions as a prenyl pyrophosphate-presenting molecule for Vγ2Vδ2 T cell 

recognition (23, 24, 33). However, the interpretation of the BTN3A1-IPP/HMBPP structural 

data has been disputed (25). Moreover, the binding of prenyl pyrophosphates to the IgV 

domain of BTN3A1 is significantly weaker than the binding of peptides to MHC class I and 

class II molecules (whose binding constants range between 10−7 M to 10−9 M). To 

functionally assess the importance of the IgV binding site in the stimulation of Vγ2Vδ2 T 

cells, we mutated each of the amino acid residues reported to make contact with the prenyl 

pyrophosphates to alanine (or to glutamic acid for one tyrosine residue). Each mutant 

BTN3A1 protein was then expressed in HeLa cells whose endogenous BTN3A1 was 

inhibited by an siRNA specific for the 3' untranslated region of BTN3A1 mRNA that is 

lacking in the transfected BTN3A1 mRNA. The cotransfected HeLa cells were then used as 

presenting cells for HMBPP and mitogen (PHA) stimulation of Vγ2Vδ2 T cells.

The addition of untransfected HeLa cells increased the magnitude of the proliferative 

response of 12G12 Vγ2Vδ2 T cells to varying degrees, but it did not alter their sensitivity to 

HMBPP stimulation (EC50 of 0.38 nM for T cells alone versus 0.64 nM with HeLa cells), 

whereas Va2 tumor cells increased both the magnitude and sensitivity of 12G12 T cells to 

HMBPP (EC50 was 0.07 nM with Va2 cells) (Supplemental Fig. 1). The addition of HeLa 

cells transfected with control siRNA or a control expression plasmid similarly did not affect 

the sensitivity of 12G12 T cells to HMBPP (Supplemental Fig. 2B, 2C). In contrast, 

BTN3A1 siRNA-treated HeLa cells decreased the sensitivity of 12G12 T cells to HMBPP 

stimulation an average of 33-fold (16.6-fold to 68.4-fold), increasing the EC50 to between 3 

and 100 nM compared with HeLa cells that had been treated with BTN3A1 siRNA and 

transfected with a BTN3A1 cDNA expression plasmid (Supplemental Fig. 2A–C). 

Therefore, this assay was used evaluate the function of BTN3A1 in prenyl pyrophosphate 

stimulation.

Consistent with our previous study (22), siRNA directed against the 3' untranslated region of 

BTN3A1 mRNA selectively decreased endogenous BTN3A1 expression (Fig. 2, bottom left 
panel). In this experiment, untreated HeLa cells stimulated half-maximal proliferation 

(EC50) of the 12G12 Vγ2Vδ2 T cell clone at 2 nM whereas HeLa cells treated with siRNA 

specific for BTN3A1 required 30 nM HMBPP, a 15-fold shift in the dose-response curve 

(Fig. 2, bottom panels). Cotransfection with a plasmid expressing wild-type BTN3A1 

restored BTN3A1 expression to levels 3.9-fold higher than that of untreated cells (Fig. 2, left 
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panels). Higher expression of BTN3A1 improved the ability of the HeLa cells to stimulate 

Vγ2Vδ2 T cells by 2.9-fold (EC50 decreased from 2 nM to 0.7 nM for proliferative 

responses and from 13 nM to 6 nM for TNF-α responses) (Fig. 2, panels labeled wild-type 

BTN3A1), indicating that the endogenous level of BTN3A1 is suboptimal in HeLa cells. 

These results are consistent with our previous study (22) in which siRNA inhibition of 

BTN3A1 in HeLa accessory cells resulted in a 6.7-fold increase in EC50 with IPP 

stimulation of 12G12 Vγ2Vδ2 T cells, whereas overexpression of wild-type BTN3A1 

improved the ability of HeLa cells to stimulate by decreasing the EC50 3.9-fold. Increasing 

BTN3A1 expression on other tumor cells also enhanced their ability to support HMBPP 

stimulation of Vγ2Vδ2 T cells (23).

