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Vγ9Vδ2 T cells recognize butyrophilin 2A1 and 3A1 heteromers. 1 
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Abstract 37 

Butyrophilin (BTN) molecules are emerging as key regulators of T cell immunity, however, 38 

how they trigger cell-mediated responses is poorly understood. Here, the crystal structure of a 39 

gamma-delta T cell receptor (γδTCR) in complex with BTN member 2A1 (BTN2A1) revealed 40 

that BTN2A1 engages the side of the γδTCR, leaving the apical TCR surface bioavailable. We 41 

reveal that a second γδTCR ligand co-engages γδTCR via binding to this accessible apical 42 

surface in a BTN3A1-dependent manner. BTN2A1 and BTN3A1 also directly interact with 43 

each other in cis, and structural analysis revealed formation of W-shaped heteromeric 44 

multimers. This BTN2A1–BTN3A1 interaction involved the same epitopes that BTN2A1 and 45 

BTN3A1 each use to mediate the γδTCR interaction; indeed locking BTN2A1 and BTN3A1 46 

together abrogated their interaction with γδTCR, supporting a model wherein the two γδTCR 47 

ligand-binding sites depend on accessibility to cryptic BTN epitopes. Our findings reveal a 48 

new paradigm in immune activation, whereby γδTCRs sense dual epitopes on BTN complexes.  49 



Main text 50 

T cell receptor (TCR) recognition of antigen is a central event in immunity. Alpha-beta (αβ) T 51 

cells become activated following recognition of peptide fragments in complex with major 52 

histocompatibility complex molecules (pMHC), which are sensed by somatically rearranged T 53 

cell receptors (αβTCRs) derived from the TCR (TRA) and TCR (TRB) gene loci. By contrast, 54 

gamma-delta (γδ) T cells represent a separate lineage of MHC-unrestricted T cells that express 55 

rearranged antigen (Ag) receptors derived from the TCRγ (TRG) and TCRδ (TRD) gene loci. 56 

 T cells play a key role in the priming and effector phases of immunity to infectious diseases 57 

as well as in tissue surveillance 1. In humans, the majority of circulating γδ T cells express a 58 

semi-invariant Vγ9Vδ2+ (TRGV9–TRGV2) γδTCR that confers reactivity to a distinct class of 59 

non-peptide Ag, termed phosphoantigens (pAg), which are metabolic intermediates in the 60 

biosynthesis of isoprenoids 2,3. There are two classes of pAg; those derived from the non-61 

mevalonate pathway such as (E)-4-hydroxy-3-methylbut-2-enyl pyrophosphate (HMBPP), 62 

found in bacteria and apicomplexan parasites, and those derived from either the mevalonate or 63 

non-mevalonate pathways, such as isopentenyl pyrophosphate (IPP), found in all classes of life 64 

including vertebrates. Both ‘foreign’ HBMPP and ubiquitous IPP pAgs are stimulatory for γδ 65 

T cells to differing degrees, and facilitate potent anti-microbial and anti-tumour immunity, 66 

respectively 4,5. 67 

 Butyrophilin (BTN) and butyrophilin-like (BTNL) molecules are a family of surface-68 

expressed transmembrane proteins that are typically comprised of extracellular 69 

immunoglobulin-superfamily variable (IgV)- and constant (IgC)-like domains, as well as an 70 

intracellular B30.2 domain. In certain combinatorial pairs, BTN and BTNL molecules support 71 

the activation of discrete γδ T cell subsets. For instance, BTNL3 and BTNL8 are expressed by 72 

gut epithelia and cooperate to facilitate the activation of Vγ4+ γδ T cells 6. Likewise, in mice, 73 

Btnl1 and Btnl6 facilitate the activation of gut-resident Vγ7+ γδ T cells 6,7, and the Btnl family 74 

members Skint1 and Skint2 are important for the development and function of skin-resident 75 

Vγ5Vδ1+ dendritic epidermal T cells (DETCs) 8,9. Unlike all other modes of T cell antigen 76 

recognition in which antigens are presented on the cell surface for recognition via the TCR, 77 

BTN member 3A1 (BTN3A1) sequesters pAg via a positively charged pocket within its 78 

intracellular B30.2 domain, which is an essential step in the initiation of Vγ9Vδ2+ T cell 79 

activation 10. Together, BTN member 2A1 (BTN2A1) and BTN3A1 mediate γδ T cell 80 

responses to pAg 11,12. Thus, BTN molecules have emerged as important regulators of γδ T 81 

cell-mediated immunity and do so as heteromeric pairs.  82 



Recently, reports have shown that BTN molecules can directly bind the γδTCR, 83 

including BTNL3, which interacts with human Vγ4, and mouse Btnl1 which interacts with Vγ7 84 

7,13. Likewise, BTN2A1 is a binding partner for human Vγ9 domain 11,12. However, whilst there 85 

appears to be an evolutionarily conserved mode of recognition between these systems based 86 

on overlapping regions of importance within Vγ domains 7,9,11-13, the molecular mechanism 87 

that governs BTN ligand recognition by γδTCR heterodimers is poorly understood, and 88 

structural information is lacking. Furthermore, in the case of BTN2A1, the mode of ligand 89 

recognition is unclear since one study found a dependence on the side of the Vγ9 domain 11, 90 

whereas other studies have additionally implicated the hypervariable-4 (HV4) loop 12,13 or the 91 

complementarity-determining region (CDR) 3δ loop 14, both located on the apical surface of 92 

the γδTCR. 93 

 In addition to Vγ9Vδ2+ TCR binding to BTN2A1, mutational analysis revealed the 94 

presence of a second ligand-binding region that was distinct from the BTN2A1 binding site, 95 

which is also essential for immune reactivity to pAg 11,15. In one model, BTN3A1 could 96 

represent the second ligand, however, a direct BTN3A1–γδTCR interaction has not been 97 

established. An alternative model proposes that an undefined ligand binds γδTCR, and 98 

BTN3A1 engages another undefined receptor expressed by Vγ9Vδ2+ T cells, rather than the 99 

γδTCR itself 14. Finally, although BTN2A1 and BTN3A1 are constitutively expressed by 100 

immune cells, γδ T cell activation only occurs following pAg challenge, or cross-linking with 101 

agonist anti-BTN3A antibodies such as clone 20.1 16. Thus, a molecular switch that involves 102 

either a conformational change and/or remodelling of BTN complexes on the cell surface of 103 

APCs appears to initiate γδ T cell responses. However, the nature of these regulatory 104 

mechanisms is unclear. 105 

Here, we report the crystal structure of the BTN2A1–γδTCR complex, which represents 106 

the first structural example of a TCR engaging a ligand outside of an MHC/MHC-like family 107 

member, wherein BTN2A1 binds to the side of Vγ9. Furthermore, we reveal that binding of a 108 

second ligand to the apical surface of the Vγ9Vδ2+ TCR is dependent on BTN3A1 expression. 109 

We also report the structure of a heteromeric BTN complex, namely BTN2A1–BTN3A1, in 110 

which the interface between the disparate BTN molecules involves the same epitopes that are 111 

required for γδTCR binding. Indeed, locking them together abrogated this interaction. Thus, 112 

the association between BTN2A1 and BTN3A1 in cis might serve as a regulatory mechanism 113 

by burying the TCR-binding determinants via sequestration with each other. Accordingly, we 114 

provide evidence for a two-ligand sensing system that, upon triggering, acquires affinity for 115 



γδTCR through the exposure of cryptic epitopes, and coupled with pAg signalling via 116 

BTN3A1, can then co-bind the Vγ9Vδ2+ TCR.  117 



Results 118 

BTN2A1 engages the side of γδTCR 119 

To understand the molecular mode of BTN engagement by γδTCR, we solved the 120 

crystal structure of BTN2A1 ectodomain in complex with Vγ9Vδ2+ γδTCR, which diffracted 121 

to 2.1 Å resolution in space group C2221 (Extended Data Table 1). The unbiased electron 122 

density was clear for both the γδTCR and BTN2A1 components of the structure (Extended 123 

Data Fig. 1A). The asymmetric unit of the complex contained two copies of BTN2A1, 124 

arranged as a V-shaped homodimer (‘V-dimer’). One of the BTN2A1 copies liganded to 125 

γδTCR, and the other one was unliganded (Fig. 1A). BTN2A1 engaged the side of the γ-chain, 126 

binding to the Vγ9-encoded IgV domain, jutting out at an angle of ~54°, which starkly 127 

contrasted αβTCR engagement of pMHC, or γδTCR recognition of CD1d (Fig. 1B). The outer 128 

face of the Vγ9 germline-encoded β-sheet formed by the A, B, D and E β-strands (ABED face) 129 

mediated binding to the β-sheet encoded by the C, F and G β-strands (CFG face) of the 130 

BTN2A1 IgV domain (Fig. 1C), with interactions by all these strands (Fig. 1D). The γδTCR 131 

buried 470 Å2 upon ligation, and BTN2A1 buried 480 Å2, together forming a total interface 132 

buried surface area (BSA) of 950 Å2) (Fig. 1D). This is approximately half of a typical αβTCR-133 

pMHC complex, with the molecules anchored together by fourteen H-bonds or salt bridges 134 

(Extended Data Table 2). On the γδTCR, the B-, D- and E-strands of Vγ9 contributed 57%, 135 

17% and 11% of the BSA, respectively, whereas the CC′-loop, F- and G-strands of BTN2A1 136 

contributed 35%, 15%, and 44%, respectively. Previous studies implicated the hypervariable 137 

region 4 (HV4) loop, also known as the DE loop, of Vγ9, as well as the CDR2γ and CDR3δ 138 

loops, in binding BTN molecules 12-14. The crystal structure revealed that the BTN2A1 binding 139 

site on Vγ9 was distal to both the HV4γ and CDR2γ loops (>7 Å separation; Fig. 1E and F), 140 

and instead left the entire apical surface of the γδTCR solvent exposed (Fig. 1A). Within the 141 

