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SUMMARY
Vg9Vd2 T cells play critical roles inmicrobial immunity by detecting target cells exposed to pathogen-derived
phosphoantigens (P-Ags). Target cell expression of BTN3A1, the ‘‘P-Ag sensor,’’ and BTN2A1, a direct ligand
for T cell receptor (TCR) Vg9, is essential for this process; however, the molecular mechanisms involved are
unclear. Here, we characterize BTN2A1 interactions with Vg9Vd2 TCR and BTN3A1. Nuclear magnetic reso-
nance (NMR), modeling, and mutagenesis establish a BTN2A1-immunoglobulin V (IgV)/BTN3A1-IgV struc-
tural model compatible with their cell-surface association in cis. However, TCR and BTN3A1-IgV binding
to BTN2A1-IgV is mutually exclusive, owing to binding site proximity and overlap. Moreover, mutagenesis in-
dicates that the BTN2A1-IgV/BTN3A1-IgV interaction is non-essential for recognition but instead identifies a
molecular surface on BTN3A1-IgV essential to P-Ag sensing. These results establish a critical role for BTN3A-
IgV in P-Ag sensing, in mediating direct or indirect interactions with the gd-TCR. They support a composite-
ligandmodel whereby intracellular P-Ag detection coordinatesweak extracellular germline TCR/BTN2A1 and
clonotypically influenced TCR/BTN3A-mediated interactions to initiate Vg9Vd2 TCR triggering.
INTRODUCTION

Vg9Vd2 T cells make unique contributions to antimicrobial

immunity in highermammals by recognizing target cells exposed

to non-peptidic phosphoantigens (P-Ags),1,2 including the hi-

ghly potent (E)-4-Hydroxy-3-methyl-but-2-enyl pyrophosphate

(HMBPP) antigen derived from the microbial-specific non-me-

valonate pathway of isoprenoid biosynthesis.3 Following exoge-

nous P-Ag detection, they mount major histocompatibility com-

plex (MHC)-independent effector responses to pathogens of

major clinical importance,4 including cytotoxicity and cytokine

production2,5; they are also capable of phagocytosis of opson-

ized target cells.5 However, in addition to detection of microbial

P-Ags, Vg9Vd2 T cells also respond to IPP, a less potent P-Ag,

which derives from the mammalian mevalonate pathway that

can be naturally upregulated or pharmacologically targeted in

cancer cells.2 Aligned with this, the subset is a focus of consider-

able therapeutic development in the context of cancer immuno-

therapy. The molecular mechanisms involved in P-Ag recogni-

tion are therefore of substantial interest. Butyrophilin family

molecules have emerged as central players in this process—
This is an open access article und
with target cell expression of BTN3A16 and, more recently,

BTN2A17,8 established as essential to P-Ag sensing. Deter-

mining how P-Ag sensing occurs is arguably core to understand-

ing Vg9Vd2 T cell biology, may have wider implications for other

gd T cell subsets where BTN family members have been impli-

cated in their immunobiology,9,10 and could open up new oppor-

tunities for therapeutic manipulation of this universal human

T cell population.

BTN2A1 and BTN3A1 clearly play highly distinct roles in

Vg9Vd2 T cell detection of P-Ag-exposed cells. BTN3A1 acts

as the intracellular ‘‘P-Ag sensor’’11 by binding P-Ags in the

cytosol, which triggers conformational changes in its intracellular

B30.2 domain.11–15 In contrast, BTN2A1 was recently identified

by our own group7 and others8 as a direct ligand for TCR Vg9

via a low-affinity (50 mM) bindingmode restricted to germline-en-

coded T cell receptor (TCR) elements including the HV4 region.

However, although this interaction is a critical requirement for

P-Ag reactivity, other regions of the TCR are vital for P-Ag

sensing, notably including the CDR3d and CDR3g regions.16

Moreover, our previous modeling of the Vg9Vd2 TCR interaction

with BTN2A1 indicated recognition of the BTN2A1 CC’FG (CFG)
Cell Reports 42, 112321, April 25, 2023 ª 2023 The Authors. 1
er the CC BY license (http://creativecommons.org/licenses/by/4.0/).

mailto:c.r.willcox@bham.ac.uk
mailto:m.jeeves@bham.ac.uk
mailto:b.willcox@bham.ac.uk
https://doi.org/10.1016/j.celrep.2023.112321
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2023.112321&domain=pdf
http://creativecommons.org/licenses/by/4.0/


¹H (ppm)

65707580859095100

15
N

 (p
pm

)

105

110

115

120

125

130

¹H (ppm)

G81

S72

E86
A74
E83

W66SC

¹H (ppm)

15
N

 (p
pm

)

E83

A136

A74

8.408.508.608.708.808.90

120.5

121.0

121.5

122.0

122.5

123.0

1H (ppm)

15
N

 (p
pm

)

T96 S72

G81

7172737475767778798081828384

104

105

106

107

108

109

110

8.959.009.059.109.159.209.259.309.35

2A1 K79A

8.959.009.059.109.159.209.259.309.35

2A1 Q128A2A1 Y126A

8.959.009.059.109.159.209.259.309.35

2A1 Y133A2A1 R131A

WT 2A1
CF

G

C’

S72

A74

G81

E83

K79

Y126

Q128

R131

Y133

N

C

CF
G

C’

CF
G

C’

BA

DC

E

G45

T117

K136

G131

C52

H53
116.8
116.6
116.4
116.2
116.0
115.8
115.6
115.4
115.2

15
N

 (p
pm

)

116.8
116.6
116.4
116.2
116.0
115.8
115.6
115.4
115.2

15
N

 (p
pm

)

116.8
116.6
116.4
116.2
116.0
115.8
115.6
115.4
115.2

15
N

 (p
pm

)

116.8
116.6
116.4
116.2
116.0
115.8
115.6
115.4
115.2

15
N

 (p
pm

)

116.8
116.6
116.4
116.2
116.0
115.8
115.6
115.4
115.2

15
N

 (p
pm

)

116.8
116.6
116.4
116.2
116.0
115.8
115.6
115.4
115.2

15
N

 (p
pm

)

8.959.009.059.109.159.209.259.309.35

8.959.009.059.109.159.209.259.309.35

8.959.009.059.109.159.209.259.309.35
1H (ppm)