Using this cotransfection method, we tested BTN3A1 proteins that had mutations in the IgV 

binding site. Mutation of residues in the site had no effect on the expression levels of the 

mutant BTN3A1 proteins (Fig. 2, left panels). Importantly, there were no differences in the 

ability of the mutant BTN3A1 proteins to stimulate the proliferation of Vγ2Vδ2 T cells in 

response to HMBPP. The EC50 values for the BTN3A1 mutants (0.65–0.73 nM) were 

identical to that of wild-type BTN3A1 (0.70 nM) (Fig. 2, middle panels). Similar results 

were obtained when measuring TNF-α secretion by 12G12 Vγ2Vδ2 T cells. Although 

higher HMBPP concentrations were required for half-maximal TNF-α secretion (6.0 nM for 

TNF-α secretion versus 0.7 nM for proliferation), there were no significant differences in the 

EC50 between the various mutant and wild-type BTN3A1 proteins with regard to TNF-α 

secretion (Fig. 2, right panels). Additionally, expression of the mutated BTN3A1 proteins 

did not alter the ability of transfected HeLa cells to support PHA mitogen stimulation of 

Vγ2Vδ2 T cells, arguing against unexpected effects of transfection on the HeLa cells (Fig. 2, 

middle and right panels).

Two structures were reported for the IgV domain that differ slightly in the positions of the 

amino acid side chains [Fig. 3, structures in the top and middle panels are from Palakodeti et 

al. (20) and structures in the bottom panels are from Vavassori et al. (23)]. The location of 

each mutated residue in the IgV binding site is shown as a colored surface (Fig. 3, top right 
and bottom left panels). The putative prenyl pyrophosphate binding site corresponds to a 

basic groove on the outer side of the IgV domain (blue region in Fig. 3, top left panel) that is 

near the binding site of the stimulatory 20.1 mAb (20–22). The prenyl pyrophosphate 

binding site (Fig. 3, bottom left panel) is centered on the Lys36 basic residue, with the 

negatively charged pyrophosphate moiety making electrostatic and hydrogen bonds to four 

charged or polar amino acids (Asp34, Lys36, Arg58, and Gln99) and hydrophobic interactions 

with two tyrosine residues (Tyr97 and Tyr104). In silico modeling of the mutation of Lys36 to 

alanine (Fig. 3, middle left panel) and Arg59 to alanine (Fig. 3, middle right panel) predicts 

decreases in the surface potential as well as alterations in the shape of the binding site for 

each mutation. Despite the predicted effects of the alanine mutations, mutant BTN3A1 

proteins with these and other mutations in the binding site showed no functional differences 

from wild-type BTN3A1 upon HMBPP stimulation of Vγ2Vδ2 T cells (Fig. 2) with regard 

to proliferation or TNF-α secretion. Mutation of one of the tyrosines to glutamic acid 

(Tyr97Glu) that would disrupt hydrophobic interactions with the alkenyl chain of HMBPP 

also had no effect on HMBPP stimulation (Fig. 3). Thus, our data does not support a role for 

the IgV binding site in HMBPP stimulation of Vγ2Vδ2 T cells.
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BTN3A1 function in HMBPP stimulation of Vγ2Vδ2 T cells is critically dependent on 
residues involved in prenyl pyrophosphate binding to the B30.2 domain

We next assessed the effect of alanine mutations in the intracellular B30.2 domain. Our 

structural model predicts a basic pocket in the center of the B30.2 binding face that we 

hypothesized could function in prenyl pyrophosphate recognition (22). The model was used 

to guide selection of potentially critical residues in the B30.2 domain for mutagenesis. The 

recent BTN3A1 B30.2 crystal structure reported by Sandstrom et al. differs from the model 

by 0.958 Å2 root mean square deviation and confirms the presence of the basic pocket with 

binding of a HMBPP analog (25).

The basic pocket and surrounding loops are on one face of the B30.2/PRYSPRY domain. 

This face has been found to interact with other proteins in cases where B30.2 binding has 

been defined structurally or through the loss of function due to mutation (34–38). The loops 

of the B30.2 domain have been divided into four variable (V) regions. In tripartite motif-

containing (TRIM) 5α proteins these V regions make contact to retroviral capsids (39), 

whereas TRIM21 V regions make contact to Ig Fc regions (35). To assess the functional 

importance of the B30.2 domain of BTN3A1, residues in the basic pocket and surrounding 

V regions were mutated to alanine, and the resulting mutant proteins were tested for their 

ability to stimulate Vγ2Vδ2 T cells.