BTN2A1 interface, the aromatic residues Phe43, Tyr98 and Tyr105 interacted with Vγ9Vδ2 142 

γδTCR, as did the acidic residues Asp106 and Glu107. Ser41, Gln42, Phe43 and Ser44 formed 143 

the CC′ loop of BTN2A1 (Fig. 1C), and their involvement is consistent with the over-144 

representation of this loop in other IgV-mediated interfaces 17.  145 

Of note, the aromatic side chain of Phe43 sat planar to the guanidinium moiety of the 146 

Arg20γ side chain (Fig. 1G), facilitating a cation-π interaction with a predicted electrostatic 147 

binding energy of -4.6 kcal/mol. Arg20γ also formed a water-mediated H-bond with Gln100 148 

of BTN2A1, along with main chain-mediated H-bonds to the Tyr105 side chain hydroxyl group 149 

(Fig. 1G), providing a structural basis for the importance of Arg20γ in binding to BTN2A1 11. 150 

Likewise, we have shown previously that mutations to Glu70γ and His85γ abrogate BTN2A1 151 
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reactivity 11, and these residues were interconnected by a H-bond, and also bound BTN2A1 152 

(Fig. 1H). Here, Glu70γ H-bonded to the Phe43 and Ser44 main chains, and His85γ made Van 153 

der Waal (VDW) contacts with Ser41, Gln42 and Phe43 on BTN2A1 (Fig. 1H). Further 154 

contacts were made by Lys13γ within the A-strand of Vγ9, which H-bonded to Tyr105, and 155 

Lys17γ within the B-strand of Vγ9, forming a salt bridge with Asp106 (Fig. 1I). The adjacent 156 

Thr18γ H-bonded with Glu107, and Ser16γ H-bonded to the Arg96 side chain (Fig. 1J). 157 

Accordingly, BTN engagement by γδTCR represents a fundamentally unique mode of ligand 158 

recognition by the immune system. 159 

 160 

BTN2A1 forms V-shaped and head-to-tail homodimers 161 

BTN2A1 is reported to exist on the cell surface predominantly as a homodimer, which 162 

is stabilized by a membrane-proximal interchain disulfide bond 12. Our BTN2A1 ectodomain 163 

construct lacked the C-terminal Cys residue responsible for this disulfide bond and 164 

consequently behaved as a monomer in solution, based on elution profiles from size exclusion 165 

chromatography (Extended Data Fig. 1B). Nonetheless,  the arrangement of two copies of 166 

BTN2A1 as a V-shaped homodimer resulted in co-localization of their IgC domains, in a mode 167 

that appeared to be compatible with a C-terminal interchain disulfide bond (Fig. 2A). This 168 

BTN2A1 V-dimer is broadly reminiscent of the BTN3A1 V-dimer 18, although the BTN2A1 169 

V-dimer formed at an angle of 59°, which is significantly wider than BTN3A1 V-dimer (49°), 170 

and the BTN2A1 V-dimer was also twisted by 25° relative to BTN3A1 V-dimer 18 (Fig. 2A 171 

and 2B). The V-dimer was characterized by a small interface with a buried surface area (BSA) 172 

of ~430 Å2 per molecule (Fig. 2C). This involved π-π interactions mediated by Phe212, and 173 

cation-π interactions mediated by Arg126 and Phe207 (Fig. 2D), along with limited polar 174 

interactions mediated by Ser211 and His128 (Fig. 2E and Extended Data Table 3). A head-175 

to-tail dimer of BTN2A1 was also observed within the BTN2A1–γδTCR complex (Fig. 2A 176 

and Extended Data Table 4). This involved only the unliganded copy of BTN2A1 pairing 177 

with another unliganded copy via crystallographic symmetry, since the head-to-tail dimer 178 

interface overlapped with the γδTCR binding site (Fig. 1D and Fig. 2C). The head-to-tail dimer 179 

involved a mutually exclusive set of contacts and had a larger BSA of ~1180 Å2 per molecule 180 

compared to the V-dimer (Fig. 2C), and could potentially form via a cis or a trans interaction 181 

on the cell surface, akin to the purported BTN3A1 head-to-tail homodimer (Fig. 2A) 18. The 182 

head-to-tail dimer interface incorporated a hydrophobic core, with the side-chain of Tyr105 183 

mediating Van der Waals interactions with Met174, Val164 and Thr176 (Fig. 2F), and the 184 

Met166 side-chain interacting with the aromatic side-chains of Tyr98, Phe43 and Phe39 (Fig. 185 



2G). Furthermore, Glu136 formed a salt bridge with Arg103 (Fig. 2H) and the main-chains of 186 

Asp168 and Ala169 contacted the main-chain of Phe43 and the side-chain of Gln42, 187 

respectively (Fig. 2I). The N-glycans adjoined to Asn92 also appeared to interact (Extended 188 

Data Table 4). 189 

To establish the generality of the BTN2A1 V-dimer and head-to-tail dimers, we also 190 

solved the crystal structure of BTN2A1 in unliganded state to 3.6 Å (anisotropic range 3.6 Å – 191 

4.3 Å) resolution (Extended Data Table 1). Despite the lower resolution, the structure was 192 

refined to an Rwork and Rfree of 25.5% and 26.8%, respectively, and the unbiased electron 193 

density omit map was unambiguous (Extended Data Table 1 and Extended Data Fig. 1C). 194 

The apo form of BTN2A1 contained five copies in the asymmetric unit in space group C2 (Fig. 195 

2J). Despite the different crystal lattice and space group compared to the complex, all five 196 

copies of BTN2A1 each formed both a V-dimer and a head-to-tail dimer. The V-dimer 197 

conformation observed within the apo-BTN2A1 structure was very similar to that observed 198 

within the BTN2A1–Vγ9Vδ2+ γδTCR complex structure, with only a subtle (11°) shift in the 199 

dimer angle (Extended Data Fig. 1D). Similarly, the head-to-tail dimer docking mode was 200 

essentially identical between the two crystal structures (Extended Data Fig. 1E). Thus, 201 

BTN2A1 ectodomain can form distinct dimers, which may impact the molecule’s function. 202 

 203 

BTN3A1 modulates Vγ9Vδ2+ TCR tetramer interaction 204 

Given the high bioavailability of the apical surface of the Vγ9Vδ2 TCR when liganded to 205 

BTN2A1, we hypothesized that Vγ9Vδ2 TCR co-binds a second ligand. Since BTN3A1 206 

intracellular domain binds pAg 10, we first examined whether soluble BTN3A1 ectodomain 207 

could directly bind γδTCR by probing Vγ9Vδ2 TCR-transfected BTN2AKO.BTN3AKO 208 

HEK293T cells, which lack endogenous BTN2A1, 2A2, 2A3p, 3A1, 3A2 and 3A3, with 209 

BTN3A1 ectodomain tetramers. Consistent with an earlier report 10, we did not detect any 210 

staining (Extended Data Fig. 2A). We next tested whether mouse NIH-3T3 fibroblasts, which 211 

lack human BTN or BTNL molecules and are inherently incapable of mediating Vγ9Vδ2+ T 212 

cell activation by pAg, could bind Vγ9Vδ2+ TCR tetramer. These cells were transfected with 213 

either full-length human BTN2A1 or BTN3A1. Compared to BTN2A1+ NIH-3T3 cells, which 214 

bound all Vγ9Vδ2+ TCR tetramers (clones TCR3, TCR6, TCR7 and G115; Fig. 3A), BTN3A1+ 215 

cells showed little, if any, staining (Fig. 3B, empty bars; Extended Date Fig. 2B, black dots). 216 

Previous studies showed that crosslinking of BTN3A1 on the surface of APCs with anti-217 

BTN3A antibody (mAb clone 20.1) converts BTN3A1 into a stimulatory form that can activate 218 



Vγ9Vδ2+ T cells in a way that mimics pAg challenge 16,18. Conversely, a separate anti-BTN3A 219 

mAb (clone 103.2) is a potent antagonist of Vγ9Vδ2+ T cell reactivity to pAg 16,18. Strikingly, 220 

cross-linking of BTN3A1+ cells with agonistic mAb clone 20.1 induced clear staining with 221 

Vγ9Vδ2+ TCR tetramers, particularly clones TCR3, TCR7 and G115 (Fig. 3B, half-filled 222 

bars; Extended Data Fig. 2B, red plots). This contrasted with the antagonist anti-BTN3A 223 

mAb clone 103.2, which did not induce any Vγ9Vδ2+ TCR tetramer staining, nor did mAb 224 

20.1 treatment of un-transfected or BTNL3-transfected cells (Fig. 3B, 20%-filled bars; 225 

Extended Data Fig. 2B, blue plots). We obtained a similar pattern of mAb 20.1-induced 226 

BTN3A1-dependent Vγ9Vδ2+ TCR staining using BTN3A1-transfected human 227 

BTN2AKO.BTN3AKO HEK293T cells (Extended Data Fig. 3C). Furthermore, chimeric TCR 228 

tetramers comprised of a pAg-reactive Vγ9+ γ-chain paired with an irrelevant Vδ1+ δ-chain 229 

(Extended Data Fig. 2D) retained binding to BTN2A1+ cells, but not to mAb 20.1-cross-230 

linked BTN3A1+ cells, indicating that unlike BTN2A1 protein interactions, the BTN3A1 231 

association depends on Vδ2 and/or the CDR3δ loops (Fig. 3C and D; Extended Data Fig. 232 

2E). Thus, mAb 20.1 pre-treatment of BTN3A1-transfected cells induces an interaction with 233 

Vγ9Vδ2+ TCR via recognition of a second ligand, herein termed ‘ligand-two’. Ligand-two 234 

association could be induced upon mAb 20.1 cross-linking of BTN3A1 in both human and 235 

mouse cell lines, and unlike the BTN2A1 interaction, this binding was dependent on the Vδ2 236 

domain and/or the CDR3 loops, hereafter referred to as ‘epitope two’ (Fig. 3F, cartoon inset). 237 