G45

T117

K136

G131

C52

H53

1H (ppm)

G45

T117

K136

G131

C52

H53

G45

T117

K136

G131

C52

H53

65707580859095100

15
N

 (p
pm

)

105

110

115

120

125

130

G45

T117

K136

G131

C52

H53

G45

T117

K136

G131

C52

H53

BTN2A1-IgV BTN3A1-IgV

CF
G

C’
CF

G
C’

BTN2A1-IgV
footprint

BTN3A1-IgV 
footprint

BTN2A1-IgVC-V-shaped dimer BTN3A1-IgVC-V-shaped dimer

IgV

IgC
IgC

IgV
IgV

IgC

IgC

GF

VgI-1A3NTBVgI-1A2NTB

IgV

(legend on next page)

2 Cell Reports 42, 112321, April 25, 2023

Report
ll

OPEN ACCESS



Report
ll

OPEN ACCESS
face by the lateral, germline-encoded surface of the TCR Vg9

chain, leaving the membrane-distal surface comprising other

CDR loops also implicated in P-Ag sensing (CDR1g, CDR3g,

CDR1d, CDR2d, CDR3d) available for additional interactions.7

Collectively, this clearly suggests that other CDR-recognized

TCR ligands are likely involved in Vg9Vd2 TCR triggering.

How BTN3A1 and BTN2A1 functionality becomes coupled in

the presence of P-Ag is currently unclear. Both the nature of

the P-Ag-induced changes communicated to the TCR, and

also how this communication occurs, is currently ill defined. An

important recent study showed that P-Ag binding to the

BTN3A1 B30.2 domain induces association with the BTN2A1

B30.2 region17 and that it could be a proximal consequence of

intracellular P-Ag detection. However, the extracellular recogni-

tion events involving BTN2A1, BTN3A1, and TCR that occur

following P-Ag detection are less clear. Of relevance, we previ-

ously showed that the membrane-distal immunoglobulin V (IgV)

domains of BTN2A1 and BTN3A1 can directly interact.7 This

raised the question of whether such BTN3A1-IgV/BTN2A1-IgV

interactions are essential for P-Ag sensing and contribute to

the Vg9Vd2 TCR recognition complex following intracellular

P-Ag exposure.7

Here, we shed light on extracellular recognition events central

to P-Ag sensing by employing a range of molecular approaches

to define the nature of the BTN2A1-IgV/BTN3A1-IgV interaction,

its significance in P-Ag sensing, and the importance of the

BTN3A1-IgV domain. The results support a composite-ligand

model of P-Ag sensing whereby intracellular P-Ag detection in-

duces assembly of a heteromeric butyrophilin ligand complex

permitting simultaneous germline TCR interaction with BTN2A1

alongside parallel TCR-mediated recognition of BTN3A.

RESULTS

Molecular modeling of BTN2A1/BTN3A1 interaction
Having established that BTN2A1 not only represents a direct

ligand for a canonical Vg9Vd2 TCR but can also interact with

the P-Ag sensor BTN3A1 via its ectodomain,7 we first aimed to

determine the bindingmode for this interaction. Previously, using

nuclear magnetic resonance (NMR), we were able to detect

binding of wild-type (WT) BTN2A1-IgV to 15N-13C-labeled

BTN3A1-IgV, confirming a low-affinity interaction (Kd >100 mM)

and enabling mapping of residues on BTN3A1 that were
Figure 1. Modeling the BTN2A1-BTN3A1 ectodomain interaction
(A) 1H-15N-HSQC spectrum of 750 mM 15N-13C-labeled BTN2A1-IgV.

(B) Overlay of 1H-15N-HSQC spectra of 80 mM 15N-13C-labeled BTN2A1-IgV (black

(red). Residues that show significant chemical shift perturbations and those that sh

and shown in insets.

(C) Ribbon representation of the BTN2A1-IgV domain. BTN2A1 residues with ch

candidate mutations (gray).

(D) Overlay of the 1H-15N-HSQC spectrum of 250 mM 15N-labeled BTN3A1-IgV (b

and different mutants of BTN2A1-IgV (colored as indicated). Most resonances o

nificant line broadening consistent with being in intermediate chemical exchange

the 1H-15N-HSQC spectrum of BTN3A1-IgV suggesting differential binding effec

(E) HADDOCK derived model of the BTN2A1-IgV/BTN3A1-IgV complex.

(F) Molecular surface representation of the BTN2A1-IgV (pink) and BTN3A1-IgV (ye

(G) Full V-shaped BTN3A1-BTN2A1 ectodomain interaction extrapolated from th

See also Figure S1.
involved, which we observed were clustered on the CFG face

of the domain.7 To determine the region of BTN2A1-IgV involved

in the interaction, we first collected a heteronuclear single quan-

tum coherence (HSQC) spectrum of 15N-labeled BTN2A1 (Fig-

ure 1A). Sequence-specific assignments were achieved using
15N-13C-labeled protein, resulting in the backbone amide

assignment of 102 out of 113 non-proline residues. For the re-

maining residues, signal overlap and internal conformational ex-

change meant that unambiguous assignment was not possible.