Within the basic pocket, alanine substitution of each of the arginine residues (Arg412Ala, 

Arg418Ala, and Arg469Ala) that make hydrogen bonds to the HMBPP analog, HMBcPP 

(25), completely abolished HMBPP stimulation of Vγ2Vδ2 T cell proliferation but only 

Arg412Ala and Arg469Ala completely abolished HMBPP-induced TNF-α secretion (Fig. 4, 

V3 region and Basic Pocket). Mutation of lysine 393 (Lys393Ala) (Fig. 5, V2 region), which 

also makes a hydrogen bond to the pyrophosphate moiety similarly abolished HBMPP 

stimulation of proliferation and TNF-α secretion. These results show that mutation of the 

four proposed contact residues diminish or abrogate proliferation and TNF-α secretion by 

Vγ2Vδ2 T cells. Histidine 351 is normally buried and makes no contacts with HMBcPP. 

However, the presence of arginine instead of histidine at this position in the B30.2 domain of 

BTN3A3 prevents BTN3A3 from stimulating Vγ2Vδ2 T cells (25). BTN3A1 exhibited a 

similar loss of function with the mutation of histidine 351 to alanine (His351Ala) because 

this mutation decreased Vγ2Vδ2 T cell proliferation and TNF-α secretion to background 

levels (Fig. 4, Basic Pocket). These finding extend the results of Sandstrom et al. (25), who 

found that concurrent charge-reversal mutation of all five residues abrogated function as 

well as in vitro binding to HMBcPP. Thus, all of the B30.2 residues that make hydrogen 

bonds to HMBcPP are essential for HMBPP stimulation of Vγ2Vδ2 T cells. Moreover, the 

loss of hydrogen bonding by any single residue (except for Arg418) is capable of causing the 

complete loss of BTN3A1 function.

Other B30.2 residues surrounding the basic pocket were also required for HMBPP 

stimulation of Vγ2Vδ2 T cells. Mutation of the acidic residue, E376, in the V4 region at the 

edge of the basic pocket also abolished stimulation of proliferation and TNF-α secretion by 

Vγ2Vδ2 T cells (Fig. 4, V4 region). Similarly, mutation of aromatic residues Trp350 and 

Tyr352 in the V1 region and Trp391 in the V2 region (Fig. 5, V1 and V2 regions) also 

abolished or decreased stimulation. The Trp350 and Trp391 residues likely facilitate binding 
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of the carbon chain of prenyl pyrophosphates; however, given that they lie on the extreme 

edge of the binding site, they could potentially interact with a second protein. Lysine 389, 

which lies adjacent to these residues but on the side of the B30.2 domain, also might interact 

with a second protein given that mutation of this residue partially decreased prenyl 

pyrophosphate stimulation of Vγ2Vδ2 T cell proliferation (EC50 increased 5.3-fold) and 

TNF-α secretion (EC50 increased 6.3-fold) (Fig. 5, V2 region).

Other amino acid residues located further from the binding site of the B30.2 domain were 

not critical for HMBPP stimulation of Vγ2Vδ2 T cells. Mutation of charged and polar 

residues in the V1, V3, and V4 regions on the distal edges or sides of the binding face did 

not affect HMBPP stimulation (Fig. 4, 5, V1, V3, and V4 regions).

The locations of essential residues on the B30.2 crystal structure clearly encompass the 

prenyl pyrophosphate binding site (Fig. 6C–E). As noted above, the B30.2 domain of 

BTN3A1 can be divided into four V regions (Fig. 6A) surrounding a central basic pocket 

(Fig. 6B). Mutations made in the B30.2 domain (Fig. 6C) that abrogate or diminish HMBPP 

stimulation of Vγ2Vδ2 T cells for proliferation (Fig. 6D, left panel) or TNF-α secretion (Fig. 

6D, right panel) surround and include the central basic pocket where HMBcPP binds. The 

location of these mutations and their effect on Vγ2Vδ2 T cell proliferation in relation to 

bound HMBcPP are shown in Fig. 6E. Mutation of B30.2 residues that make hydrogen 

bonds to the pyrophosphate moiety abrogate or greatly diminish proliferation and TNF-α 

secretion by Vγ2Vδ2 T cells. Thus, our results demonstrate that the B30.2 binding site is 

essential for Vγ2Vδ2 T cell stimulation by prenyl pyrophosphates (model 2, Fig. 7) whereas 

the extracellular IgV binding site is not (model 1, Fig. 7).