 238 

Lys53δ regulates the interaction with ligand-two 239 

Since the ABED β-sheet of Vγ9 mediates binding to BTN2A1 (Fig. 1C), we tested whether 240 

the symmetrically equivalent ABED β-sheet of Vδ2 is also important in sensing pAg. Jurkat 241 

cells expressing Ala mutants within the Vδ2-encoded ABED β-sheet did not impair reactivity 242 

to zoledronate (Zol; an aminobisphosphonate that increases intracellular IPP pAg), suggesting 243 

there is no Vδ2-encoded equivalent ABED binding interface to the BTN2A1-binding domain 244 

on Vγ9 (Extended Data Fig. 3A–C). Since pAg-mediated γδ T cell responses depend on 245 

Arg51δ and Glu52δ, both located within the CDR2δ loop (11,15 and Extended Data Fig. 3C, 246 

red residues), we screened two additional mutations within this loop:  Lys53δ-Ala and 247 

Asp54δ-Ala. Whilst Asp54δ-Ala did not appreciably affect reactivity to zoledronate, 248 

surprisingly, Jurkat cells expressing G115 Vγ9Vδ2+ TCR with a Lys53δ-Ala mutation 249 

(G115Lys53δ-Ala) exhibited spontaneous activation, indicating that this residue may have a role 250 

in dampening γδ T cell reactivity to TCR stimuli (Extended Data Fig. 3A–C). 251 



To reconcile these observations with mAb 20.1-induced Vγ9Vδ2+ TCR tetramer 252 

staining of BTN3A1+ cells, we produced G115 Vγ9Vδ2+ TCR tetramer (hereafter referred to 253 

as G115 tetramer) with these corresponding Ala substitutions. As expected, wild-type G115 254 

tetramer interacted with BTN2A1+ NIH-3T3 fibroblasts, and also with mAb 20.1-pretreated 255 

BTN3A1+ cells (Fig. 3E and F; Extended Data Fig. 4A). G115 tetramers with mutations at 256 

the BTN2A1 binding site (‘epitope one’), notably G115His85γ-Ala and an G115Arg20γ-Ala/Glu70γ-257 

Ala/His85γ-Ala ‘triple-mutant’, were unable to stain BTN2A1+ cells, but still retained the ability to 258 

interact with mAb 20.1-pretreated BTN3A1+ cells (Fig. 3E and F; Extended Data Fig. 4A). 259 

Conversely, TCR tetramers with ‘epitope two’ mutations, G115Arg51δ-Ala or G115Glu52δ-Ala, 260 

readily stained BTN2A1+ cells, but lost their ability to interact with mAb 20.1-pretreated 261 

BTN3A1+ cells (Fig. 3E and F; Extended Data Fig. 4A). G115Lys108γ-Ala, located within the 262 

CDR3γ and near the CDR2δ (5–8 Å distance), also exhibited a reduced association with mAb 263 

20.1-pretreated BTN3A1+ cells, but not to BTN2A1 (Fig. 3E and F; Extended Data Fig. 4A). 264 

Strikingly, G115Lys53δ-Ala tetramers, which was the mutant that resulted in autoactivation in 265 

functional assays (Extended Data Fig. 3A and B), did not affect the interaction with BTN2A1+ 266 

cells, but stained BTN3A1+ cells essentially independently of mAb 20.1 cross-linking (Fig. 3E 267 

and F; Extended Data Fig. 4A). The strong interaction of G115Lys53δ-Ala γδTCR tetramers with 268 

BTN3A1+ cells also held true for other Vγ9Vδ2+ TCR clones tested with the same substitution 269 

(Extended Data Fig. 4B), indicating that the Lys53δ-Ala mutation enhances Vγ9Vδ2+ TCR 270 

binding potential irrespective of CDR3 sequence heterogeneity. As predicted, tetramers with 271 

combined His85γ-Ala (in epitope one) and Glu52δ-Ala (in epitope two) mutations, G115His85γ-272 

Ala/Glu52δ-Ala, lost the ability to interact with both BTN2A1+ and mAb 20.1-pretreated BTN3A1+ 273 

cells (Fig. 3E and F; Extended Data Fig. 4A).  274 

In contrast to mAb 20.1, the antagonistic anti-BTN3A mAb clone 103.2 completely 275 

prevented the binding of G115Lys53δ-Ala γδTCR tetramers to BTN3A1+ cells, supporting the 276 

notion that Vγ9Vδ2 TCR binding to ligand two is intimately associated with BTN3A1 277 

(Extended Data Fig. 4C). In further support of the notion that Vγ9Vδ2+ TCR closely 278 

associates with BTN3A1 following anti-BTN3A mAb 20.1-pretreatment, we co-stained 279 

BTN3A1- or BTN2A1-expressing cells with control SAv-PE or Vγ9Vδ2 TCR-PE tetramer 280 

along with isotype control-AF647 (MOPC21) or anti-BTN3A-AF647 (20.1) mΑb (Extended 281 

Data Fig. 4D). Förster resonance energy transfer (FRET) was observed when BTN3A1+ cells 282 

were co-stained with Vγ9Vδ2 TCR-PE tetramer and anti-BTN3A-AF647 Αb, suggesting close 283 

proximity (<10 nm) when co-bound to BTN3A1-transfected cells.  284 



A recent study by Thomas Herrmann and colleagues established a role for the BTN3A 285 

isoforms, BTN3A2 and BTN3A3, in the pAg-reactive BTN3A heterodimer 26, and previous 286 

studies have suggested that the BTN3A isoforms stabilise BTN3A1 expression 25,27. In 287 

agreement with the notion that other BTN3A isoforms can facilitate ligand-two engagement of 288 

Vγ9Vδ2 TCR, we showed a CDR2δ-mediated interaction of Vγ9Vδ2 TCR tetramers with cells 289 

expressing BTN3A2 and BTN3A3, suggesting that Vγ9Vδ2 TCR sensing by BTN3A isoforms 290 

is not limited to BTN3A1 (Extended Data Fig. 13C). Collectively, these data suggest ‘ligand-291 

two’, being either BTN3A isoforms themselves or a closely associated molecule, binds to 292 

Vγ9Vδ2+ TCR via ‘epitope two’, located on the apical surface of the Vγ9Vδ2+ TCR and 293 

incorporating residues within the CDR2δ and CDR3γ loops. Within epitope two, Lys53δ 294 

appears to act as a gatekeeper residue for ligand-two accessibility, suggesting that upon cross-295 

linking of BTN3A1 with agonist mAb 20.1, a conformational change to ligand-two occurs that 296 

partly circumvents this steric barrier. 297 

 298 

BTN3A1 IgV domain interacts with both BTN2A1 and Vγ9Vδ2+ TCR 299 

BTN2A1 and BTN3A1 are located within 10 nm of each other in cis on the cell surface 11, 300 

however, whether they directly interact is unclear. To test this, we used surface plasmon 301 

resonance to measure the affinity of recombinant BTN2A1 and BTN3A1 ectodomains. Soluble 302 

BTN3A1 ectodomain (IgV–IgC) bound immobilized disulfide-linked BTN2A1 homodimer 303 

with an affinity of KD = 680 μM, but not immobilized BTN3A1 homodimer. Conversely, 304 

soluble BTN2A1 ectodomain weakly bound immobilised BTN3A1 homodimer (KD ~2,600 305 

μM), but not immobilized BTN2A1 homodimer (Fig. 4A), indicating that BTN2A1 and 306 

BTN3A1 ectodomains are capable of directly interacting, albeit with a low affinity. Since 307 

BTN3A1 ectodomain exists as a homodimer and may therefore exhibit enhanced binding in 308 

SPR assays due to increased avidity, we also tested monomeric BTN3A1 IgV domain, which 309 

retained specific binding to BTN2A1 (KD = 1,700 µM; Fig. 4A). In a separate experiment, 310 

irrelevant protein controls including anti-SARS-CoV-2 RBD nanobody (clone E1), human 311 

angiotensin-converting enzyme 2 (ACE2), and human BTN1A1 ectodomain, did not bind 312 

specifically to immobilised BTN2A1 or BTN3A1 homodimers, compared to BTN2A1 and 313 

BTN3A1 ectodomain/IgV domains (Extended Data Fig. 6). This suggests that, whilst low 314 

affinity, the interaction between BTN2A1 and BTN3A1 ectodomains is dependent on their 315 

respective IgV domains and is specific.  316 

To understand the molecular nature of this interaction, we produced soluble BTN3A1–317 

BTN2A1 ectodomain heteromeric complexes (Extended Data Fig. 5A–C), which were 318 



tethered together with C-terminal leucine zippers. The BTN2A1–BTN3A1 heteromer complex 319 

retained staining with anti-BTN2A1 and anti-BTN3A1 mAb by ELISA (Extended Data Fig. 320 

5D) and was comprised of two chains after purification (BTN2A1 and BTN3A1; Extended 321 

Data Fig. 5B and C).  We crystallized the BTN2A1–BTN3A1–zipper complex ectodomains, 322 

and SDS-PAGE analysis of re-dissolved crystals indicated that they contained both BTN2A1-323 

acidic zipper and BTN3A1-basic zipper (Extended Data Fig. 5E), suggestive of an intact 324 

conformation. The crystals diffracted weakly (anisotropic diffraction range 5.6 Å – 8.9 Å 325 

resolution), which nonetheless yielded a single solution in space group F222, wherein the 326 

asymmetric unit contained a single copy of BTN2A1 and BTN3A1, that interfaced via their 327 

IgV domains at a docking angle of ~29° (Fig. 4B and Extended Data Table 1). In this model, 328 

there was a 40 Å break in crystal packing along the C-axis. Given the proximity of this 329 

disordered layer to the C-termini of BTN2A1 and BTN3A1, it is likely that this layer contained 330 

the C-terminal zipper domains, which were 65 and 81 residues long on BTN2A1 and BTN3A1, 331 

respectively. The lack of clear electron density in this region implies that the zippers were 332 

disordered or had distinct overlaying conformations that could not be resolved at a low 333 

resolution, and they were thus not modelled. Regardless, an unbiased electron density omit 334 

map enabled clear identification of the IgV and IgC domains (Extended Data Fig. 7A). 335 