Subsequent addition of unlabeled BTN3A1-IgV resulted in the

perturbation or disappearance of several resonances assigned

to specific BTN2A1-IgV residues (Figures 1B and S1A), including

S72, A74, G81, and E83, which are located on the CFG face (Fig-

ure 1C). The perturbations seen are in fast exchange with small

chemical shift changes, with the disappearance of peaks

being due to those residues being in intermediate exchange

because of the larger chemical shift difference between the res-

onances of the bound and free forms. This, together with the low

number of residues affected, suggests that the interaction is

relatively weak with a small contact interface. Mapping these

onto the BTN2A1-IgV surface, we were able to highlight several

additional nearby residues as candidates for involvement,

namely K79, Y126, Q128, R131, and Y133 (Figure 1C). The addi-

tion of unlabeled BTN2A1-IgV bearing single alanine mutations

at these residues to 15N-labeled BTN3A1-IgV (Figures 1D and

S1B) indicated that two of these residues negatively impacted

BTN3A1 interaction: Q128A eliminated BTN3A1 binding

completely, and Y126A altered it; in contrast, K79A, R131A,

and Y133A did not impact the BTN3A1-IgV interaction. This

was clearly seen in the disappearance of the signal for

BTN3A1 residue K136 upon addition of BTN2A1-IgV mutants

K79A, R131A, and Y133A, matching the effect seen upon addi-

tion ofWT-BTN2A1-IgV, while the addition of BTN2A1 Q128A re-

sulted in no changes to the spectrum of BTN3A1-IgV, indicating

no binding, and BTN2A1 Y126A caused only a small perturba-

tion, suggesting altered binding (Figure 1D). This is further

corroborated when examining the effect on BTN3A1 residue

V68, which showed differential shifting dependent on the mutant

of BTN2A1-IgV used (Figure S1B). We then applied our previous

mutation-/NMR-informed molecular docking approach7 to

generate a model of the BTN2A1-IgV/BTN3A1-IgV interaction

using the HADDOCK program18,19 (Figures 1E and 1F). The bind-

ing mode was consistent with BTN2A1 and BTN3A1 protruding
) with 80 mM 15N-13C-labeled BTN2A1-IgV plus 400 mMunlabeled BTN3A1-IgV

owdramatic line broadening due to being in intermediate exchange are labeled

emical-shift perturbations upon BTN3A1 binding are mapped (red), plus other

lack), with 250 mM 15N-labeled BTN3A1-IgV after the addition of 250 mM of WT

f BTN3A1-IgV are unaffected, but some (highlighted here by K136) show sig-

leading to the loss of signal. Mutants of BTN2A1-IgV cause varying effects on

ts.

llow) domains. The putative binding footprints are highlighted on each surface.

e BTN2A1-IgV/BTN3A1-IgV model.

Cell Reports 42, 112321, April 25, 2023 3
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Figure 2. TCR binding BTN2A1 prevents formation of a TCR/BTN2A1-BTN3A1 complex

(A) Molecular surface representation of BTN2A1-IgV (pink), with the BTN3A1-IgV (yellow) and G115-Vg9 (green) binding footprints mapped.

(B) Predicted model of the BTN2A1/BTN3A1/G115 triple complex. The G115-Vg9 domain clashes with the BTN3A1-IgV domain. The V-shaped BTN2A1 and

BTN3A1 ectodomains are shown as spheres. The constant domains for the G115-TCR have been omitted for clarity.

(C–F) Region of the 1H-15N-HSQC spectrum of 100 mM 15N-labeled BTN3A1-IgV (C) focusing in on residues H53, K136, and T117 (red). Overlay of a region of the

spectrumof 100 mM15N-labeled BTN3A1-IgV (red) with a spectrum of 100 mM15N-labeled BTN3A1-IgV after the addition of 100 mMBTN2A1-IgV (D, blue), 100 mM

G115 TCR (E, purple), and 100 mM each of BTN2A1-IgV and G115 TCR (F, black).

See also Figure S2.

Report
ll

OPEN ACCESS
from the same cell membrane with the long axis of each dimer

approximately in parallel, indicative of a plausible in cis interac-

tion mode on the target cell surface (Figure 1G).

TCR binding to BTN2A1 precludes BTN2A1/BTN3A1
interaction
Wenext addressedwhether the Vg9Vd2 TCRwas able to directly

engage a BTN2A1-IgV/BTN3A1-IgV complex. Comparison of

the binding surfaces of BTN2A1-IgV predicted to be involved in

interaction with either TCR (Figure S2A) or BTN3A1 indicated

use of the same outer CFG face of the domain and highlighted

substantial overlap (Figure 2A). Moreover, superimposition of

molecular models of BTN2A1-IgV interactions with each protein

highlighted major steric clashes between the TCR and BTN3A1
4 Cell Reports 42, 112321, April 25, 2023
(Figure 2B). In addition, BTN2A1-IgV Y126A mutation negatively

impacted both Vg9Vd2 TCR binding7 and BTN3A1 interaction

(Figure 1), suggesting potential overlap in both binding foot-

prints. Based on these collective data, we predicted that a triple

complex of TCR binding to the BTN3A1-IgV/BTN2A1-IgV in cis

heterodimer was unlikely to occur.

To directly address this prediction, we assessed whether

binding of unlabeled BTN2A1-IgV to 15N-labeled BTN3A1-IgV,

readily detectable by NMR, was influenced by the presence of

unlabeled Vg9Vd2 TCR. Addition of unlabeled BTN2A1-IgV

induced chemical shifts in BTN3A1-IgV residues we had previ-

ously identified as being involved in BTN2A1 interactions

(including K136) (Figures 2C and 2D). In contrast, unlabeled

Vg9Vd2 TCR produced no shifts when added to 15N-labeled



A B

C D

Figure 3. BTN2A1-IgV interaction with BTN3A1-IgV is not required for P-Ag sensing

(A) Overlay of a region of the 1H-15N-HSQC spectrum of 100 mM 15N-labeled WT BTN2A1-IgV (black) with a 1H-15N-HSQC spectrum of 100 mM 15N-labeled WT

BTN2A1-IgV after addition of 100 mM BTN3A1-IgV K136A mutant (red).

(B) As for (A) but after addition of 100 mM BTN3A1-IgV E135A mutant (blue).

(C and D) Interleukin-2 (IL-2) production by MOP TCR hybridoma cells in response to CHO cells expressing BTN2A1 and WT or the indicated mutant BTN3A1

following HMBPP treatment (C) or treatment with 20.1 mAb (D) at the indicated concentrations. Shown are mean ± SD of three independent experiments.

**p < 0.005; two-way ANOVA.

See also Figure S3.
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BTN3A1-IgV, confirming the lack of a detectable Vg9Vd2

TCR/BTN3A1 interaction at the concentrations used (Figures

2E and S2B). Due to its relatively large size (>60 kDa), binding

of the TCR to an in cis BTN2A1-BTN3A1 heterodimer complex

would be expected to cause significant broadening and lead to

the loss of detectable signal from 15N-labeled BTN3A1. Howev-

er, the addition of Vg9Vd2 TCR alongside BTN2A1-IgV resulted

in the loss of any BTN2A1-IgV-induced shifts in 15N-BTN3A1-

IgV residues but restored and maintained resonances from unli-

ganded 15N-BTN3A1 (Figure 2F). These data provide objective

quantitative evidence that Vg9Vd2 TCR binding to BTN2A1 pre-

cludes interaction of the latter protein with BTN3A1 and confirms

that a ‘‘triple complex’’ involving a TCR interaction with a

BTN2A1-IgV/BTN3A1-IgV in cis heterodimer is biochemically

unfeasible. In addition, restoration and maintenance of reso-

nances from unliganded 15N-BTN3A1-IgV after the addition of

TCR excludes the possibility that TCR binding to BTN2A1-IgV

leads to a conformational change in either protein that promotes

interaction with BTN3A1-IgV or, alternatively, that BTN2A1-IgV/

BTN3A1-IgV alters BTN3A1-IgV conformation in such a way as

to promote TCR binding.