Discussion

The results in this study provide evidence that BTN3A1 acts as a sensor for intracellular 

isoprenoid metabolism rather than as an Ag-presenting molecule. Mutation of residues in the 

proposed IgV binding site had no effect on prenyl pyrophosphate stimulation of Vγ2Vδ2 T 

cells, whereas mutation of residues within or closely surrounding the B30.2 binding site 

completely abrogated stimulation. The lack of functional effects of mutations in the IgV site 

is consistent with the assertion that a polyethylene glycol molecule rather than a prenyl 

pyrophosphate is bound to this site in the crystal structure (25). Also, there are no other 

potential binding sites for prenyl pyrophosphates in the BTN3A1 extracellular domain other 

than the one mutated in this study (20, 23). Thus, there is no evidence for a presentation 

function for BTN3A1 (model 1, Fig. 7). Instead, our functional results coupled with the 

B30.2 crystal structure, functional studies, and in vitro binding studies reported by 

Sandstrom et al. (25) and Rhodes et al. (27) strongly support a sensor function for the B30.2 

domain of BTN3A1 (model 2, Fig. 7).

B30.2 domains and the evolutionarily older PRYSPRY domains (40) are common protein-

interaction structures found in 97 human proteins (41) and 77 murine proteins (42). These 

include other butyrophilin proteins, negative regulators of the JAK/STAT pathway (SOCS 

proteins), a subset of the tripartite motif (TRIM) E3 ligase proteins (43, 44), and others (40, 

41). Many of the proteins are involved in innate immunity (40, 44).
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All B30.2 domains share a conserved domain architecture consisting of two antiparallel β-

sheets with six extended, highly diverse loops that are similar to Ig CDR regions (35). 

Where ligand binding to B30.2 domains has been defined by either crystal structures or 

nonfunctional mutants (34–39, 45), interactions have mapped to the face of the B30.2 

domain where these hypervariable loops lie. Although the exact binding sites on this face 

vary, many involve the central region of the domain (35, 37, 41). In other B30.2 domains 

where crystal structures are available, this central region has a neutral surface potential (22). 

However, the crystal structure of the B30.2 domain of BTN3A1 and models of the B30.2 

domains of BTN3A3, BTNL3, BTNL8, and BTNL9 have deep central pockets with strongly 

basic surface potentials on the canonical binding face (22, 25).

The basic pocket of the B30.2 domain of BTN3A1 was identified as the binding site for 

prenyl pyrophosphates by the binding of HMBcPP to a cross-linked crystal of apo B30.2 

(25). In this article, we show that mutation of residues in the B30.2 domain (Arg412, Arg418, 

Arg469, and Lys393) that directly form hydrogen bonds to the pyrophosphate moiety, 

diminish or abrogate HMBPP stimulation of Vγ2Vδ2 T cells for proliferation and TNF-α 

secretion (Fig. 6D, E). The loss of hydrogen bonding by any single residue (except for 

Arg418) resulted in the complete loss of BTN3A1 function in HMBPP stimulation of 

Vγ2Vδ2 T cells. In addition to these basic residues, aromatic residues on the distal end of 

the central pocket (Tyr352, Trp350, Trp391) where the alkenyl chain is positioned also were 

essential for BTN3A1 stimulation. However, residues located further from the central pocket 

were not (Fig. 6D). Thus, our mutational analysis clearly demonstrates the importance of the 

central binding pocket and surrounding regions of the B30.2 domain in determining the 

BTN3A1 function in prenyl pyrophosphate stimulation of Vγ2Vδ2 T cells.

The primary exception is residue Lys389 which is located on the side of the B30.2 domain. 

The K389A mutant BTN3A1 protein reduced, but did not completely abrogate, stimulation 

of Vγ2Vδ2 T cell proliferation and TNF-α secretion (Fig. 5). Although mutation of this 

residue could alter the conformation of the B30.2 domain, it is also possible that this residue 

interacts with another intracellular protein. Support for the involvement of a second protein 

comes from the fact that expression of BTN3A1 in murine or Chinese hamster cells is not 

sufficient to allow them to support HMBPP stimulation of Vγ2Vδ2 T cells whereas transfer 

of chromosome 6, which encodes other proteins in addition to BTN3A1, does (23, 28).