Distinct V-shaped homodimers of both BTN2A1 and BTN3A1 were also recapitulated via 336 

crystallographic symmetry (Fig. 4B), which were structurally similar to those found in the apo 337 

crystal structures, lending further confidence to the BTN2A1–BTN3A1 complex structural 338 

model (Extended Data Fig. 7B). The BTN2A1 and BTN3A1 V-dimers buried 620 Å2 and 640 339 

Å2, respectively, for a combined BSA of ~1,300 Å2 (Extended Data Fig. 7C). The BTN2A1 340 

and BTN3A1 V-dimers came together at a planar angle of ~80° to form a distorted W-shaped 341 

heterotetramer (Fig. 4B), which could be even further expanded through crystallographic 342 

symmetry to yield a linear polymer of the composition [BTN2A1homodimer–BTN3A1homodimer]n 343 

(Fig. 4C). 344 

We next tested which BTN3A1 residues are responsible for engaging BTN2A1 in cis 345 

on the cell surface 11. Of a panel of forty-five BTN3A1 Ala ectodomain mutants, including 346 

residues within both the IgV and IgC domains, forty retained expression on the cell surface and 347 

retained staining by anti-BTN3A mAb clone 103.2 (Extended Data Fig. 8A and B). Mutations 348 

to five residues: BTN3A1Arg44-Ala, BTN3A1Leu96-Ala, BTN3A1Tyr98-Ala (and additionally 349 

BTN3A1Tyr98-Phe), BTN3A1Tyr105-Ala and BTN3A1Glu106-Ala abrogated FRET between anti-350 

BTN2A and anti-BTN3A mAbs (Fig. 4D and Extended Data Fig. 8C). Independently, soluble 351 

BTN3A1 bearing the null-FRET mutation BTN3A1Tyr105-Ala did not bind to immobilised 352 



BTN2A1 homodimers by SPR, confirming the importance of this residue in interacting with 353 

BTN2A1 (Extended Data Fig. 6). Thus, mutations to these residues disrupt the association 354 

between BTN2A1 and BTN3A1 on the cell surface. These residues mapped to the CFG face 355 

of BTN3A1 and correlated closely with the crystallographic interface between BTN2A1 and 356 

BTN3A1. Accordingly, BTN2A1 and BTN3A1 interact via the CFG faces of their IgV 357 

domains and form W-shaped heterodimers and/or hetero-oligomers.  358 

 Using this same panel of BTN3A1 Ala mutants, we investigated which residues were 359 

involved in mediating the BTN3A1/mAb 20.1-dependent Vγ9Vδ2+ TCR interaction. Thirty-360 

four of the panel of forty-five mutants retained binding to anti-BTN3A mAb clone 20.1 361 

(Extended Data Fig. 8A–B and 9A). Of these, six completely abrogated G115 tetramer 362 

staining of mAb 20.1-pretreated BTN3A1+ cells: BTN3A1Val39, BTN3A1Arg44, BTN3A1His85, 363 

BTN3A1Tyr98, BTN3A1Phe104 and BTN3A1Tyr105, plus a further four residues that reduced G115 364 

tetramer staining by >90%: BTN3A1Phe26, BTN3A1Lys37, BTN3A1Ser42 and BTN3A1Leu96 (Fig. 365 

5A and Extended Data Fig. 9A). The panel of BTN3A1 Ala mutants were next co-expressed 366 

with BTN2A1 (WT) in NIH-3T3 cells and used to activate Vδ2+ T cells in the presence of 367 

zoledronate. All six BTN3A1 Ala mutants that abrogated G115 tetramer interaction – 368 

BTN3A1Val39, BTN3A1Arg44, BTN3A1His85, BTN3A1Tyr98, BTN3A1Phe104 and BTN3A1Tyr105 – 369 

also abrogated Vδ2+ T cell activation, as did BTN3A1Leu96 (Fig. 5B and Extended Data Fig. 370 

9B). Except for BTN3A1His85, which mapped to the ABED face, all other residues mapped to 371 

the CFG face. These data extend upon an earlier report that the CFG face of BTN3A1 IgV 372 

domain is functionally important 13, and moreover, attribute a role for these residues in 373 

modulating ligand two binding to Vγ9Vδ2+ TCR. 374 

 375 

BTN2A1 and BTN3A1 utilize the same epitopes to bind each other and Vγ9Vδ2+ TCR 376 

Paradoxically, four of the seven BTN3A1 Ala mutants (BTN3A1Arg44, BTN3A1Leu96, 377 

BTN3A1Tyr98 and BTN3A1Tyr105) that were important for ligand-two binding to Vγ9Vδ2+ TCR 378 

were also critical for binding to BTN2A1 (Fig. 4D, 5A, and Extended Data Fig. 8D). 379 

Likewise, many of the residues within the BTN2A1 IgV domain that contacted γδTCR also 380 

mediated binding to BTN3A1, including BTN2A1Phe43 and BTN2A1Ser44 (Extended Data 381 

Tables 2; Extended Data Fig. 9C). Since the regions of BTN3A1 that engage BTN2A1 and 382 

those that are required for γδTCR–ligand two binding overlap, and conversely, the regions of 383 

BTN2A1 that engage BTN3A1 and γδTCR are also overlapping, it was challenging to 384 

reconcile how BTN2A1 and BTN3A1 can co-bind to each other along with Vγ9Vδ2+ TCR. 385 



Indeed, a superimposition of the BTN2A1–γδTCR and BTN2A1–BTN3A1 crystal structures 386 

identified major steric clashes between BTN3A1 and the γδTCR, suggesting that co-binding 387 

as a ternary complex in this manner is unlikely (Extended Data Fig. 9D and Extended Data 388 

Movie 1). This implies that whilst both BTN2A1 and BTN3A1 are ligands for each other, they 389 

must disengage or undergo major conformational changes to enable co-binding of Vγ9Vδ2+ 390 

TCR to BTN2A1 and ligand-two.  391 

Collectively, these data suggest that BTN2A1 and BTN3A1 epitopes are tethered to 392 

each other in cis on the cell surface, which impairs the Vγ9Vδ2+ TCR from efficiently engaging 393 

to either BTN2A1 or to ligand-two. To further test this hypothesis, we reasoned that locking 394 

BTN2A1-IgV and BTN3A1-IgV domains together would abrogate their interaction with 395 

Vγ9Vδ2+ TCR. For this, we introduced cysteine (Cys) residues in the BTN2A1 and BTN3A1 396 

IgV domain CFG faces that, based on the BTN2A1–BTN3A1 crystal structure, were optimally 397 

positioned for formation of an interchain disulfide bond. We identified two separate Cys mutant 398 

pairs: BTN2A1Gly102-Cys plus BTN3A1Asp103-Cys, and BTN2A1Ser44-Cys plus BTN3A1Ser41-Cys 399 

(Extended Data Fig. 10A). Cells co-transfected with BTN2A1Ser44-Cys plus BTN3A1Ser41-Cys, 400 

or BTN2A1Gly102-Cys plus BTN3A1Asp103-Cys, exhibited a major reduction or total loss of G115 401 

tetramer binding, respectively (Fig. 6A). In control samples where the Cys mutants were co-402 

expressed with a corresponding WT molecule (for example, BTN2A1Gly102-Cys plus 403 

BTN3A1WT, or vice versa), their binding to Vγ9Vδ2+ TCR was retained (Fig. 6A). Treatment 404 

of BTN2A1Cys+ BTN3A1Cys+ cells with graded doses of the reducing agent dithiothreitol (DTT) 405 

partly restored the ability of G115 tetramer to stain these cells, indicating that an interchain 406 

disulfide bond was responsible for the loss of interaction with Vγ9Vδ2+ TCR (Fig. 6B and C).  407 

Based on the BTN2A1–BTN3A1 crystal structure, we predicted that soluble 408 

BTN2A1Gly102-Cys–BTN3A1Asp103-Cys ectodomain complex would adopt a tetrameric 409 

conformation comprised of a central BTN3A1 V-dimer and two outer copies of BTN2A1, each 410 

linked to BTN3A1 via a disulfide bond (Extended Data Fig. 10B). In support of this model, 411 

2D class averages of negatively stained electron micrographs of soluble BTN2A1Gly102-Cys–412 

BTN3A1Asp103-Cys complex revealed the presence of W-shaped particles (Extended Data Fig. 413 

10C). Thus, the lack of staining observed on cells co-expressing BTN2A1Gly102-Cys and 414 

BTN3A1Asp103-Cys is likely due to Vγ9Vδ2+ TCR tetramers being unable to engage the BTN 415 

epitopes located within the IgV domains of BTN2A1 and BTN3A1 when they are tethered to 416 

each other.  417 

 418 

The cytoplasmic tail of BTN2A1 mediates the BTN3A1–pAg–BTN2A1 IC interaction 419 



The intracellular domains of BTN2A1 and BTN3A1 are both required for pAg-induced 420 

activation of Vγ9Vδ2+ T cells 11,19, and it has recently been found that pAg induces an 421 

association between the BTN3A1 and BTN2A1 intracellular domains 20,21. In further support 422 

of these studies, we identified three residues within the BTN2A1 intracellular domain – two in 423 

the C-terminal cytoplasmic tail (BTN2A1Thr482 and BTN2A1Leu488) and one in the B30.2 424 

domain (BTN2A1Arg449) – that are critical for the activation of Vγ9Vδ2+ T cells (Fig. 7A and 425 

Extended Data Fig. 11A–B). Using biolayer interferometry, we found that the B30.2 domain 426 

of BTN3A1 and the BTN2A1 full-length intracellular domain indeed interacted following pAg 427 

treatment (KD ~200 – 800 nM) and that mutations of BTN2A1Arg449-Ala and BTN2A1Thr482-Ala 428 

abrogate this pAg-induced association (Fig. 7B). Thus, we propose that sequestration of pAg 429 

by the intracellular domains of BTN2A1 plus BTN3A1 facilitates allosteric changes to the 430 

ectodomains of BTN2A1–BTN3A1 complex, converting them from an inactive state into an 431 

active state. The Vγ9Vδ2+ TCR is subsequently able to co-engage BTN2A1 plus ligand-two, 432 

with ligand-two being either BTN3A1 itself or a closely associated molecule (Extended Data 433 