BTN2A1-IgV interaction with BTN3A1-IgV is redundant
for P-Ag sensing
We next sought to assess directly the functional importance of

the BTN2A1-IgV/BTN3A1-IgV interaction for Vg9Vd2 T cell

recognition. Previously, we noted that the K136M (along with

Y127W and R73H) mutation on BTN3A1/3A2-IgV eliminated

P-Ag sensing20; however, whether this had effects on
BTN2A1-IgV interactions was unclear. To address this concept,

we assessed in parallel the effects of specific mutations on both

BTN2A1-IgV/BTN3A1-IgV association and on P-Ag sensing, the

latter exploiting an established CHO cell assay system that ex-

pressed single human BTN2 and BTN3 genes (BTN2A1 and

BTN3A1 respectively), thereby eliminating potential redundancy

in BTN3A1/3A2/3A3 isoforms in some human systems.7,20

Two BTN3A1-IgV mutants were especially informative (Fig-

ures 3A and 3B). The BTN3A1 E135A mutant eliminated interac-

tion with 15N-BTN2A1 completely as assessed via NMR but

completely retained the ability to synergize with WT BTN2A1 in

CHO cell assays to mediate HMBPP-induced activation of the

53/4 hybridoma line expressing the MOP Vg9Vd2 TCR (Fig-

ure 3C). In contrast, a second BTN3A1-IgV mutant, K136A,

was found to bind to BTN2A1-IgV equivalently to WT BTN3A1-

IgV in NMR (Figure 3A) but completely abrogated P-Ag sensing

by the MOP T cell hybridoma (Figure 3C), consistent with previ-

ous findings.20 Complementary NMR studies carried out using
15N-labeled BTN3A1 mutants and unlabeled WT BTN2A1-IgV

(Figures S3A and S3B) corroborated the effects of these muta-

tions on BTN2A1-IgV interactions. Of note, the effects of these

mutations on 20.1 monoclonal antibody (mAb)-mediated activa-

tion (Figure 3D) largely mirrored those on HMBPP-induced acti-

vation in that the K136A mutation abrogated activity, whereas

the E135A mutant permitted 20.1 mAb-mediated activation.

However, for E135A, functionality was not fully retained relative

to WT BTN3A1, suggesting that HMBPP and 20.1 mAb-medi-

ated activation are not completely equivalent. These results indi-

cated that, at least in the CHO cell system we used, direct
Cell Reports 42, 112321, April 25, 2023 5
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Figure 4. Identification of a surface patch on BTN3A1-IgV critical for P-Ag sensing

(A) IL-2 production byMOP TCR hybridoma cells in response to CHO cells expressing BTN2A1 andWT or mutant BTN3A1 following HMBPP treatment at 10 mM.

Data are shown as mean ± SD of 3–5 experiments per mutant cell line. **p < 0.005; Mann-Whitney.

(B) IL-2 production by MOP TCR hybridoma cells in response to CHO cells expressing BTN2A1 andWT or mutant BTN3A1, treated with HMBPP at the indicated

concentration. Activation is given as percentage of activation observed with CHO cells expressing BTN3A1 WT at 10 mM HMBPP in the same experiment. Data

are shown as mean ± SD of 3–5 experiments per mutant cell line. **p < 0.005; ***p < 0.0005; ****p < 0.0001; two-way ANOVA. Mutants that significantly impact

MOP activation are shown in red (K123A; K136A). Mutants that moderately impact MOP activation are shown in orange (K66A; S69A).

(C) Ribbon representation of the BTN3A1-IgV domain (yellow), with residues that impact MOP activation color coded as in (B) and residues that do not affect MOP

activation shown in blue.

(D) Electrostatic nature of the patch on BTN3A1-IgV calculated with DelPhi. Positively charged residues are shown in blue and negatively charged residues in red,

with the potential scale ranging from �7 (red) to +7 (blue) in units of kT/e.

(E) Molecular surface representation of the BTN3A1 ectodomain. Residues that affect P-Ag sensing by MOP TCR (red) in relation to 20.1 mAb (green) and 103.2

(orange) mAb binding sites are highlighted.

See also Figure S4.
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BTN3A1-IgV/BTN2A1-IgV interaction is completely dispensable

for P-Ag sensing. Moreover, they suggested that the ability of

someBTN3A1-IgVmutations to abrogate P-Ag sensing operates

independently of their effects on interaction with BTN2A1-IgV.

Identification of a molecular surface on BTN3A1-IgV
critical for P-Ag sensing
In order to determine whether functionally abrogating mutations

such as K136A represent part of a previously unrecognized

wider recognition surface on BTN3A1-IgV, we selected

BTN3A1-IgV residues as mutation candidates, focusing on resi-
6 Cell Reports 42, 112321, April 25, 2023
dues relatively close to K136A and excluding those within the

20.1 mAb epitope since the MOP TCR we used for screening

P-Ag reactivity is highly sensitive to 20.1 mAb-induced activa-

tion.21 Additional criteria were surface accessibility and mini-

mal/no involvement in intradomain stabilizing interaction net-

works that might compromise domain integrity upon alanine

substitution. We then validated surface expression of mutant

BTN3A1 and WT BTN2A1 in the CHO cell transduction system

(Figures S4A and S4B) and tested the ability of individual mutant

BTN3A1molecules to support P-Ag sensing using the MOP TCR

hybridoma (Figures 4A–4C). Some mutations had little effect
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(Figures 4A–4C and S4C). In contrast, BTN3A1-IgV mutations

K123A and K136A consistently abrogated P-Ag sensing, while

K66A and S69A exhibited more subtle decreases in response

(Figures 4A and 4B). These residues defined a contiguous patch

on the CFG face of the BTN3A1-IgV domain (Figure 4C), which

includes a distinctive positively charged surface (Figure 4D)

that lies close to the footprint of the agonistic 20.1 mAb and is

more distal to that of the inhibitory 103.2mAb (Figure 4E). Collec-

tively, these results establish the existence of a molecular sur-

face on the BTN3A1-IgV domain that is critical for P-Ag sensing

but operates independently from BTN3A1-IgV interactions with

BTN2A1-IgV.