One potential limitation of this study is the use of the 12G12 Vγ2Vδ2 T cell clone to 

determine BTN3A1 functional activity. Clearly, further testing with additional Vγ2Vδ2 

clones/lines will be required to determine the impact of differences in the CDR3 regions on 

stimulation by mutant BTN3A1 molecules. However, we believe that the results obtained in 

this study will be valid for most Vγ2Vδ2 T cells, because the 12G12 T cell clone is 

representative of the majority of adult Vγ2Vδ2 T cells that respond to prenyl 

pyrophosphates. The 12G12 clone was derived by stimulation of PBMCs from a patient with 

tuberculoid leprosy with a sonicate from Mycobacterium tuberculosis H37Ra (46). Similar 

to most adult Vγ2Vδ2 T cells, the 12G12 clone expresses NKG2D, is cytolytic, and secretes 

IFN-γ and TNF-α. It also expresses the CD8αα homodimer as do many adult Vγ2Vδ2 T 

cells. As such, we and our collaborators (5, 10, 13, 22, 46–61) used this clone extensively in 

our studies on Vγ2Vδ2 T cells as representative of an adult Vγ2Vδ2 T cell.
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Importantly, the 12G12 Vγ2Vδ2 TCR has sequence characteristics found in the majority of 

Vγ2Vδ2 TCRs stimulated by prenyl pyrophosphates (Supplemental Table I) (62). The 

12G12 Vγ2 chain uses the Jγ1.2 gene segment (also termed JγP), which is used by the 

majority of reactive Vγ2Vδ2 TCRs (62–66) and whose frequency is increased further with 

prenyl pyrophosphate stimulation (63, 64) and decreased with anergy (67). The length of the 

Vγ2 CDR3γ region is one less than the length most frequently used by reactive Vγ2Vδ2 

TCRs, where the CDR3γ length of the majority of reactive Vγ2 chains is within one amino 

acid (Supplemental Fig. 3) (62, 63, 67). The Vγ2Jγ1.2 sequence has no unusual features and 

is identical to the Vγ2 chain expressed by the DG.SF13 clone. This TCR was used in our 

transfection and mutagenesis experiments defining critical residues in the Vγ2Vδ2 TCR that 

are required for prenyl pyrophosphate stimulation (2, 62, 68).

The 12G12 Vδ2 chain also has sequence characteristics found in reactive Vδ2 chains. It has 

a leucine residue at position 97 in the CDR3δ region, which is the most commonly used 

residue in this position for reactive Vγ2Vδ2 TCRs. Although the length of the CDR3δ region 

is more variable than the Vγ2 CDR3γ region, the length of the 12G12 CDR3δ region is the 

most frequently represented among reactive Vγ2Vδ2 TCRs (Supplemental Fig. 3). The 

CDR3δ sequence also has no unusual features compared with other reactive Vγ2Vδ2 TCRs 

(Supplemental Table I). For these reasons, we believe that the results obtained in this study 

will be valid for most, if not all, Vγ2Vδ2 T cells.

The addition of HeLa cells lacking BTN3A1 due to siRNA treatment or that expressed 

nonfunctional mutant BTN3A1 decreased the sensitivity of 12G12 T cells to HMBPP 

stimulation though T cell-T cell presentation (Supplemental Fig. 2). The mechanism behind 

this decrease in Vγ2Vδ2 T cell sensitivity is unclear. Although increased degradation of 

HMBPP via alkaline phosphatase from tumor cells is possible, this should be similar 

between the different HeLa cell populations. Moreover, we doubt that BTN3A1-specific 

siRNA released from HeLa transfectants would inhibit BTN3A1 expression by 12G12 T 

cells rapidly enough to alter the release of TNF-α from preformed stores, as was observed in 

our experiments. Our working hypothesis is that this decrease in sensitivity is due to 

interference with T cell-T cell conjugate formation by nonstimulatory APCs that lack 

BTN3A1 expression or that express nonfunctional mutant BTN3A1 molecules. Supporting 

this possible mechanism, the addition of murine A20 B cell lymphoma cells or P815 

mastocytoma cells also decreased 12G12 T cell sensitivity to HMBPP stimulation (EC50 of 