Fig. 12). 434 

  435 

Discussion 436 

Akin to pMHC recognition by the αβTCR, BTN molecules have emerged as critical γδTCR 437 

ligands, however, their molecular mode of recognition is poorly defined. Furthermore, the 438 

precise mechanism by which Vγ9Vδ2+ T cells recognise pAg remains unclear. Here we report 439 

the first structure of a TCR engaging an endogenous non-MHC or MHC-like ligand, namely 440 

BTN2A1, revealing that BTN2A1 engages the side of Vγ9, leaving the apical face of the 441 

Vγ9Vδ2+ TCR exposed. We also demonstrate that a second ligand binds the apical Vγ9Vδ2+ 442 

TCR surface in a manner that is dependent on BTN3A1, clarifying the mechanism behind pAg 443 

detection by Vγ9Vδ2+ T cells. Finally, we establish the molecular basis of the BTN2A1–444 

BTN3A1 complex and show that the TCR-binding determinants on the BTN molecules overlap 445 

with the BTN heterodimer interface. 446 

 The ability of Vγ9Vδ2+ TCR to co-bind two ligands contrasts the recognition of MHC 447 

and MHC-like molecules by αβ T cells, which bind with one-to-one stoichiometry. Thus, the 448 

γδTCR appears to be capable of discriminating between a dual and a single ligand-binding 449 

event. Since Vγ9 is often incorporated into non-pAg-reactive Vγ9Vδ1+ TCRs, other non-BTN 450 

γδ T cell ligands such as MICA, CD1 or MR1 might also co-bind in conjunction with BTN2A1. 451 

Likewise, there are numerous parallels between the BTN2A1–BTN3A1 axis and BTN-like 452 

proteins, e.g. human BTNL3/BTNL8 and mouse Btnl1/Btnl6. It is intriguing that the BTN 453 



heterodimers appear to be associating via the same general molecular mechanism. Moreover, 454 

the similarity between the BTNL3-Vγ4 and Btnl1-Vγ7 interfaces is compelling, and it will also 455 

be interesting to see if the mouse Skint1-Skint2-DETC axis hold similarities 7,9,13. However, 456 

no role for Ag has been described in those systems, nor have two-ligand binding sites been 457 

mapped onto the TCRs. Thus, whilst there is clearly a level of similarity, future studies will 458 

need to inform just how homologous those other BTN recognition systems are to that which 459 

we define here.  460 

We previously identified three residues in the ABED face of Vγ9 that are important for 461 

mediating the interaction with BTN2A1 11 which we confirm are important in our crystal 462 

structure. By contrast, the HV4 and CDR2γ loops, which were proposed by Karunakaran et al. 463 

(2020) 12 to be involved, do not form part of the interface with BTN2A1. Nonetheless, the 464 

binding mode between BTN2A1 and Vγ9Vδ2 TCR is consistent with the notion that germline-465 

encoded sequence variability within the ABED sheet (also termed HV4γ region in some 466 

studies) is associated with a spatially distinct epitope that engages BTN molecules 7. Based on 467 

the structurally determined mode of Vγ9Vδ2 TCR binding to BTN2A1, it needs to be 468 

considered whether this mode of binding can be accommodated by the BTN2A1 V-dimer in 469 

the context of a cell-cell trans interaction. While our structural model suggests that the 470 

unliganded copy of BTN2A1 might be pushed towards, and possibly clash with, the cell 471 

membrane, this may not be a problem in antigen-presenting cells that can have more fluidity 472 

within their membranes. It is also possible that the binding mode may involve conformational 473 

plasticity of one or both Vγ9Vδ2 TCR or BTN2A1, via flexibility in their membrane-proximal 474 

hinge regions. It will be important in future studies to determine whether covalently-linked 475 

BTN2A1 V-dimer can engage Vγ9Vδ2 TCR in the context of the cell membrane, and whether 476 

this binding mode impacts signal transduction. 477 

 Unlike αβTCRs and BCRs, which directly sense foreign Ag, pAg-reactive γδ TCRs are 478 

activated by inside-out signalling via BTN conformational changes. As such, additional 479 

regulatory mechanisms are likely required to maintain γδ T cell self-tolerance. To this end we 480 

identified two important molecular checkpoints, namely Lys53 in the CDR2δ loop of Vγ9Vδ2+ 481 

TCR, which suppresses ‘ligand-two’ binding, and a second mechanism whereby the epitopes 482 

of BTN2A1 and BTN3A1 that mediate engagement with Vγ9Vδ2+ TCR are partnered to each 483 

other in cis on the cell surface of APCs in a non-activating conformation. The ability of the 484 

Lys53δ-Ala mutant TCR to induce Vγ9Vδ2+ T cell autoactivation, and stronger ligand-two 485 

binding, suggests that this residue may have a key role in negatively regulating Vγ9Vδ2+ T cell 486 

activation. Upon pAg-induced conformational change of the BTN–complex, the Lys53δ side 487 

Commented [DG2]: not sure if you want to talk about cell 
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chain steric barrier may be circumvented by the Vγ9Vδ2+ TCR, enabling ligand-two to engage 488 

the Vγ9Vδ2+ TCR via an epitope encompassing Arg51δ, Glu52δ and/or Lys108γ. These 489 

residues have been implicated in previous screens as being important for pAg-responsiveness 490 

of Vγ9Vδ2 T cells 11,15, and moreover, are conserved amongst pAg-reactive human Vγ9Vδ2 491 

TCRs and orthologues of TRDV2 identified in higher order primates (ensembl.org; Extended 492 

Data Fig. 13A), as well as pAg-reactive T cells isolated from Rhesus macaque 22. We do not 493 

exclude a role for other residues identified as being important for pAg-responses based on 494 

conservation across pAg-reactive TCRs, such as the strong enrichment of isoleucine, leucine 495 

or valine at residue 97 in the adjacent CDR3δ (23,24 and Extended Data Fig. 13B), although 496 

we do note that modification of residue Leu97 of G115 δ-chain did not heavily impact upon 497 

pAg-mediated activation in our previous study 11.  498 

Whilst the affinity of BTN2A1 and BTN3A1 ectodomains is very low (KD in the mM 499 

range), this is nonetheless sufficient to enable their association in cis on the cell surface. This 500 

weak affinity may ensure both ligands remain in an off-state and proximal to one another, yet 501 

able to dissociate in order to enable Vγ9Vδ2+ TCR engagement of the BTN complex. Upon 502 

pAg encounter, the association of the BTN2A1 and BTN3A1 intracellular domains rapidly 503 

facilitates conversion of the BTN complex into a stimulatory form. Whilst the significance of 504 

the BTN2A1 V- and head-to-tail dimers remains to be tested, they are reminiscent of the 505 

reported BTN3A1 V- and head-to-tail dimers 18,25. It has previously been suggested the head-506 

to-tail dimer of BTN3A1 may support a regulatory function, although subsequent studies 507 

testing this hypothesis have been inconclusive 25.  508 

Our data reveal that BTN3A1 plays a key role in driving ligand-two binding to the 509 

Vγ9Vδ2+ TCR. The simplest interpretation of our findings is that BTN3A1 itself is ligand-two 510 

and binds directly to Vγ9Vδ2+ TCR. However, an alternative interpretation is that instead of 511 

BTN3A1, another molecule is responsible for binding to the apical surface of Vγ9Vδ2+ TCR, 512 

and BTN3A1 instead plays an indirect role. This latter interpretation would demand that ligand-513 

two is expressed at relatively high levels on mouse NIH-3T3 fibroblasts, and can closely 514 

associate with BTN3A1. Accordingly, while we consider the former, simpler, interpretation as 515 

most likely, it is important to emphasize that our observations do not preclude the involvement 516 

of other proteins in facilitating or enhancing pAg-dependent activation of Vγ9Vδ2+ T cells. 517 

Collectively, our findings reveal that a fundamentally unique mode of Ag-driven immune 518 

activation underpins γδ T cell immunity compared to αβ T cells. 519 

 520 
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Figure 1. BTN2A1 engages the side of Vγ9. (A) Surface and cartoon representation of the 615 

BTN2A1–Vγ9Vδ2+ TCR clone G115 crystal structure. G115 TCRδ, pink; G115 TCRγ, orange; 616 

liganded BTN2A1, green; unliganded BTN2A1, gray. (B) Comparison with a representative 617 

pHLA Class I–αβTCR (left, PDB code 1QSE 30) and CD1d–α-GalCer–clone 9C2 Vγ5Vδ1+ 618 

TCR (right, PDB code 4LHU 31). TCRα, dark pink; TCRβ, red; HLA-I, light blue; β2-619 

microglobulin, dark blue; 9C2 TCRδ, yellow; 9C2 TCRγ, pale blue, CD1d, purple. (C) Cartoon 620 

of BTN2A1 depicting the CFG face of the IgV domain in gold and the ABED face of the IgV 621 

domain in blue. (D) Surface representation of BTN2A1 (green) and G115 Vγ9Vδ2 TCR (γ-622 

chain, orange; δ-chain, light pink) depicting the interfaces (red) from the γδTCR-BTN2A1 623 

complex. Molecular contacts between the Vγ9Vδ2+ clone G115 TCR (orange) and BTN2A1 624 

(green) ectodomains showing the (E) HV4γ- and (F) CDR2γ- loops, (G) Arg20γ, (H) Glu70γ 625 

and His85γ, (I) Lys13γ and Lys17γ, (J) Ser16γ and Thr18γ side and/or main chains and their 626 

BTN2A1 contacts as sticks. H-bonds and salt-bridges, red; VDW and cation-π, black; 2mFo-627 