Analysis of the BTN3A1-linked proteome by
immunoprecipitation
One possible explanation of these results is that following P-Ag

exposure, BTN3A1, the P-Ag sensor, might associate via this

surface patch on its membrane-distal IgV domain with a novel

CDR3-recognized molecule and transport it into close associa-

tion with BTN2A1 at the cell surface to form a P-Ag-induced

composite ligand for the Vg9Vd2 TCR. To investigate this, we

first carried out BTN3A1 immunoprecipitations following surface

crosslinking of CHO cells expressing FLAG-tagged BTN3A1 and

hemagglutinin (HA)-tagged BTN2A1, to identify potential associ-

ation partners, both in the presence and absence of P-Ag. This

approach was based on the observation that since human

BTN3A1 and BTN2A1 successfully support P-Ag-mediated

stimulation of human Vg9Vd2 TCR transductants when co-ex-

pressed in CHO cells,7 they must retain any protein associations

essential for Vg9Vd2 TCR interactions. Mass spectrometry anal-

ysis of BTN3A1-FLAG-associated proteins following SDS-PAGE

and trypsinization identified many human BTN3A1 and BTN2A1

peptides, confirming a close interaction of these molecules in

this transductant system. In addition, a modest range of en-

dogenous hamster proteins were found to associate with

BTN3A1-FLAG in the presence and absence of prior target cell

Zol pretreatment (Figure S4D; Table S1), although among these,

relatively few cell surface proteins were detected. Functional

enrichment analysis of BTN3A1-associated proteins highlighted

a diverse range of functions (Figure S4E), including ribosomal

and proteasomal proteins and those involved in oxidative phos-

phorylation and carbonmetabolism. Immunoprecipitation of HA-

tagged BTN2A1 also identified many human BTN2A1 and

BTN3A1 peptides (Figure S4F; Table S1), as well as yielded a

smaller number of associated hamster proteins, also predomi-

nantly intracellular, that were similarly functionally diverse (Fig-

ure S4G). Although arguably no compelling candidates for a

cell surface Vg9Vd2 TCR ligand were identified using either

approach, several peptides from Chinese hamster BTN1A1

were identified in both experiments (Table S1). The involvement

of BTN1A1 in P-Ag sensing was excluded using BTN1A1neg

HAP-1 cells, which activated JRT3 G115 TCR transductants as

efficiently as WT HAP-1 cells (Figure S4H).

DISCUSSION

BTN2A1, recently established as a direct ligand for germline-en-

coded regions of the Vg9 chain,7,8 and BTN3A1,6 the P-Ag
sensor,11 are highly functionally synergistic in P-Ag sensing7,8;

however, the molecular explanation has remained unclear.10

Recent studies have highlighted that P-Ag binding to the

BTN3A1 B30.2 domain triggers association with BTN2A1

B30.2,17,22 although they have left the nature of relevant extra-

cellular changes unclear. Our results help clarify the nature of

those recognition events and have implications for models that

address how intracellular P-Ag exposure is coupled to TCR

triggering.

Although studies that identified BTN2A1 highlighted overall

proximity to BTN3A1 at the cell surface,7,8 the additional finding

that BTN2A1-IgV and BTN3A1-IgV directly associate with each

other7 raised the possibility that molecular association of the

BTN3A1 and BTN2A1 ectodomains following intracellular P-Ag

detection might be a critical component of the TCR-mediated

sensing mechanism. While our findings establish a model for

the BTN2A1-BTN3A1 ectodomain interaction that appears

highly consistent with a viable, albeit weak (Kd >100 mM), cell sur-

face interaction in cis, they ultimately demonstrate that the

BTN2A1-IgV/BTN3A1-IgV complex is not a recognition target

of the TCR. Not only is Vg9Vd2 TCR binding to BTN2A1 not

enhanced by BTN2A1/BTN3A1 IgV-IgV interactions, but the

two interactions are mutually exclusive due to overlapping inter-

action sites on BTN2A1. Therefore, the TCR and BTN3A1-IgV

represent ‘‘either/or’’ binding partners for the BTN2A1-IgV

domain, and the in cis BTN2A1-IgV:BTN3A1-IgV interaction

shifts BTN2A1 into a TCR-inactive state. Moreover, functional

experiments demonstrated that the BTN2A1-IgV/BTN3A1-IgV

interaction itself was dispensable for P-Ag sensing. While this

was initially surprising, particularly given the plausible nature of

the predicted in cis association, the weak affinity of the

BTN2A1-BTN3A1 ectodomain interaction suggests that such

complexes are likely transient and unlikely to stably secure

BTN2A1 in a TCR-inactive form. Consequently, there is likely

no need to invoke mechanisms that actively ‘‘break’’ such inter-

actions following P-Ag exposure. Nevertheless, a caveat is that

BTN2A1 and BTN3A1 are overexpressed in the CHO cell

functional assay system we used, and we cannot exclude the

possibility that under physiological conditions, their ectodomain

interaction may play a modulatory role, with two possibilities

most likely. Firstly, by favoring close proximity of BTN2A1 and

BTN3A dimers at the cell surface, such interactionsmight reduce

the requirement for lateral diffusion following P-Ag binding to

BTN3A1, thereby ensuring that P-Ag sensing proceeds with

fast kinetics and with a potential for clustering adjacent signaling

TCR complexes. Secondly, by temporarily locking BTN2A1-IgV

in a ‘‘ground state’’ where it is unable to interact with the TCR,

the BTN2A1-IgV/BTN3A1-IgV interaction might reduce the po-

tential for basal signaling induced via BTN2A1/TCR interactions

in the absence of antigen. Nevertheless, our results exclude the

possibility that the BTN3A1-IgV/BTN2A1-IgV interaction is cen-

tral to P-Ag sensing.