7.2 nM and 4.3 nM, respectively, Supplemental Fig. 3D). Moreover, Vγ2Vδ2 T cells were 

shown to form mature immune synapses with THP-1 myelomonocytic tumor cells for 

prolonged periods (up to 1 h) in the absence of stimulation with exogenous prenyl 

pyrophosphates (69). This interaction does not result in cytokine production (or, presumably, 

proliferation). This differs from the situation with mature αβ T cells that form immune 

synapses in response to TCR engagement with their respective peptide-MHC complexes 

(70–72). Taken together, these findings provide evidence that the presence of cells lacking 

functional BTN3A1, either human or murine, decrease the sensitivity of Vγ2Vδ2 T cells to 

stimulation by HMBPP and that our assay can be used to identify critical regions in 

BTN3A1.
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If BTN3A1 is functioning as a sensing molecule, how is the binding of prenyl 

pyrophosphates to the BTN3A1 B30.2 intracellular domains detected by Vγ2Vδ2 T cells at 

the cell surface? One likely explanation is that the intracellular binding of prenyl 

pyrophosphates to the B30.2 domain in conjunction with a second protein or proteins, 

induces a conformational change in the extracellular IgV-IgC dimer through "inside-out" 

signaling (model 2, Fig. 7). In the stimulatory conformation, BTN3A1 would either bind 

directly to the Vγ2Vδ2 TCR or to a second protein that would then bind to the Vγ2Vδ2 

TCR. Support for this model comes from the action of the 20.1 anti-BTN3 mAb. Binding of 

the 20.1 mAb to the IgV domain of BTN3A1 activates Vγ2Vδ2 T cells in an identical 

manner to HMBPP, and this activation is mediated by the Vγ2Vδ2 TCR (21, 22). Moreover, 

20.1 mAb binding to the IgV domains of BTN3A2 and BTN3A3 also stimulate Vγ2Vδ2 T 

cells, despite the lack of a B30.2 domain in BTN3A2 and the presence of an arginine in the 

351 position in the B30.2 domain of BTN3A3, instead of the histidine residue found in 

BTN3A1 that renders BTN3A3 unable to mediate stimulation of Vγ2Vδ2 T cells. Binding of 

the 20.1 mAb to the IgV domain induces a 19-Å rotational shift in the BTN3A1 dimer (20); 

perhaps it is this common altered conformation that is detected by the Vγ2Vδ2 TCR. Prenyl 

pyrophosphate binding to the B30.2 domain could induce a similar rotational shift. As 

detailed above, this binding process likely requires a second protein encoded on 

chromosome 6. Prenyl pyrophosphate binding to the BTN3A1 B30.2 domain may cause 

conformational changes that are transmitted up the coiled coil domain to the extracellular 

dimer. Supporting this hypothesis, conformational changes in the coiled coil region were 

noted upon binding of HMBPP to the B30.2 domain when assessed by nuclear magnetic 

resonance (26), and coiled coil domains were shown to transmit signals from the sensor to 

the kinase domains of bacterial sensor histidine kinases, potentially though rotary 

movements or helix destabilization (73).

Monitoring intracellular metabolism through the recognition of a specific conformation of 

the BTN3A1 extracellular dimer would be an efficient way for Vγ2Vδ2 T cells to detect 

alterations in intracellular isoprenoid metabolism at the cell surface. The requirement for the 

Skint1 Ig superfamily protein for the development of murine dendritic epidermal Vγ5Vδ1 T 

cells (74) is reminiscent of the requirement for BTN3A1 for prenyl pyrophosphate 

stimulation of Vγ2Vδ2 T cells, especially given that the function of Skint1 is dependent on 

its intracellular tail (75). Other BTN and BTNL proteins could serve similar functions for 

other γδ T cell subsets that are responding to other classes of molecules associated with 

stress or infection. This type of recognition may be a common mechanism used by many γδ 

T cell subsets and represents a new paradigm for γδ T cell recognition.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations used in this article

BTN butyrophilin

HMBcPP (E)-1-hydroxy-2-methyl-pent-2-enyl pyrophosphonate

HMBPP (E)-4-hydroxy-3-methyl-but-2-enyl pyrophosphate (diphosphate)

IgC immunoglobulin C-like

IgV immunoglobulin V-like

IPP isopentenyl pyrophosphate (diphosphate)

MFI mean fluorescence intensity

siRNA small interfering RNA

TRIM tripartite motif-containing
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FIGURE 1. 
Structural model of BTN3A1 and a schematic of its domain structure. (A) Schematic of the 

domain structure of BTN3A1 in comparison to its two other family members: BTN3A2 and 