DFc electron density composite omit map contoured at 1σ, blue mesh. 628 
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Figure 2. BTN2A1 forms V-shaped and head-to-tail homodimers. (A) The BTN2A1 V-631 

dimer (left), and cis (middle) or trans (right) interpretation of the head-to-tail homodimer. (B) 632 

Overlay of BTN2A1 V-dimer from apo structure (blue) and BTN3A1 V-dimer (pink) structures 633 

(PDB code 4F80). (C) Surface representation of BTN2A1 (green) depicting the head-to-tail 634 

dimer interface in red and the V-dimer interface in blue. Glycans depicted as sticks. Molecular 635 

contacts at the BTN2A1 ectodomain V-dimer interface between two copies of BTN2A1 (green 636 

and gray) showing (D) Arg126, Phe 207 and Phe212, and (E) His128 and Ser211. Molecular 637 

contacts at the BTN2A1 ectodomain head-to-tail dimer interface between two copies of 638 

BTN2A1 (green and orange) showing (F) Tyr105 contacts with Met174, Val164 and Thr176 639 

(G) Met166 contacts with Tyr98, Phe43 and Phe39 (H) Arg103 contacts with Glu136 (I) 640 

Asp168 and Ala169 main chain contacts with Phe43 main chain and Gln42 side chain. (J) 641 

Surface and cartoon representation of the apo-BTN2A1 crystal structure with BTN2A1 copies 642 

shown in orange, grey, green, blue and light pink. H-bonds and salt-bridges, red; VDW and π 643 

interactions, black; 2mFo-DFc electron density composite omit map contoured at 1σ, blue 644 

mesh. 645 
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Figure 3. BTN3A1 supports binding to the apical surface of the Vγ9Vδ2+ γδTCR . MFI of 648 

γδTCR tetramer staining of (A) gated GFP+ BTN2A1-transfected or (B) GFP+ BTN3A1-649 

transfected NIH-3T3 cells treated with isotype control, anti-BTN3A (clone 20.1) or anti-650 

BTN3A (clone 103.2) antibodies. Graphs are presented as mean  SEM. N  3, where each 651 

point represents an independent experiment. MFI of chimeric γδTCR tetramer staining of (C) 652 

gated GFP+ BTN2A1-transfected or (D) GFP+ BTN3A1-transfected NIH-3T3 cells treated with 653 

anti-BTN3A (clone 20.1). Inset plots depict parent cell gating. Graphs are presented as mean 654 

 SEM. N  3, where each point represents an independent experiment. Mutated G115 γδTCR 655 

tetramer staining of (E) GFP+ BTN2A1-transfected or (F) GFP+ BTN3A1-transfected NIH-656 

3T3 cells treated with anti-BTN3A (clone 20.1). Cartoon inset depicts the locations of 657 

BTN2A1-epitope (red star) and the ligand-two epitope (green star). Graphs depict mean  658 

SEM. N  3, where each point represents an independent experiment. 659 

  660 



 661 

Figure 4. BTN2A1 and BTN3A1 directly associate and form heteromers. (A) Sensorgrams 662 

(left) and saturation plots (right) depicting binding of soluble monomeric BTN2A1 ectodomain 663 

(top row, 890–28 µM), homodimeric BTN3A1 ectodomain (middle row, 1520–24 µM), or 664 

monomeric BTN3A1 IgV domain (bottom row, 1590–25 µM) to immobilised BTN2A1 665 

ectodomain homodimer (red) or BTN3A1 ectodomain homodimer (blue), as measured by 666 

surface plasmon resonance. Insert graphs depict Scatchard plots. KD, dissociation constant 667 

calculated at equilibrium ± SEM, derived from the mean of n=3 independent experiments each 668 

shown separately on the saturation plots. (B) The BTN2A1–BTN3A1 ectodomain complex 669 

crystal structure, showing the asymmetric unit as a surface and the V-dimers as a cartoon. 670 

BTN3A1, blue; BTN2A1, green. (C) Surface and cartoon representation of the BTN2A1 V-671 

dimer–BTN3A1 V-dimer repeating unit within the crystal structure. Color scheme as in (B). 672 

(D) Association between BTN2A1 and BTN3A1 ectodomains on the cell surface of mouse 673 

NIH-3T3 fibroblasts co-expressing wild-type BTN2A1 and individual BTN3A1 mutants, as 674 

determined by mean percentage  SEM of FRET+ cells between anti-BTN2A1-AF647 (clone 675 

259) and anti-BTN3A-PE (clone 103.2). Controls (right) depict FRET between transiently 676 

expressed CD80 and BTN3A1, or BTN2A1 and PD-L2. n = 6 where each point represents an 677 

individual experiment, except for controls where n = 3. NA, data were excluded if BTN3A1 678 

mutant protein levels were > 2-fold lower than BTN3A1 WT as determined by anti-BTN3A 679 

(clone 103.2) mAb staining.  680 

 681 

  682 



Figure 5. BTN3A1 IgV domain is critical for ligand-two interacting with Vγ9Vδ2+ TCR. 683 

(A) G115 Vγ9Vδ2+ TCR tetramer-PE staining of mouse NIH-3T3 fibroblasts transfected with 684 

either wild-type BTN3A1 or the indicated mutants, following pre-treatment with anti-685 

BTN3A1-AF647 (clone 20.1) antibody. SAv, streptavidin-PE control staining of wild-type 686 

BTN3A1+ cells. Bar graphs depict median fluorescence intensity (MFI)  SEM. Dotted lines 687 

represents 90–98% reduction (orange) and >98% reduction (red) in MFI. Inset: surface 688 

representation of BTN3A1 V-dimer with mutations to residues that led to an abrogation of the 689 

anti-BTN3A antibody (20.1)-dependent G115 tetramer interaction coloured in red (> 98% 690 

reduction), orange (90–98% reduction), or gray (< 90% reduction). n = 3, where each point 691 

represents an independent experiment. NA, not applicable since BTN3A surface expression 692 

was too low to measure G115 tetramer staining. (B) Change in CD25 expression (normalized 693 

to unstimulated control for each sample) on purified in vitro-expanded Vδ2+ γδ T cells co-694 

cultured for 24 h with 5 µM zoledronate and mouse NIH-3T3 fibroblast APCs transfected with 695 

wild-type BTN2A1 and individual BTN3A1 mutants. Bar graphs depict mean ± SEM. Red 696 

dotted line represents >50% reduction in activation compared to BTN2A1–BTN3A1 WT. NA 697 

= data not available since BTN3A1 levels were too low to induce zoledronate-dependent 698 

activation of γδ T cells. Data are from 2-3 independent experiments each with n=1-2 different 699 

donors each. ** P < 0.01, *** P < 0.001, **** P < 0.0001, by two-way ANOVA with Šidák 700 

multiple comparison correction. Inset: surface representation of BTN3A1 V-dimer with 701 

mutations to residues that led to an abrogation of zoledronate-dependent Vδ2+ γδ T cell 702 

activation shown in red, or did not impact Vδ2+ γδ T cell activation shown in gray. 703 
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Figure 6. BTN2A1 and BTN3A1 must disengage in order to bind Vγ9Vδ2+ TCR. (A) G115 706 

Vγ9Vδ2+ TCR tetramer-PE, or control streptavidin-PE (SAv) staining of mouse NIH-3T3 707 

fibroblasts co-transfected with BTN2A1 and BTN3A1 wild-type or cysteine mutants in the 708 

depicted combinations. Representative of one of two independent experiments. (B) G115 709 

Vγ9Vδ2+ TCR tetramer-PE, or control streptavidin-PE (SAv) staining of mouse NIH-3T3 710 

fibroblasts co-transfected with the indicated BTN2A1 and BTN3A1 cysteine mutant pairs, or 711 

control BTNL3 plus BTNL8, following pre-treatment of cells with graded concentrations of 712 

dithiothreitol (DTT). Inset – MFI of PE parameter.  Representative of one of four independent 713 

experiments. (C) G115 tetramer-PE staining of NIH-3T3 fibroblasts co-transfected with either 714 

WT or Cys-mutant BTN2A1 plus BTN3A1, or control BTNL3 plus BTNL8, following pre-715 

incubation of the cells with DTT at indicated concentrations. Graphs depict mean  SEM. Data 716 

pooled from 3-4 separate experiments.  717 
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Figure 7. The intracellular tail of BTN2A1 mediates a pAg-dependent interaction with 719 

the BTN3A1 B30.2 domain. (A) mean ± SEM of CD25-PE expression on purified pre-720 

expanded Vδ2+ γδ T cells following co-culture with HEK293T BTN2AKO.BTN3AKO cells 721 

that were co-transfected with BTN3A1 plus the indicated BTN2A1 mutant, or alternatively, 722 

control BTNL3 alone or BTN3A1 alone, ± zoledronate (5 µM) for 24 h.  Replicates with low 723 

transfection efficiency (< 10% GFP+) were excluded from analysis. Data are from three 724 

independent experiments each with n=2 different donors. ** P < 0.01 by two-way ANOVA 725 

with Šidák multiple comparison correction. Insert, molecular model of the BTN2A1 B30.2 726 

intracellular domain generated by AlphaFold v2 with functionally important residues shown in 727 

red. (B) The B30.2 domain of wild-type (WT) BTN3A1 was used as ligand to probe the 728 

interaction with WT or mutant BTN2A1 full length intracellular domain (BFI), in the absence 729 

or presence of pAg (20 µM HMBPP) by biolayer interferometry (BLI). 730 

   731 
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Methods 733 

Human samples 734 

Healthy donor blood derived human peripheral blood cells (PBMCs) from male and female 735 

donors were obtained from the Australian Red Cross Blood Service under ethics approval 17-736 

08VIC-16 or 16-12VIC-03, with ethics approval from University of Melbourne Human Ethics 737 

Sub-Committee (1035100) and isolated via density gradient centrifugation (Ficoll-Paque 738 

PLUS GE Health care) and red blood cell lysis (ACK buffer, produced in-house).  739 