In contrast, our mutational experiments established the exis-

tence of an interaction surface on the CFG face of BTN3A1 IgV

that is critical for TCR-dependent P-Ag sensing. Importantly,

although this antigenic ‘‘hotspot’’ includes the K136 residue

that does not affect the BTN2A1-IgV/BTN3A1-IgV interaction, it

overlaps with the surface involved in interactions with BTN2A1,
Cell Reports 42, 112321, April 25, 2023 7
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and both regions involve the BTN3A1-IgV CFG face. In addition,

we note that BTN3A1 K123 is within the hotspot and is predicted

to be involved in interactions with BTN2A1-IgV in cis. Conse-

quently, the BTN2A1-IgV/BTN3A1-IgV interaction in cis is likely

not only to prevent TCR/BTN2A1 interactions but will also block

the antigenic hotspot on BTN3A1-IgV from making additional in-

teractions, albeit transiently. Moreover, as defined by our current

mutagenesis dataset, the hotspot is distinct but adjacent to the

epitope recognized by the highly potent 20.1 agonist mAb on

BTN3A1.23 It appears highly likely that recognition of this

BTN3A1 CFG surface patch may explain involvement of regions

on the Vg9Vd2 TCR that lie outside the germline-encoded

BTN2A1 binding site on Vg9 (including the HV4 region) and yet

are implicated in P-Ag detection,16 which include the CDR2d

loop and the clonotypically distinct CDR3d and CDR3g regions.

However, we envisage at least two models whereby this could

occur.

In model 1, BTN3A IgV is not recognized directly by the TCR,

but instead its role is to position a novel ligand for direct TCR

recognition. Although ourmass spectroscopy experiments failed

to identify a compelling candidate for such a ligand, caution

should be exerted over their interpretation. We cannot exclude

the possibility that such a ligand was below the level of detection

or among the BTN3A1-associated proteins we identified. Inter-

pretation is also complicated by the fact that a ligand could either

associate constitutively with either BTN3A1 or BTN2A1 or could

conceivably do so in a P-Ag-dependent fashion. However, in the

absence of a compelling BTN3A1/BTN2A1-associated candi-

date ligand, model 2, whereby the TCR binds directly but weakly

to BTN3A1/2-IgV, likely utilizing CDR2d and clonotypically

distinct CDR3 regions, warrants serious consideration. In addi-

tion, more complex models cannot be excluded (see limitations

of the study).

Importantly, both models 1 and 2 can explain the immediate

action of P-Ags, which sensitize target cells for recognition by

Vg9Vd2 T cells extremely rapidly (10–90 s).2 Also, either model

could account for the strong agonistic activity of the 20.1 anti-

body since 20.1 action would result in clustering of a Vg9Vd2

TCR ligand in each case (model 1, via a BTN3A1-associated

ligand; model 2, via BTN3A1 itself). However, model 2, likely

involving direct interaction of additional TCR CDRs implicated

in P-Ag sensing to the BTN3A1/2 CFG surface patch, more easily

explains the observation that the 20.1 mAb, which binds adja-

cently, exhibits clonotype-specific effects on Vg9Vd2 T cell

activation,21 including Vg9Vd2 TCRs where 20.1 inhibits their ac-

tivity—which could be rationalized by the binding mode of some

Vg9Vd2 TCR clonotypes overlapping with that of the 20.1 mAb.

Importantly, taking into account the P-Ag-driven association of

BTN3A1 B30.2 with the BTN2A1-B30.2 domain,17,22 neither

model requires an ‘‘inside-out’’ transmission of conformational

changes from the intracellular BTN3A1 B30.2 domain to the

extracellular BTN2A1-IgV or BTN3A1-IgV domains specif-

ically.15,24 Indeed, our NMR data argue against a conformational

change in either BTN2A1-IgV or the TCR following their interac-

tion that favors subsequent BTN3A1 binding or indeed a confor-

mational change in BTN3A1 induced by BTN2A1 binding that

favors TCR interaction; moreover, we note that X-ray crystallo-

graphic studies of the BTN3A1 ectodomain revealed no substan-
8 Cell Reports 42, 112321, April 25, 2023
tial conformational differences in BTN3A1 IgV upon ligation by

the 20.1 agonist mAb,23 suggesting an obligatory conformational

shift in BTN3A1 is unlikely.

Instead, bothmodelswehighlight represent distinct versionsof

a composite-ligandmodel whereby an extracellular-facing ligand

fully licensed for TCR triggering is assembled from two nominally

separate components, specifically BTN2A1 and BTN3A (with/

without an associated ligand), by the action of P-Ag on their

respective intracellular domains. While neither model invokes

P-Ag-inducedchanges inBTN2A1-IgVorBTN3A1-IgVconforma-

tions, it is reasonable to assume that intracellular P-Ag-induced

association of BTN3A1 B30.2 with BTN2A1 B30.2 may impose

a specific relative orientation of both proteins’ ectodomains

(and potentially of those of partner proteins such as BTN3A2/

A3) that could favor TCR interaction. Indeed,P-Ag-induced struc-

tural changes inBTN3A1B30.2aloneappear insufficient to trigger

inside-out signaling,15 whereas a recent report from Yuan et al.

does propose increased rigidification of the intracellular region

of BTN3A1 following P-Ag-induced association with BTN2A1

B30.2 and fluctuations in the coiled-coil a-helical juxtamembrane

regions that link B30.2 domains to the cell membrane,22 which

could conceivably affect the relative orientation of BTN3A1 and

BTN2A1ectodomains. Thus, theextracellularly focusedcompos-

ite-ligandmodelwe support heremaybebroadly compatiblewith

the intracellularly focused ‘‘molecular glue’’ model proposed by

Yuanet al.22Of note, althoughour simplifiedexperimental system

deliberately excludedBTN3A2 andBTN3A3, BTN3A1 is known to

readily form heterodimers with either of these isoforms.25 In the

context of such heterodimers, it is highly possible that the role

of the BTN3A1 IgV domain evident in this study is in fact played

in part or wholly by the N-terminal IgV domain of BTN3A2 and/

or BTN3A3, which are identical and highly similar to that of

BTN3A1, respectively. In this regard, our proposed model is

also consistent with a recent study from Karunakaran and col-

leagues,26 which examined the role of all BTN3A molecules and

highlighted the importance of the BTN3A IgV domain in P-Ag

sensing.