BTN3A3. The stimulatory 20.1 mAb binds to the IgV domain. The percentage of amino acid 

identity of BTN3A3 and BTN3A2 with BTN3A1 is shown. (B) Structural model of 

BTN3A1 showing the crystal structure of the IgV:IgC extracellular dimer and the B30.2 

intracellular dimer and a model of the coiled coil domain. The extracellular dimer is the 

unbound form. The transmembrane domain is from the DAP12 homodimer.
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FIGURE 2. 
Mutation of residues in the extracellular BTN3A1 IgV binding site have no effect on prenyl 

pyrophosphate stimulation of Vγ2Vδ2 T cells. BTN3 expression by siRNA-treated HeLa 

cells expressing mutant or wild type BTN3A1 (left panels). Effect of mutations in BTN3A1 

on proliferation (middle panels) and TNF-α secretion (right panels) by Vγ2Vδ2 T cells in 

response to PHA or HMBPP. Residues in the IgV binding site of BTN3A1 were mutated to 

alanine or glutamic acid by site-directed mutagenesis. HeLa cells were transfected with a 

control siRNA, an siRNA specific for the 3'UT region of endogenous BTN3A1 or 
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cotransfected with an siRNA specific for the 3'UT region of endogenous BTN3A1 and either 

a wild type or mutated BTN3A1 cDNA. After 72 h, the transfectants were harvested and a 

portion stained with either PE-P3 IgG1 control mAb or PE-20.1 mAb and analyzed by flow 

cytometry (left panels). The relative mean fluorescence intensity (MFI) was calculated as 

20.1 mAb MFI minus isotype control mAb MFI (shown on panels). The remaining cells 

were treated with mitomycin C and then cultured with 12G12 Vγ2Vδ2 T cells and the PHA 

mitogen or HMBPP. After 24 h, the supernatants were harvested and TNF-α levels 

determined by ELISA. The cells were pulsed with [3H]-thymidine and harvested 18 h later. 

Because of differences in their plateau values, proliferative responses were normalized to set 

the HMBPP plateau values as 100%. The maximum proliferation values varied for the 

different HeLa transfectants between 9,200 to 15,444 c.p.m. The EC50 values are shown on 

the right. Representative of two experiments.
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FIGURE 3. 
Location and effect of mutated residues in the IgV binding site for prenyl pyrophosphates in 

BTN3A1 on the stimulation of Vγ2Vδ2 T cells. Surface potential of the IgV binding site 

(top left panel). Surface potentials are colored from red (negative potential, −10 kT) to blue 

(positive potential, +10 kT). Location of mutated residues in the extracellular dimer of 

BTN3A1 (PDB 4F80) (top right panel). Numbering starts at residue 31 of BTN3A1. Effect 

of in silico alanine mutation of the basic residue, lysine 36, on the surface potential and 

shape of the IgV binding site (middle left panel). Effect of in silico alanine mutation of the 
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basic residue, arginine 58, on the surface potential and shape of the IgV binding site (middle 
right panel). Basic residues were mutated to alanine in silico using PyMOL (Schrödinger), 

and the surface potential of the mutated BTN3A1 were calculated using the APBS plugin in 

PyMOL. Structure of BTN3A1 IgV binding to HMBPP (PDB 4K55) (bottom left panel). 
Mutations in the IgV binding site for prenyl pyrophosphates have no effect on proliferation 

and TNF-α secretion by Vγ2Vδ2 T cells in response to HMBPP (bottom right panel). 
Mutation of residues colored green had no effect (EC50 near or at wild type values). Note 

that none of the mutated residues affected Vγ2Vδ2 T cell stimulation by HMBPP.
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FIGURE 4. 
Mutation of residues in the basic pocket and V3 and V4 loops of the B30.2 binding face of 

BTN3A1 can reduce or abrogate prenyl pyrophosphate stimulation of Vγ2Vδ2 T cells. 