 740 

Cell lines 741 

Jurkat (JR3-T3.5), LM-MEL-75, HEK293T and NIH-3T3 cells were existing tools in the lab 742 

and were maintained in RPMI-1640 (Invitrogen) supplemented with 10% (v/v) FCS (JRH 743 

Biosciences), penicillin (100 U/ml), streptomycin (100 μg/ml), Glutamax (2 mM), sodium 744 

pyruvate (1 mM), nonessential amino acids (0.1 mM) and HEPES buffer (15 mM), pH 7.2–7.5 745 

(all from Invitrogen Life Technologies), plus 50 μM 2-mercaptoethanol (Sigma-Aldrich) 746 

(complete RMPI). Expi293F cells were purchased from ThermoFisher (Cat. No. A14527) and 747 

maintained in Expi293 Expression Medium (ThermoFisher, A1435101).  748 

 749 

γδ T cell isolation and expansion 750 

In some experiments γδ T cells were enriched by MACS using anti-γδTCR-PECy7 followed 751 

by anti-phycoerythrin–mediated magnetic bead purification. After enrichment CD3+ Vδ2+ γδ 752 

T cells were further purified by sorting using an Aria III (BD).  Enriched γδ T cells were 753 

stimulated in vitro for 48 h with plate-bound anti-CD3ε (OKT3, 10 μg/ml, Bio-X-Cell), soluble 754 

anti-CD28 (CD28.2, 1 μg/ml, BD Pharmingen), phytohemagglutinin (0.5 μg/ml, Sigma) and 755 

recombinant human IL-2 (100 U/ml, PeproTech), followed by maintenance with IL-2 for 14–756 

21 d. Cells were cultured in complete medium consisting of a 50:50 (v/v) mixture of AIM-V 757 

(Thermo Fisher) and RPMI-1640 supplemented with 10% (v/v) FCS, penicillin (100 U/ml), 758 

streptomycin (100 μg/ml), Glutamax (2 mM), sodium pyruvate (1 mM), nonessential amino 759 

acids (0.1 mM) and HEPES buffer (15 mM), pH 7.2–7.5, plus 50 μM 2-mercaptoethanol. 760 

 761 

Flow cytometry 762 

To examine the capacity of γδTCR tetramers to bind to BTN molecules, NIH-3T3 cells were 763 

transfected with BTN2A1, BTN3A1 or control BTNL3 in pMIG (a gift from D. Vignali 764 

(Addgene plasmid # 52107) 32 using ViaFect® (Promega) in OptiMEM™ (Gibco, Thermo-765 

Fisher). 48 h following transfection, cells were harvested with trypsin, filtered through a 30 or 766 



70 µm cell strainer, and incubated with anti-BTN3A antibody (clone 20.1) or IgG1,κ isotype 767 

control (clone MOPC-21, BioLegend; or BM4-1, a gift from CSL Limited) at 5 µg/mL for 15 768 

min at room temperature. Cells were then stained with PE-labelled γδTCR tetramers (produced 769 

in house, see below), or control PE-conjugated streptavidin, at 5 µg/mL for 30 min at room 770 

temperature. The median fluorescence intensity (MFI) of γδTCR tetramer interacting with 771 

BTN proteins was examined on gated GFP+ cells by flow cytometry. For γδTCR tetramer 772 

staining, data were excluded if BTN3A1 mutant protein levels were > 2-fold lower than wild-773 

type BTN3A1, as determined by anti-BTN3A mAb staining. To examine the capacity of BTN 774 

tetramers to bind to γδTCRs, HEK293T cells were co-transfected with γδTCR genes in pMIG 775 

using FuGENE® HD (Promega) in OptiMEM™ plus 2A-linked CD3εδγζ in pMIG 33. 48 h 776 

following transfection, cells were collected by pipetting, filtered through a 30 or 70 µm cell 777 

strainer, and stained with anti-CD3ε antibody for 15 min at 4ºC. Cells were then stained with 778 

anti-γδTCR, anti-TCR Vδ2 as well as PE-labelled BTN tetramers (produced in house, see 779 

below), PE-labelled control mouse CD1d ectodomain tetramers (loaded with α-GalCer and 780 

produced in house, see below), or control PE-conjugated streptavidin (BD), for 30 min at 4°C. 781 

The MFI of BTN tetramer on gated CD3+GFP+ cells was measured by flow cytometry. In other 782 

assays, human peripheral blood-derived cells were stained with 7-aminoactinomycin D (7-783 

AAD, Sigma) or LIVE/DEAD® viability markers (ThermoFisher) plus antibodies against: 784 

CD3ε, γδTCR , TCR Vδ2, CD45, CD25, CD69, and/or isotype controls (IgG1,κ clone MOPC-785 

2) in various combinations (Extended Data Table 5). All data were acquired on an 786 

LSRFortessa™ II (BD) and analyzed with FACSDiva and FlowJo (BD) software. All samples 787 

were gated to exclude unstable events, doublets and dead cells using time, forward scatter area 788 

versus height, and viability dye parameters, respectively (Extended Data Fig. 14). 789 

 790 

Generation of BTN2A.BTN3A-knockout cells 791 

HEK293T cells were nucleofected with Cas9/RNP complexes and two guide RNAs, one 792 

targeting the intronic region directly upstream of BTN3A2 (5′-793 

AACTTTCACCTACAAACCGC) and one downstream of BTN2A1 (5′-794 

GAACCCTGACTGAAACGATC). Guides were designed using the Broad Institute CRISPick 795 

web tool 34. After seven days in culture, BTN2A– BTN3A– cells were bulk-sorted (FACS Aria 796 

III) and after another round of culture were single cell-sorted based upon the same criteria. To 797 

verify excision of the BTN locus, genotyping of the expanded clones was performed using 798 

PCR primers targeting BTN3A2, BTN2A1 and the excised locus (Extended Data Table 6). 799 

 800 



Jurkat assays 801 

2.5×104 APCs (LM-MEL-75) cells were plated per well of a 96-well plate and incubated 802 

overnight, before 2×104 G115 mutant-expressing J.RT3-T3.5 (Jurkat) cells ± zoledronate (40 803 

μM) were added for 20 h. CD69 expression was measured by flow cytometry on GFP+ Jurkat 804 

cells. A panel of 15 single-residue alanine (Ala) mutants, each within in the Vδ2 domains of 805 

the Vγ9Vδ2+ G115 TCR were generated by either site-directed mutagenesis using the primers 806 

listed in Extended Data Table 6, or by cloning of gene fragments (IDT). Primers (IDT) were 807 

phosphorylated (PNK, NEB) followed by 25 cycles of PCR using KAPA HiFi master mix 808 

(KAPA Biosystems) using G115 WT TCR in pMIG as template, and PCR product was digested 809 

with DpnI (NEB) and in some cases ligated with T4 DNA ligase (NEB). Construct sequences 810 

were verified by Sanger sequencing prior to use. 811 

 812 

γδ T cell functional assays 813 

For co-culture assays, NIH-3T3 cells were transfected with BTN2A1 in combination with wild-814 

type or mutant BTN3A1, or separately with control BTNL3 and BTNL8 in pMIG with 815 

ViaFect® in OptiMEM™. 48 h following transfection, NIH-3T3 cells (3×104) were harvested, 816 

transferred to 96-well plates and incubated with purified in vitro-expanded Vδ2+ γδ T cells 817 

(2×104) for 24 h ± zoledronate (5 μM). γδ T cell activation was determined by CD25 818 

upregulation using flow cytometry. For γδ T cell functional assays, samples were excluded if 819 

transfection efficiency was less than 10%.  820 

 821 

Detection of Förster Resonance Energy Transfer 822 

Thirty-thousand NIH-3T3 cells were transfected with BTN2A1 in combination with wild-type 823 

or mutant BTN3A1, or control BTN2A1 transfected with PDL2 / BTN3A1 transfected with 824 

CD80, in pMIG with ViaFect® in OptiMEM™. 48 h following transfection, NIH-3T3 cells 825 

were harvested with trypsin, filtered through 30–70 µm cell strainers, and stained with anti-826 

BTN2A1-AlexaFluor647 (clone 259) and BTN3A-PE (clone 103.2) or isotype controls (clones 827 

BM4-2a and MOPC-21, respectively) for 30 min at 4ºC. The frequency of cells identified as 828 

FRET+ was examined on gated GFP+AlexaFluor647+PE+ NIH-3T3 cells. For FRET 829 

experiments, data were excluded if BTN3A1 mutant protein levels were > 2-fold lower than 830 

BTN3A1 WT as determined by anti-BTN3A (clone 103.2) mAb staining. 831 

 832 

 833 

Production of soluble proteins and tetramers 834 



Soluble human BTN2A1–BTN3A1 ectodomains, or alternatively BTN2A1 ectodomains 835 

containing a C-terminal Cys (Cys247) and an acidic or basic leucine zipper 35, along with 836 

soluble γδTCRs, BTN1A1, BTN2A1 lacking Cys247, BTN3A1, BTN3A1 IgV domain, and 837 

mouse CD1d ectodomains were expressed by transient transfection of mammalian Expi293F 838 

or MGAT1null (GNTI) HEK-293S cells using ExpiFectamine or PEI, respectively, with pHL-839 

sec vector DNA encoding constructs with C-terminal biotin ligase (AviTag™) and His6 tags 840 

36. Protein was purified from culture supernatant using immobilized metal affinity 841 

chromatography (IMAC) and gel filtration, and enzymatically biotinylated using BirA 842 

(produced in-house). Proteins were re-purified by size exclusion chromatography and stored at 843 

-80ºC. Biotinylated proteins were tetramerized with streptavidin-PE (BD) at a 4:1 molar ratio.  844 

 845 

Structure determination 846 

BTN2A1 and G115 γδTCR were mixed at a 1:1 molar ratio (15 mg/ml in Tris-buffered saline 847 

pH 8) and crystallized at 20°C in 20% polyethylene glycol (PEG) 3350/0.2 M sodium 848 

malonate/malonic acid pH 7.0; apo BTN2A1 (10 mg/ml in Tris-buffered saline pH 8) was 849 

crystallized at 20°C in 1.65 M ammonium sulfate/2% (v/v) PEG 400/0.1 M HEPES pH 8; and 850 