Two future experimental steps should be prioritized to delin-

eate the two models we highlight. Although we defined the

BTN3A1 CFG surface patch (‘‘antigenic hotspot’’) in the context

of the MOP TCR, extending this to a range of clonotypically

distinct Vg9Vd2 TCRs would be highly informative (see limita-

tions of the study). A distinct pattern of sensitivity to BTN3A1

mutants for each TCR would favor direct TCR recognition of

the BTN3A1 recognition surface, whereas a highly consistent

clonotypically independent pattern of recognition would favor

the possibility that the BTN3A1 surface is not recognized

directly but instead positions a conserved host-encoded

component for TCR binding. Notably, in our previous study,

mutagenesis of BTN3A1 R73 and Y127 affected recognition

by expanded human Vg9Vd2 T cells, whereas these residues

did not disrupt MOP TCR recognition in this study, suggestive

of clonotypic differences.20 Finally, in relation to this, a notable

caveat of the current study is that we did not mutate the

BTN3A1 domain exhaustively, and further mutagenesis would

be informative to define the full extent of the functionally critical

BTN3A1 CFG surface patch in the context of the MOP TCR and

potentially other clonotypes.
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Secondly, model 2 invokes direct interaction of the BTN3A1

extracellular domain with the Vg9Vd2 TCR. This has proven to

be a highly contentious issue in the gd T cell field, with a number

of studies failing to detect direct interaction11,14 following an

initial report of binding by Vavassori et al.27 In addition to

convincingly refuting the apparent P-Ag binding to the IgV

domain reported by Vavassori et al.,27 Sandstrom et al. failed

to replicate Vg9Vd2 TCR binding to BTN3A1 despite employing

ligand multimers that were expected to detect interactions with

affinities stronger than 500 mM.11 In principle, although our

NMR experiments could have detected direct BTN3A1-IgV/

TCR interactions, they were limited to TCR concentrations of

�250 mM or less. Detectable line broadening would therefore

not be expected if the Kd of the TCR/BTN3A1-IgV interaction

was approaching the mM range. A caveat in this regard is that

the recombinant proteins used in protein-protein binding assays

may not accurately replicate the antigenic forms present in vivo,

which could conceivably incorporate relevant post-translational

modifications. However, the possibility remains that the physio-

logical Vg9Vd2 TCR interaction with the BTN3A-IgV domain is

extremely weak and yet, when coupled to the stronger TCR/

BTN2A1-IgV interaction following P-Ag-induced association of

BTN3A1 and BTN2A1 B30.2 domains, is sufficient to elicit TCR

triggering. In support of this, the Kd of the Vg9Vd2 TCR/

BTN2A1 interaction is 50 mM,7,8 equivalent to weaker ab TCR/

pMHC interactions.28 Thus, the P-Ag-sensing system may be

finely poised to achieve TCR triggering by combining two ener-

getically suboptimal TCR/ligand binding events in the presence

of antigen. Taking these points into consideration, and in light

of the lack of compelling novel BTN3A1/BTN2A1-associated

candidate TCR ligands from our immunoprecipitation experi-

ments, validation of model 2 as a preferred P-Ag-sensing mech-

anism is a high priority. This will depend on the generation of a

robust dataset that firmly establishes direct, albeit likely weak,

Vg9Vd2 TCR interactions with BTN3A-IgV, ideally clarifying the

involvement of CDR regions implicated in P-Ag recognition but

not involved in TCR/BTN2A1 interactions, in such binding

events. Conceivably, such efforts could include methods that

constrain binding to two dimensions, which might provide a

more physiological and sensitive approach to assess relevant

interactions.

Limitations of the study
Our study has three principle limitations. Firstly, our use of rodent

cell lines (CHO and mouse 53/4 hybridoma cells) as BTN2A1-/

BTN3A-expressing target cells and effector cells should be

noted. Comparisonswith human systems arewarranted; howev-

er, since essential elements of the P-Ag-sensing process are

preserved in this context, critical mechanistic elements related

to our conclusions are likely conserved. Unfortunately, since

53/4 hybridomas expressing other Vg9Vd2 TCR clonotypes we

tested were not activated by BTN2A1-/BTN3A1-expressing

CHO cells exposed to P-Ag/20.1 mAb, determining the influence

of Vg9Vd2 TCR clonotype on differences in recognition of the

BTN3A1 surface patch was not possible. Future studies to

address this question will therefore be best directed at different

cellular systems. Secondly, to simplify experimental interpreta-

tion, we employed a simplified approach that combined expres-
sion of BTN2A1 with solely the BTN3A1 isoform and excluded

the BTN3A2 and BTN3A3 isoforms. Especially since the

BTN3A2 IgV domain is identical to that of BTN3A1, we therefore

cannot exclude the possibility that in the context of a physiolog-

ical system, TCR-mediated recognition of the BTN3A-IgV patch

may partly or chiefly involve other isoforms (i.e., 3A2/3A3), a pos-

sibility that subsequent studies should address. Thirdly, our re-

sults do not exclude the possibility that the BTN3A1 surface

we have defined might directly engage a currently unidentified

(i.e., non-TCR) ligand on the T cell surface as part of the P-Ag-

sensing mechanism.29 This model is arguably more complex

than those discussed above, as it would need to invoke an addi-

tional TCR ligand on the target cell to account for established

involvement of TCR regions outside of those involved in

BTN2A1 interaction.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

CHO cells and 53/4 hybridoma TCR transductants were cultured in RPMI (Sigma) supplemented with 10% Foetal Bovine Serum

(FBS), 1 mM sodium pyruvate, 2 mM glutamine, 0.1 mM nonessential amino acids, 5 mM b-mercaptoethanol, penicillin

(100 U/mL) and streptomycin (100 U/mL). JRT3 cells expressing the G115 TCR were cultured in RPMI supplemented with 10%

FBS, 0.1 mM nonessential amino acids, and pen/strep. WT and BTN1A1-deficient HAP1 cells were cultured in IMDM (Thermo) sup-

plemented with 10% FBS and pen/strep.