BTN3 expression by siRNA-treated HeLa cells expressing mutant or wild type BTN3A1 

(left panels). Effect of mutations in BTN3A1 on proliferation (middle panels) and TNF-α 

secretion (right panels) by Vγ2Vδ2 T cells in response to PHA or HMBPP. Residues in the 

basic pocket and surrounding V3 and V4 regions on the binding face of the B30.2 domain of 

BTN3A1 were mutated to alanine by site-directed mutagenesis and tested as described in 
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Fig. 2. Expression of BTN3 was assessed by flow cytometry. Proliferative responses and 

TNF-α secretion by 12G12 Vγ2Vδ2 T cells in response to the PHA mitogen or HMBPP 

presented by HeLa cells treated with BTN3A1 siRNA and transfected with wild-type or 

mutant BTN3A1 were as in Fig. 2. Because of differences in their plateau values, 

proliferative responses were normalized to set the HMBPP plateau values as 100%. The 

maximum proliferation values varied for the different HeLa transfectants between 6,070 to 

9,701 c.p.m. In cases where proliferation was reduced by mutation of BTN3A1, responses 

were normalized based on the HMBPP response of HeLa cells treated with control siRNA. 

Representative of two experiments.
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FIGURE 5. 
Mutation of residues within the V1 and V2 loops of the B30.2 binding face of BTN3A1 can 

reduce or abrogate prenyl pyrophosphate stimulation of Vγ2Vδ2 T cells. BTN3 expression 

by siRNA-treated HeLa cells expressing mutant or wild type BTN3A1 (left panels). Effect 

of mutations in BTN3A1 on proliferation (middle panels) and TNF-α secretion (right 
panels) by Vγ2Vδ2 T cells in response to PHA or HMBPP. Residues in the V1 and V2 

regions on the binding face of the B30.2 domain of BTN3A1 were mutated to alanine by 

site-directed mutagenesis and tested as described in Fig. 2. Expression of BTN3 was 
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assessed by flow cytometry. Proliferative responses and TNF-α secretion by 12G12 Vγ2Vδ2 

T cells in response to the PHA mitogen or HMBPP presented by HeLa cells treated with 

BTN3A1 siRNA and transfected with wild-type or mutant BTN3A1 were as in Fig. 2. 

Representative of two experiments.
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FIGURE 6. 
Location and effect of mutated residues in the intracellular B30.2 domain of BTN3A1 on 

proliferation and TNF-α secretion by Vγ2Vδ2 T cells in response to HMBPP. (A) Location 

of V regions on the binding face of the B30.2 domain of BTN3A1. (B) Surface potential of 

the B30.2 domain of BTN3A1 showing the central basic pocket. Surface potentials are 

colored from red (negative potential, −10 kT) to blue (positive potential, +10 kT). (C) 

Location of mutated residues in the B30.2 domain. Numbering starts at residue 31 of 

BTN3A1. (D) Location and effect of B30.2 domain mutations on prenyl pyrophosphate 
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stimulation of Vγ2Vδ2 T cells. Effect of B30.2 domain mutations on proliferation (left 
panel) and TNF-α secretion (right panel) by Vγ2Vδ2 T cells stimulated with HMBPP. 

Mutation of residues colored green had no effect, those colored pink reduced stimulation 

(EC50 3- to 10-fold greater), and those colored red abrogated stimulation (EC50 near or at 

values observed with siRNA-treated HeLa cells). (E) Effects of B30.2 domain mutations on 

the proliferation of Vγ2Vδ2 T cells shown on the structure of the BTN3A1 B30.2 domain in 

complex with HMBcPP. The insert shows a close-up view of HMBcPP in complex with the 

central basic pocket.
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FIGURE 7. 
Models for the role of BTN3A1 in prenyl pyrophosphate stimulation of Vγ2Vδ2 T cells. In 

model 1, BTN3A1 functions as a presenting molecule by binding prenyl pyrophosphates 

extracellularly with or without the contribution of a second protein. The BTN3A1/prenyl 

pyrophosphate complex is then directly recognized by the Vγ2Vδ2 TCR. In model 2, 

BTN3A1 functions as a sensor for intracellular prenyl pyrophosphates and other 

phosphoantigens. The BTN3A1 B30.2 domain binds prenyl pyrophosphates directly, likely 

in association with a second protein that enhances or stabilizes binding. This intracellular 
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binding of prenyl pyrophosphates to the B30.2 domain and association with a second protein 

results in a change in BTN3A1 conformation and/or distribution leading to Vγ2Vδ2 T cell 

stimulation through Vγ2Vδ2 TCR recognition of either BTN3A1 in an altered conformation 

or of another protein recruited to BTN3A1.
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