BTN2A1–BTN3A1–zippered complex (1 mg/ml in Tris-buffered saline pH 8) was crystallized 851 

at 20°C in 6% (w/v) PEG 6000/0.1 M magnesium sulfate/0.1 M HEPES pH 6 by sitting drop 852 

vapour diffusion (C3 facility, CSIRO, Australia). Crystals of BTN2A1–G115 γδTCR, apo 853 

BTN2A1 and BTN2A1–BTN3A1-zippered complex were flash frozen in mother liquor plus 854 

27.5% (w/v) PEG/0.2 M sodium malonate, 1.8 M ammonium sulfate/2% (v/v) PEG 400/15% 855 

(v/v) glycerol, or in well solution plus 20% (v/v) glycerol, respectively. Data were collected at 856 

100 K using the MX2 (3ID1) beamline at the Australian Synchrotron 37 with an Eiger detector 857 

operating at 100 Hz. Data were integrated using iMosflm version 7.3.0 38 and, in the case of  858 

BTN2A1–G115 γδTCR, processed using the Aimless package in CCP4, or in the case of apo 859 

BTN2A1 and BTN2A1–BTN3A1-zippered complex, subjected to the STARANISO Server 860 

(Global Phasing Ltd.) (staraniso.globalphasing.org/cgi-bin/staraniso.cgi) to perform an 861 

anisotropic cut-off and to apply an anisotropic correction to the data. Apo BTN2A1 was solved 862 

by molecular replacement using the IgV and IgC domains of bovine BTN1A1 as separate 863 

search ensembles (PDB code 4HH8 39); BTN2A1–G115 γδTCR was solved by molecular 864 

replacement using G115 TCR (PDB code 1HXM 40) and monomeric BTN2A1; BTN2A1–865 

BTN3A1–zippered complex was solved by molecular replacement using monomeric BTN2A1, 866 

and BTN3A1 (from PDB code 4F80 18), with Phaser 41. Refinement of BTN2A1–G115 γδTCR 867 

was performed by iterative rounds of model building into experimental maps in Coot and 868 

http://staraniso.globalphasing.org/cgi-bin/staraniso.cgi


refinement with Buster version 2.10.4 (Global Phasing), using non-crystallographic symmetry 869 

(NCS) restraints applied to BTN2A1, excluding residues at the TCR-binding interface 42. 870 

Refinement of apo BTN2A1 and BTN2A1–BTN3A1-zippered complex were similarly 871 

restrained against the unliganded copy of BTN2A1 from BTN2A1– G115 γδTCR, or BTN3A1 872 

from 4F80, excluding residues at the interfaces. The BTN2A1–G115 γδTCR, apo BTN2A1 873 

ectodomain and BTN2A1–BTN3A1 ectodomain complex structural models were deposited in 874 

the Protein Data Bank under the accession codes 8DFW, 8DFY and 8DFX, respectively, and 875 

were analyzed with the CCP4 suite version 7.1 43. Molecular figures were generated with 876 

PyMOL (Schrödinger). Cation-π interactions were determined as described 43. Angles were 877 

calculated between the center of masses of the Ig domains, or in some cases by the intersection 878 

of two planes, each defined by three points. Modelling in Extended Data Fig. 12 was performed 879 

using AlphaFold 2.0 45. In order to remove model bias, electron density 2mFo-DFc omit maps 880 

were generated as a composite of partial models that were refined with simulated annealing 881 

using Phenix. 882 

 883 

Enzyme-linked immunosorbent assay (ELISA) 884 

ELISA plates (Microtitre) were coated with 50 µl/well of 5 µg/ml NeutrAvidin (Thermo Fisher 885 

Scientific, #31000) for 1 h at room temperature, washed with 0.05% v/v Tween-20 in PBS 886 

(PBST), blocked with 1% w/v BSA in PBS for 1 h at room temperature, and biotinylated BTN 887 

proteins captured. Alternatively, BTN proteins were coated directly on to an ELISA plate, 888 

washed with PBST and blocked with 1% BSA in PBS for 1 h at room temperature. BTN 889 

proteins were then probed with 2 µg/ml anti-BTN2A1 (mAb clone 259), anti-BTN3A (mAb 890 

clones 103.2 or 20.1 as indicated) or appropriate isotype control mAb BM4-2a (IgG2a,κ; a gift 891 

from CSL Limited) or MOPC-21 (IgG1,κ) and detected with goat anti-mouse Ig-HRP (Thermo 892 

Fisher Scientific, #63-65-20). 50 µl/well of TMB (Thermo Fisher Scientific; 1-Step Ultra 893 

TMB-ELISA) was added and incubated for ~10 min, and subsequently quenched with 2.25 M 894 

HCl, followed by measuring absorbance at 450 nm on a ClariostarPlus (BMG LabTech). Data 895 

were analysed in GraphPad Prism. 896 

 897 

Surface plasmon resonance 898 

SPR experiments were conducted at 25°C on a Biacore T200 instrument (GE Healthcare) using 899 

10 mM HEPES-HCl (pH 7.4), 150 mM NaCl, 3 mM EDTA, and 0.05% Tween 20 buffer. 900 

Biotinylated BTN ectodomains were immobilized to 1,500-2,300 resonance units (RU) on a 901 

Biacore sensor chip SA pre-immobilized with streptavidin. The assay depicted in 902 



Supplementary figure 6 was conducted using a Biacore S200 instrument, and streptavidin was 903 

immobilized on a CM5 chip via amine-coupling to 10,000 RU, followed by immobilization of 904 

ligands as above. Soluble BTN molecules or G115 γδTCR were two-fold serially diluted and 905 

simultaneously injected over test and control surfaces at a rate of 30 μl/min. After subtraction 906 

of data from the control flow cell (BTN1A1) and blank injections, interactions were analyzed 907 

using Biacore evaluation software (GE Healthcare), Scrubber (Biologic) and Prism version 10 908 

(GraphPad), and equilibrium dissociation constants were derived at equilibrium. 909 

 910 

Biolayer Interferometry (BLI) 911 

Affinity measurements for the BTN2A1-BTN3A1 interaction were determined by BLI on an 912 

Octet Red 96e instrument (Sartorius). Assays were performed in black 96 well flat-bottom 913 

plates at 25°C with agitation (1000 rpm), using sample buffer 1 (150 mM NaCl, 10 mM 914 

HEPES, 0.05% Tween-20, 3 mM EDTA, pH 7.4), sample buffer 2 (150 mM NaCl, 10 mM 915 

HEPES, 0.05% Tween-20, 3 mM EDTA, 1 mM DTT, pH 7.4) and regeneration buffer (1 M 916 

NaCl, 10 mM HEPES pH 7.4). First, Streptavidin Biosensors (Sartorius) were hydrated for 20 917 

minutes at 100 rpm in sample buffer 1. Biotinylated BTN3A1-B30.2 was then loaded at 5 918 

µg/ml in sample buffer 1 to a ligand coating density of 1.2 nm, and a baseline signal was 919 

established for 180 seconds in sample buffer 1. For series in the absence of phosphoantigen, a 920 

second baseline signal was established in sample buffer 2 before dipping sensors into 2-fold 921 

serial dilutions of BTN2A1-BFI (wildtype or mutant) in sample buffer 2 starting at 10 µM. A 922 

360 second association phase was recorded, followed by 2 separate 600 second dissociation 923 

phases in different wells of buffer 2. Sensors were then regenerated by three cycles of 924 

immersion in regeneration buffer followed by buffer 2 for 90 seconds per step, and assay steps 925 

were repeated for remaining sample wells. For series in the presence of phosphoantigen (20 926 

µM HMBPP), a baseline signal was established in wells containing sample buffer 2 with 927 

HMBPP ahead of ligand association in BTN2A1-BFI (wildtype or mutant) along with HMBPP. 928 

This was followed by a dissociation phase in buffer 2 with HMBPP, and then a further 929 

dissociation phase in buffer 2 without HMBPP. Reference sensor data from the BTN3A1-B30-930 

coated sensor dipped in buffer 2 alone was subtracted to account for baseline drift, and the data 931 

were aligned to the y-axis at baseline. Kinetic constants were determined using the Octet Data 932 

Analysis HT software v12.0.2.59 (ForteBio). Curve fitting was performed using a 1:1 global 933 

fit biding model. 934 

 935 

Electron microscopy 936 



Soluble BTN2A1 Gly130-Cys–BTN3A1 Asp132-Cys complex was enzymatically digested 937 

with thrombin to remove C-terminal leucine zippers, repurified by size exclusion and anion 938 

exchange chromatography, and spotted onto glow-discharged 400 mesh thin carbon-coated 939 

copper grids at 380 μg/ml in TBS for 30 seconds, followed by negative staining with 2% w/v 940 

uranyl acetate. Grids were observed on a FEI Tecnai F30 (Eindhoven, NL) 300 kV transmission 941 

electron microscope at a nominal magnification of ×52,000. Seventeen micrographs were 942 

acquired on a CETA (Thermofisher, USA) camera with a 3.7 Å pixel size. Particles were 943 

picked using blob picking followed by 2D class averaging in cryoSPARC 46, with 10,238 944 

particles contributing to the final set of 2D class averages. 945 

 946 

Statistical analysis 947 

γδ T cell functional assays were analysed by 2-way ANOVA with Šidák’s correction when 948 

comparing γδ T cell activation (CD25+) with and without treatment across various BTN 949 

mutants. Change in His85γ-Ala tetramer MFI staining with Zol treatment was analysed by 950 

Wilcoxon matched-pairs signed rank test. All independent datapoints are biological replicates. 951 

 952 

Data and materials availability 953 

Reagents used in this study are available upon request. The crystal structures are deposited in 954 

the Protein Data Bank under accession codes 8DFW, 8DFY and 8DFX.  955 

 956 

  957 
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