METHOD DETAILS

Generation of FLAG/HA tagged BTN3A1 and BTN2A1, and BTN3A1 mutants
Generation of BTN3A1 incorporating an N-terminal FLAG tag in pIH, and BTN2A1 incorporating a C-terminal HA-tag in pIZ, were pre-

viously described.7 BTN3A1mutants were generated by site-directedmutagenesis of FLAG-BTN3A1/pIHusing the QuikChange II XL

kit (Stratagene), following manufacturer’s instructions, using the primers in Table S2.

CHO cell transduction and CHO assays
CHO cells previously transduced with rat/mouse CD80 and human BTN2A17 were additionally transduced with pIH vector encoding

WT or mutant BTN3A1 as previously described.21 CHO cells expressing rmCD80, WT BTN2A1 and WT or mutant BTN3A1 (104/well)

were plated in 96 well plates in duplicate and incubated overnight. CHO cells were then pulsed with HMBPP (0–10mM final concen-

tration) and 53/4 hybridoma cells expressing theMOP TCR7were added (53 104) and incubated at 37�C for 16hr. Supernatants were

removed and analysed by ELISA for mouse IL-2.7

Soluble protein production
cDNA encodingWT BTN2A1-IgV (S27 to V142), BTN3A1-IgV (S28-V143) or BTN2A1 or BTN3A1 IgV incorporating the described mu-

tations, were generated as gblocks (Integrated DNA Technologies) including the sequence for a C-terminal 6x Histidine tag and

cloned into the pET23a expression vector (Novagen). Proteins were overexpressed, purified and refolded as described.7,20 WT

andmutant BTN2A1 IgV domains were refolded by dilution in 100 mM Tris, 400 mM L-Arginine-HCl, 2 mM EDTA, 6.8 mM cystamine,

2.7 mM cysteamine, 0.1 mM PMSF, pH 8, overnight at 4�C. The refolding mixture was concentrated and purified by size exclusion
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chromatography on a Superdex-200 column (GE Healthcare) pre-equilibrated with 20 mM Tris, 150 mM NaCl, pH 8, or 20 mM

Na3PO4 pH 7.4, 50mM NaCl buffer. BTN3A1-IgV was expressed, refolded, and purified as described.14 Soluble G115 Vg9Vd2

TCR was generated in Drosophila S2 cells and purified by nickel chromatography as previously described.7,32

Flow cytometry
The expression of BTN3A1 and BTN2A1 were detected with anti-DYKDDDDK (FLAG; Biolegend), anti-huBTN3 (CD277) clone 20.1

(Thermo) or recombinant anti-huBTN2A1 (gift of Thomas Winkler), followed by secondary antibody F(ab’) goat anti mouse IgG (H+L)

FITC (Sigma). Samples were analysed on an LSRII flow cytometer (BD).

Surface crosslinking, immunoprecipitation, mass spectroscopy, and functional enrichment analysis
CHO cells overexpressing HA-tagged BTN2A1 and FLAG-tagged BTN3A1 were treated with 20 mM Zoledronate overnight. They

were then treated with the soluble, membrane-impermeable crosslinker sulfo-EGS (ThermoFisher) (0.5mM in PBS), at 4�C for 2

hours. Following this, the reaction was quenched by addition of Tris pH 7.5 to a final concentration of 20mM. Cells were washed

in TBS and lysed in 1% NP40 in TBS lysis buffer. After centrifugation to remove insoluble material, immunoprecipitation was carried

out using anti-HA resin or anti-FLAG resin. Immunoprecipitations were washed in lysis buffer and eluted in nonreducing (NR) SDS

sample buffer before running for 1cm on 4–20%SDS-PAGE gels (BioRad). Bands were detected using Coomassie Blue and excised

from the gel, and mass spec analysis was carried out by Functional Genomics Birmingham. Initial mass spectroscopy peptide

hits were identified with by searching the Cricetulus griseus genome PICRH assembly (https://blast.chogenome.org/archive/

Genomes/C_griseus/CH-PICRH/current/annotations/RefSeq_072020/GCF_003668045.3_CriGri-PICRH-1.0_protein.faa.gz). Sub-

sequent functional annotation and enrichment analysis of BTN3A1-associated and BTN2A1-associated C. griseus gene lists was

carried out using the Database for Annotation, Visualisation and Integrated Discovery (DAVID).33 Functional annotation clustering

was based on Gene Ontology (GO terms biological process, cellular compartment, molecular function), and Pathway analysis

(KEGG Pathway). Select pathways/GO-terms from each annotation cluster are shown in Figures S4E and S4G.

Modelling the BTN2A1-IgV/Vg9 and BTN2A1-BTN3A1-IgV complexes
The model of the BTN2A1-IgV/Vg9 complex was generated as described previously.7 BTN2A1-IgV/BTN3A1-IgV complex was

modelledwith HADDOCK.19 BTN2A1 residues (63, 67, 72, 74, 78, 79, 81, 82, 83 and 86) were classified as active in Vg9 binding based

upon NMR binding experiments. ‘Passively involved’ residues were selected automatically. BTN3A1 residues (53, 68, 69, 134, 135,

136, 137, 138) selected for use as ambiguous interaction restraints to drive the docking process with BTN2A1 were also derived from

NMR binding experiments.

NMR
HSQC experiments were performed at 298K on either a 600MHz Bruker Avance III or 800MHz Bruker Neo spectrometer equipped

with a 1.7mmTCI cryogenically cooled triple resonance probe. Protein concentrations usedwere as stated and the final volume used

was 35 mL. Data were collected using an echo-antiecho HSQC sequence using an inter-scan delay of 1.5 seconds. Data were ac-

quired using a sweep width of 16 ppm and 2048 complex data points in the 1H dimension with 35 ppm and 256 increments in the
15N dimension. Experiments were processed using Topspin (Bruker). All analysis was performed using CCPN Analysis.34

Software
Structural figures were generated in PyMOL (version 2.0.7; Schrodinger, LLC), with the electrostatic surface potential of the BTN3A1-

IgV calculated using Delphi.30,31 Graphs were generated in Excel or GraphPad Prism v9.2.

QUANTIFICATION AND STATISTICAL ANALYSIS

Differences between IL-2 production in response to CHOcells expressingWT ormutant BTN3A1were analysed usingMann-Whitney

test or two-way ANOVA.
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